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Abstract

Industrial X-ray micro computed tomography (micro CT) is a non-destructive imaging
technique used for visualization of internal structures of samples and creation of precise 3D
models. The core of this thesis revolves around the practical implementation of industrial
micro CT in biological research with focus on the imaging of soft tissues. The aim of this study
was to explore the potential of industrial micro CT as a non-destructive imaging tool for soft
tissue visualization and to propose complex methodology for preparation of the sample and the
analysis of obtained data in the specialized software. In the thesis the case studies showcasing
the diverse applications of micro CT in various developmental biology research domains are
presented, providing the methodology for precise 3D analysis of the selected structures. The
thesis concludes by summarizing the transformative potential of industrial micro CT in
biological research, highlighting its ability to unveil intricate anatomical structures, track

developmental processes, and enhance our understanding of complex biological systems.

Abstrakt

Primyslova rentgenova pocitacova mikro tomografie (mikro CT) je nedestruktivni zobrazovaci
technika pouzivana pro vizualizaci vnitinich struktur vzorka a tvorbu piesnych 3D modelda.
Jadro této prace se zamétuje na praktickou implementaci primyslového mikro CT v oblasti
biologického vyzkumu se zaméfenim na zobrazovani mekkych tkani. Cilem této prace bylo
prozkoumat potencidl mikro CT zobrazovéani jako nedestruktivni metody pro vizualizaci
mekkych tkani a navrhnout komplexni metodiku pro piipravu vzorki a analyzu ziskanych dat
ve specializovanych programech. Na piikladu ptipadovych studii jsou prezentovany aplikace
mikro CT zobrazovani v riznorodych oblastech vyzkumu vyvojové biologie, poskytujici
metodologii pro piesnou 3D analyzu vybranych struktur. V zavéru prace je diskutovan
potencial zobrazovani primyslovym mikro CT v biologickém vyzkumu, zaméfenym na
schopnosti identifikovat anatomické struktury, sledovat vyvojové procesy a zlepSit nase

chépani komplexnich biologickych systémd.
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Introduction

Embryos of several vertebrate species (Mus musculus, Xenopus laevis or Danio rerio)
are popular model organisms for the research of the complex developmental processes. In order
to fully understand the processes of morphogenesis the imaging methods are vital in revealing
the underlying biological mechanisms. In the advanced research of complex biological samples,
the precise three-dimensional visualizations of the morphology of embryos is important for
understanding the mechanisms that drive embryogenesis.

Traditional methods of tissue analysis involve the sectioning of the sample for optical
microscopy imaging, however the creation of the accurate 3D model from the sectioned sample
risks distortion and degradation of spatial resolution. The recent advances in a field of X-ray
micro Computed Tomography imaging - sensitive detectors, powerful X-ray sources and
mainly the software enhancements of the data analysis - enabled the acquisition of the high
resolution data of the very small samples. The opportunity to precisely visualize the small
vertebrate embryos in 3D makes the micro CT imaging a great method in the primary biological
research.

The increasing availability of micro CT devices has encouraged development of
innovative staining procedures utilizing X-ray imaging to analyze soft-tissues which are
typically poorly visible in the native micro CT scans. The contrasting protocols developed for
visualization of soft tissues shows promising results in overcoming the limitations of soft tissues
imaging such as naturally low radiodensity.

This thesis is focused on development of contrasting protocols and preparation of the
biological samples for the purpose of micro CT imaging and design of the follow up advanced
analyses of obtained tomographic data. The novelty 3D analyses, together with newly
developed contrasting protocols can expand the applications of micro CT in soft tissues
imaging, which is useful in the comparative and quantitative studies of animal morphology and

development.



1. Literature review

1.1. Model organisms in developmental biology

Model organisms are specifically selected species of organisms which are used in
biological research to investigate the function of genes and to describe complex biological
processes.

By manipulating the expression of a particular gene, the function of the specific gene
can be determined in the organism's biology. The model organisms are selected based on their
short generation time and relatively simple genome, making it easier to observe the effects of
genetic changes. Amongst the commonly used model in the research of developmental biology
are the zebrafish (Danio rerio), xenopus frog (Xenopus laevis) and the mouse (Mus musculus).

The zebrafish is a popular model organism for studying vertebrate development and
genetics. Its transparent embryos and rapid development make it easy to observe the effects of
genetic changes on development, and its genome is well annotated (Roussel et al., 2021).

In the area of embryonic development research, the Xenopus frog has a major
advantage: it is its large, easily accessible eggs, which provide a unique platform for studying
embryonic development, furthermore the embryos are transparent, which allows researchers to
observe and manipulate development in real-time (Borodinsky et al., 2017).

The mouse model is commonly used in developmental biology to study the embryonic
development, organogenesis, morphogenesis, as well as the description of the causes of
developmental defects. Mice are suitable model for this purpose because they are mammals,
and their genome is similar to human genome (Wasserman et al., 2000). The genetic
manipulation of the mouse genome is easier in comparison to the other model organisms since

it has been extensively sequenced and is well annotated (McGarvey et al., 2015).

1.2. Imaging methods in biological research

From the times of invention of early microscopes to the most recent innovations in form
of confocal/light sheet microscopes, magnetic resonance imaging and X-ray computed
tomography, the introduction of advanced visualization techniques have greatly expanded our
knowledge about the internal structures of biological systems. Each of these techniques has its
strengths and limitations, and the choice of technique depends on the specific research question

and the characteristics of the sample.



Visualization techniques in the biological research have traditionally included
approaches such as serial histological sectioning and optical microscopy which uses visible
light and lenses to magnify and focus an image. It can provide very high resolution images of
small objects, such as cells, tissues, and microorganisms. However, the histological sectioning
is not a perfect process, where some of the slices might be damaged causing the challenging
aligning of the multiple slices of one sample into the final 3D model. The destructive process
of slicing the sample and aligning them into a three dimensional dataset is intricate and thus
this method is not suitable for imaging of large or dense objects in 3D space.

A major breakthrough in terms of feasibility of 3D imaging came with the introduction
of computers into biomedical research. Digital images of histological sections could be directly
captured with the aid of digital photographs (Rizzuto et al, 1998) where the quality and
resolution of digital images of histological sections captured using modern hi-tech microscopes
(confocal, light sheet) are unparallel compared to other imaging techniques. With help of
specialized imaging software which allows processing of these digital images the generation
and visualization of 3D models is possible.

Within a histological context, microscopic techniques like confocal and light sheet
microscopy have a remarkable 2D resolution. They are both optical microscopy techniques
which uses lasers to excite fluorescence in biological samples. Confocal microscopy uses a
pinhole to selectively focus on a particular plane of the sample (Paddock 2000) while the light
sheet microscopy uses a thin sheet of light to illuminate the sample (Wan et al., 2019) The
confocal microscopy is well suited for imaging of relatively thin samples such as sectioned
tissues and cells. The light sheet microscopy best suited for the wholemount samples such as
embryos, it can provide high-resolution, three-dimensional images of the internal structures of
these samples. However, both of these imaging methods are limited by the penetration depth of
the laser light, which can restrict imaging of the thicker samples (Elisa et al., 2018).

More recently, non-destructive 3D imaging techniques such as micro computed
tomography and the magnetic resonance imaging are becoming increasingly important in
various scientific fields, especially since powerful computers and advanced software for 3D

analysis allows anatomical visualization of a broad range of tissue types, specimens, and sizes.

1.3. Magnetic resonance imaging
Magnetic resonance imaging (MRI) is a non-invasive imaging technique which doesn’t
use ionizing radiation and provides detailed images of soft tissues and internal. MRI is an

imaging technique which uses a strong magnetic field to create detailed images of the internal

10



structures of the examined object. The basic principle behind MRI is mapping the behavior of
hydrogen atoms in the sample when exposed to a strong magnetic field (Van Geuns et al.,
1999).

The first clinical MRI scanner were introduced in the early 1980s, and it quickly became
a valuable tool for diagnosing wide range of medical conditions. The modern MRI scanners are
faster and produce even higher quality images than their predecessors, they are also capable of
performing advanced imaging techniques, such as functional MRI (fMRI), which can be used
to visualize brain activity in real time (Casey et al., 2002). MR1 is also capable of diagnosing a
wide range of medical conditions, including brain and spinal cord injuries, tumors, and joint
disorders.

The principle of the MRI imaging is based on the use of strong magnetic field inside the
MRI scanner which causes the MR active atoms (such as hydrogen atoms) in the body to align
with the field. A radio frequency pulse is then applied to the body, causing the hydrogen atoms
to absorb energy and flip their orientation. As the atoms return to their original alignment, they
release energy in the form of radio waves. The signal obtained from radio waves is processed
by a computer, which produces a 3D image of the internal structures of examined sample (Van
Geuns et al., 1999). Different tissues in the body have different magnetic properties (tissues in
the body contain different amounts of water), which allows the MRI machine to distinguish
between the tissues and produce detailed images of soft tissues (Brown et al., 2014). To improve
the contrast between different tissues, additional radio waves can be applied at different
frequencies, causing atoms in different tissues to release energy at different times. The resulting
signals can then be analyzed to create detailed images of the body that differentiate between
different types of tissue, such as muscle, fat, or bone (Casey et al., 2002).

The strength of the magnetic field used in MRI is measured in tesla (T), with most
clinical MRI machines operating at 1.5 T or 3 T. It can be commonly applied that the higher
the field strength, the better image quality the particular scanner produces.

Nowadays MRI imaging is often used in preclinical and clinical imaging. MRI is
capable of imaging of soft tissue in whole specimens in ex vivo as well as in vivo. The absence
of ionizing radiation enables broad application of this technique in both human medicine and
long-term studies involving small animals. Depending on the type of magnet used and the
imaging equipment available, specimens of all sizes can be imaged. Typically, the coils used in
preclinical (scientific) scanners provide enough room to fit entire mice or rats (Bock et al.,
2005), whereas those in clinical scanners can accommodate human-sized samples (Frisoni ef

al., 2010)
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In biology research, MRI is used to study a wide range of biological systems and
processes. MRI can be used to visualize the anatomy of various organs and tissues, including
the brain, heart, lungs, and muscles. This imaging technique can be also combined with contrast
agents to visualize specific molecules or biomarkers in vivo which can help with functional
studies of the distribution and kinetics of various molecules in biological systems (Wahsner e?

al., 2018).

1.3.1 Comparison of the MRI with the CT imaging

The MRI imaging and the CT imaging are both commonly used 3D imaging techniques
which provide detailed information about the internal structures of the body. Both techniques
use different physical principles to create images, and each has its own advantages and
disadvantages. When comparing the speed of the imaging the medical CT scans are typically
faster than MRI scans and can produce high-quality images in just a few seconds (Flohr 2013).
The industrial micro CT systems used for the ex-vivo have on the other hand comparable scan
times as the MRI ranging in the hours scale (Bock ef al., 2005; Kavkova et al., 2020). Voxel
resolution is an important aspect of both MRI and CT imaging, as it determines the level of
detail that can be visualized in the resulting images. Voxel is a 3D pixel that represents a
smallest image element in the 3D data. Voxel resolution refers to the size of the voxel in each
dimension, which is determined by the imaging parameters used during data acquisition. When
comparing the voxel resolution of both methods, CT imaging has in general higher spatial
resolution and smaller voxel size compared to MRI imaging (Bock et al., 2005; Kavkova et al.,
2020). Also, from the principle of obtaining the data during the scan the CT produces the data
with isotropic voxel size (the image elements are cubic) (Hsieh et al., 2009) in contrast to the
MRI in which in most cases the voxel size is not isotropic — the in plane resolution is equal in
size but the thickness of a slice can differ (Rizzuto et al., 1998). The isotropic voxel size ensures
the higher fidelity of the obtained data.

Regarding the application potential of both techniques the CT imaging is particularly
useful for imaging the bones, as it can provide detailed information about bone density and
structure, it is often used to diagnose fractures, bone tumors, and osteoporosis (Sampson et al.,
2006). But the CT has limited ability to differentiate between soft tissues with similar densities,
such as different types of organs and thus the CT scans often require the use of contrast material,
to be able to visualize the soft tissues. In the clinical environment the contrast agents are
commonly administered to the patient orally or intravascularly. In the case of ex-vivo imaging

of the samples the contrast agent is the solution of the specific elements in which the sample is
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submerged and the contrast agent diffuses into the sample (Zikmund et al., 2018). MRI is on
the other hand primarily designed for the imaging of soft tissues, such as the brain, muscles,
and organs. MRI can provide detailed information about the structure and function of these
tissues.

One of the disadvantages of the CT scans is that they involve exposure to ionizing
radiation, which can increase the risk of cancer over time (Hui et al., 2004). The amount of
radiation exposure in a CT scan is typically higher than in other imaging modalities, such as x-
rays. On the other hand, the MRI scans do not use ionizing radiation, making them a safer option
for repeated and frequent in vivo imaging.

In summary, CT scans are generally faster and less expensive than MRI scans, and better
at imaging bone, while MRI scans provide more detailed images of soft tissue structures and

are safer for patients who need repeated imaging.

1.4. X-ray Computed Tomography

Computed tomography (CT) is an 3D imaging method using the X-rays to create
detailed images of the inside structures of the examined sample.

The work of Johann Radon laid the theoretical foundation for CT imaging, in 1917 the
mathematician published a mathematical formula for reconstructing a function from its
projections later called the Radon transformation.

Only later with the development of the more precise machinery the first commercial CT
scanner intended for the medical use was introduced in 1972. CT imaging was able to produce
much more detailed and precise images compared to the previously used 2D X-ray images,
enabling doctors to diagnose and treat a wide range of conditions with greater accuracy. Over
the years, CT technology has continued to evolve and improve. The technology of CT imaging
started to leak into the other sectors such as imaging of materials in Industry (Bartscher et al.,
2007). Modern CT scanners are faster, more powerful, and produce even higher quality images
than their predecessors.

The principle of X-ray computed tomography imaging is based on the projecting of the
X-ray beam produced by X-ray source through the examined specimen. The x-rays are
attenuated by the sample in a specific pattern depending on the atomic composition of the
sample. Attenuation refers to the reduction in the intensity of X-rays as it passes through
scanned sample, the amount of attenuation depends on the atomic composition and thickness
of the material, as well as the energy of the X-rays. The X-rays which pass through the examined

sample are detected by the x-ray sensitive detectors and the series of radiograms are created.
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During the acquisition of the data the radiograms from multiple angles around the specimen are
obtained. The final step of CT scan is the tomographic reconstruction, the process in which the
final 3D tomographic data is created from the obtained radiographs. The process of tomographic
reconstruction is generally based on the filtered back projection algorithm, the obtained
radiograms are processed into the 3D matrix of isotropic voxels (3D pixels) with values

proportional to mean linear X-ray attenuation coefficient within each voxel (Hsieh ez al., 2009).

1.4.1. In vivo and ex vivo CT devices
In general, the computed tomography devices can be divided into two common groups

based on the intended use of the scanner and the basic geometry of the system.

In vivo CT devices

In the first group are the medical CT systems where the setup consists of mobile X-ray
source and detector which are rotating around patient in fixed position (Fig. 1). This setup is
commonly referred as in vivo micro CT systems, where the main focus is on the speed of the
scan since the least possible irradiation of the patient during the scan is highly desired. The
other concern in this type of scanners is ensuring the stable position of the patient since the CT
imaging is often used as a first method to assess the patients with traumatic injuries. Medical
CT scanners typically obtain data with voxel size resolution in units of centimeters and the scan
time mostly consists of only few seconds/minutes to reduce the irradiation of the living patient

to minimum (Hsieh et al., 2009; Du Plessis et al., 2016).

X-ray
Source

Motorized
Table

Figure 1: Clinical (in vivo) micro CT system (image source https://www.sgihealth.com/ct/).
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Specialized scientific in vivo CT systems which work on the same basis as the medical
ones offer the potential for longitudinal studies of living animals which can track changes in
the structure of interest. The imaging is typically performed under anesthesia to minimize
motion artifacts. The opportunity to perform multiple scans over time can reduce the number
of animals needed and have a tremendous impact on studies of repair, adaptation, and growth.
While the benefits of in vivo micro CT imaging are clear, there are additional issues which can
have an impact on the obtained data. First are the potential effects of cumulative effect of
ionizing radiation affecting the phenotype of the animal (development and growth) and
genotype (creating mutations in DNA). A second potential complication of in vivo imaging is
respiratory movement of the animal during the scan, which can decrease image quality creating
motion artifacts, such as blurring or streaking. This problem can be solved by gating, a
technique that is able to reduce motion-related artifacts by synchronizing the acquisition of data
with the motion of the object being imaged. For example, in cardiac CT imaging, the acquisition
of data can be gated to the cardiac cycle, by collecting the data only during a specific phase of
the cardiac cycle when the heart is relatively still, and excluding the phases when the heart is

moving (Hsieh et al., 2009).

Ex vivo CT devices

The second commonly used system geometry is the one where the X-ray source and the
detector are in a fixed position while the specimen is rotating around its axis during the scanning
process. This geometry is employed in most of the industrial micro CT systems where the focus
is on the high precision of the measurement which is secured by the fixed position of x-ray

source and detector (Fig. 2).

detector

Figure 2: Industrial micro CT system (image source Welkenhuyzen et al., 2009).
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The industrial micro CT scanners, such as the ones we use in our laboratory, are
designed for acquisition of high resolution tomographic data with voxel size resolution around
5-100 um?. In the current literature the industrial micro CT systems are defined as systems able
to obtain data with resolution in range of micrometers and nano CT devices are able to obtain
data with submicron resolution (De Chiffre et al., 2014).

In the industrial micro CT systems, most of the time the geometry of the x-ray beam is
conical, this fact directly connects the achievable resolution of the scan with the dimensions of
the sample. For the cone beam geometry, the magnification rule can apply as followed: the
smaller the sample is and the closer it can be placed to the x-ray source in the area of cone beam
the better magnification can be archived which results in higher resolution. In simpler words:
the smaller sample is the higher resolution can be achieved (Du Plessis ef al., 2016). Because
of this fact the industrial micro CT systems are suitable for the imaging of the very small mouse
embryos, which are a commonly analyzed in the developmental biology research.

Based on the main function of the industrial micro CT systems which are focused on
achieving scans with highest possible resolution, the samples are scanned for longer time and
using higher energies than in the in vivo systems which results in the higher irradiation
(Campbell and Sophocleous 2014). The high doses of irradiation over long period of time
prohibits the scanning of the living animals on the industrial micro CT devices.

From the historical point of view, X-ray images and subsequently CT imaging has been
widely used for imaging of dense structures such as bone and teeth because these tissues are
fully mineralized and thus, they naturally attenuate the X-rays which is a basic principle
required for proper imaging by X-ray based techniques (Bouxsein ef al., 2010; Swain and Xue
2009). Since the industrial system are strictly used to analyze ex vivo biological samples the
samples can be prepared for the scan by applying various contrasting methods which can
visualize the soft tissues (Metscher 2009a; Metscher 2009b). This was previously not possible
due to the naturally very low X-ray attenuation of soft tissues. Contrast enhanced ex vivo
micro CT imaging can be used to study the 3D structure of tissues, organs, and biomaterials,
and can provide detailed information on the microarchitecture, morphology, and composition

of the soft tissues.

1.4.2. Artifacts occurring during the CT measurement
Artifacts in the CT data are unwanted patterns or distortions in the image that can occur
during the acquisition of the radiographs or during the tomographic reconstruction (Boas and

Fleischmann 2012).
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Motion artifacts occurs when the scanned sample moves during the scan, causing
blurring or distortion in the image. In the medical field this artifact is caused by the motion of
the patient, in this case to reduce this artifact the patient can be sedated or if the cause of the
movement is the breathing of the patient the respiratory gating can be applied (Walters et al.,
2004). In the case of the micro CT scans on the industrial CT devices the sample needs to be
stabilized since it is placed on the rotating stage. The biological samples which need to stay
hydrated during the scan can be placed in the agarose gel which fixes the sample in one position,
preventing the movement (Kavkova et al., 2021). The samples which don’t need to be hydrated
can be simply fixed in the position by the polystyrene foam. In either the case the fixation agent
needs to have very low X-ray attenuation in order to not to interfere with the tomographic
measurement.

Beam hardening artifacts emerge in the data when the x-ray beams of lower energies
are absorbed by the outer layers of the sample creating the apparent increase in density where
the edge looks brighter than other parts of the image despite the material being homogenous.
These artefacts can be prevented by filtering out the x-ray beams with lower energies by placing
the metal filters in the trajectory of x-ray beam (Meganck et al., 2009).

Ring artefacts are the concentric artificial rings occurring in tomographic images. These
artefacts are caused by the small errors in detected intensity values which persists throughout
CT acquisition, the detector gives a consistently erroneous reading during the measurement,
resulting in a circular artefact. Ring artifacts can be removed either by the calibration of the
detector pixels, or by the advanced reconstruction algorithms, such as iterative reconstruction
algorithms which uses complex mathematical models to reconstruct the image from raw data
(Kyriakou et al., 2009).

Metal artifacts are caused by the high density objects (commonly metal objects) in the
measured sample. In the medical field these often consists of dental fillings or hip prostheses.
Metal artifacts in the data are showing like the light and dark streaks around the metal object.
The artifacts originate from the dark shadows in the measured data due to the strong attenuation
of the metal objects when x-rays pass through them (Boas and Fleischmann 2012). Metal
artifacts can be reduced by iterative metal artifact reduction algorithms (Boas and Fleischmann
2011) or dual-energy CT can be used to reduce these artifacts by separating the high and low
energy components of the CT scan (Bamberg et al., 2011).
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1.4.3 Phantoms for calibrating CT measurements

Phantoms are objects or materials designed to have well-defined and known
characteristics that can be used for calibration purposes. In CT measurements the phantoms are
either objects scanned together with the analyzed object to define the properties of the object
or the phantoms are scanned prior to the scan of the sample to calibrate CT system (de Oliveira
etal., 2017).

In the medical field the phantoms for the Hounsfield unit (HU) are commonly used. The
Hounsfield unit (HU) describes the amount of attenuation in medical CT devices, HU is a scale
that relates the X-ray attenuation of the analyzed material to the attenuation of water and air.
Water has a HU value of 0, while air has a negative value, and denser materials such as bone
have positive HU values. These phantoms are used to calibrate the CT system for HU values.
HU phantoms typically consist of a set of materials with known HU values, such as water, air,
and bone, which can be imaged and used to calibrate the HU scale of the micro CT system (Mah
etal., 2010).

The hydroxyapatite (HA) phantoms are used for the determination of the bone density.
These phantoms typically consist of a set of tubes with different concentrations of
hydroxyapatite. The phantom is scanned together with the sample and in the postprocessing of
the data the bone density of the sample is defined by comparing the sample with the scale of
densities of HA in the phantom (Schweizer et al., 2007).

Voxel size calibration phantoms are used in the industrial CT devices to calibrate the
accuracy of the scan. These phantoms typically consist of a two ruby balls of defined diameter
which are in a very precisely measured distance from each other. This phantom is measured
before the actual scan of a sample. From the obtained scan the distance between the ruby balls
is defined and compared with the actual distance between the ruby balls, the CT system is then
calibrated with the obtained values (Blazek et al., 2019).

The resolution phantoms are used for the determination of the spatial resolution of the
CT device. Probably the best known spatial resolution phantom for the micro CT devices is the
bar pattern QRM phantom, this phantom is a small object with a known pattern of high-contrast
lines and dots of different sizes. The QRM phantom can be imaged at different magnifications
and in the obtained data the system resolution at that magnification is determined by the
smallest pattern in which the individual dots and lines can be distinguished (Mambrini ef al.,

2022).
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1.5. Contrast agents used for visualization of soft tissues in micro CT imaging

In most cases micro CT imaging of biological samples requires staining. Exceptions to
this condition are fully mineralized bones and teeth (Kavkova et al., 2022), exoskeletons of
several taxa of insects (Poinapen et al., 2017) or mollusk shells (Monnet et al., 2009) all of
above mentioned structures are naturally radiopaque due to the high concentration of elements
with high proton number. On the other hand, the soft tissues have naturally low attenuation of
x-rays and thus their visualization in the micro CT data needs some additional steps. Some form
of staining of soft tissues is a necessary strategy to increase their naturally low contrast in
micro CT data. The main criteria for X-ray staining agent is that it has to be composed of
molecules containing atoms with a high atomic number, which have high X-ray attenuation
coefficient needed for proper visualization of soft tissue. Following list demonstrates the most

common staining agents used for the visualization of soft tissues in the micro CT imaging.

1.5.1. In vivo micro CT contrast agents

In the in vivo micro CT scans of the living animals the imaging is focused either on the
hard tissues such as bones or teeth which has high natural contrast due to the presence of
hydroxyapatite, or the imaging of the blood vessels which requires injection of non-toxic
contrast agent to allow imaging of the vasculature. In a number of diseases including cerebral
ischemia or myocardial infarction, alterations in vessel anatomy, structure, and function are
common findings (Dayan et al., 1985) and all of these can be discovered in contrast enhanced
in vivo micro CT imaging. The in vivo contrast agents are commonly applied intravascularly,
they remain localized to the injected vasculature and are cleared from the organism by the
kidney or liver (Badea et al., 2008).

The older type of conventionally used in vivo contrast agents belongs lopromide 300,
Iomeprol 400 and barium sulfate (Kiessling et al., 2004). Downside of using those agents is
that all of them need to be injected continuously with a specific flow rate during the whole scan
in order to sustain necessary concentration due to the fast elimination (from 1 to 3 min) of the
staining agent from the blood pool (Kiessling et al., 2004).

Amongst the newer contrast mediums belong long circulating blood-pool contrast
agents based on iodine (Zheng et al., 2007; Hallouard ef al., 2010; Nebuloni et al., 2013), gold
(Peng et al., 2012; Cormode et al., 2014) or bismuth (Rabin et al., 2006). The advantage of
using those agents is larger size of contrast agent molecules, often liposome bound which

increases their ability to reside in the vascular circulation close to an hour (Badea et al., 2005).
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1.5.2. Diffusion based staining agents (ex vivo)

All of the below mentioned staining techniques are utilizing the staining solutions
prepared with combination of different solvents and staining agents. The principle of this
method is that the stained sample is submerged in the staining solution and the staining agent

penetrates the sample by diffusion.

1.5.2.1. Staining with Iodine

Iodine is one of the most widely used contrast agents for the purpose of micro CT
imaging due to its ease of handling, low price, and its ability to efficiently contrast the soft
tissues. lodine solutions permeates soft tissues rapidly as a general stain and allow for nearly
histological quality imaging. The iodine binds generally to all structures in the tissue but
exhibits stronger affinities to certain anatomical structures staining them more intensely which
allows the distinction of the different tissues (Kiernan et al, 2001). The iodine staining
solutions are also not detrimental to the integrity of the DNA, which allows further tissue
analysis after the micro CT imaging (Faulwetter et al., 2013). The easy handling and good
contrast imposed on samples by staining in iodine solutions resulted in a proliferation of various
protocols for specimen preparations.

Several kinds of iodine staining solutions are currently used in ex vivo micro CT
imaging. First type is LKI (Lugol’s solution) which is made of iodine and potassium iodine
dissolved in distilled water. Second type is ILE or [2M (alcohol based solution of iodine) which
is made of iodine dissolved in ethanol or methanol. And lastly the commercially produced

compounds of iodine which are mostly used in the clinical imaging.

Water based iodine staining solutions

Lugol’s solution (I2KI) is a water based solution of iodine. The elemental iodine on itself
is not soluble in water, so in order to create the water based solution of iodine, the potassium
iodide (KI) have to be added into the mixture. When the potassium iodide is combined with
elemental iodine in water the triiodide ion is formed which enhances the aqueous solubility of
iodine.

Lugol’s solution is popularized as a diffusible contrast agent for contrasting of soft
tissues in standard micro CT imaging. In the contrast solutions the iodine that contributes to
staining comes from both I> and KI. The advantage of using the Lugol’s iodine as a staining
solution is that there is no need for dehydration of a sample and most KI staining procedures

consists only of soaking of fixed sample in Lugol’s solution. On the other hand, the staining
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with the water based iodine solution takes more time (when compared to the staining solutions
of iodine dissolved in alcohol), since the water does not permeate the tissues as progressively
as the ethanol or methanol.

This staining was successfully used in the anatomical research of zebrafish (Babaei
etal., 2016), for the visualization of key structures during cardiovascular development at
various stages of mouse embryogenesis (Degenhardt ef al., 2010) or to create the mouse embryo
atlas (Wong et al., 2012). To be able to properly stain the larger samples the higher
concentrations of iodine have to be administered to the sample as is demonstrated in the
publications focused on cardiac imaging of dog heart (Aslanidi ef al., 2012) and on the imaging

of the large specimen of adult White-fronted goose (Li ef al., 2015).

Ethanol or methanol based iodine staining solutions

Workflow of the contrasting protocols using the alcohol based iodine solutions starts
with dehydration of the sample in the increasing alcohol series followed by immersion of the
sample in the iodine staining solution. The dehydration of the sample can cause some shrinkage
to the sample, but if the dehydration is managed slowly and gradually the shrinkage can be
reduced to minimum. So far, the staining with alcohol based iodine staining solutions has been
rather sporadic compared to the Lugol’s solution which might be caused by the potential risk
of shrinking of the sample.

The fast staining rate as well as the possibility to wash out the iodine from the sample
in the clean solution of the alcohol (Kavkova et al., 2021) are lately favoring the utilization of
this staining method in the biological research. It proved to be excellent staining solution for
the staining of mouse brain (Zikmund et al., 2018) as well as the rat brain (Kavkova et al,
2021), the fast staining rate proved to be the advantage in the staining of large samples of the
ovaries from different species (Paulini et al., 2017), the high contrast proved to be beneficial
for the detection of tumor in lungs (Bidola et al., 2019) or in the marine research of developing

squid embryos (Kerbl et al., 2013).

Commercially available iodine staining solutions
Several papers mention ex vivo staining with commercial iodine solutions primary used
as in vivo angiography contrast agents. lodinated contrast reagent called Hypaque, has been for

example used for visualizing of mouse and rabbit brains (De Crespigny et al., 2008).
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1.5.2.2. Staining with Phosphotungstic acid

Phosphotungstic acid (PTA) is a larger molecule containing tungsten ions which are the
primary source of the x-ray attenuation in this molecule. The PTA is commonly used as a
general contrasting agent in micro CT imaging and is known to bind to certain proteins such as
fibrin or collagen (Faulwetter et al., 2013).

An ex vivo staining protocols based on PTA diffusion are more suitable for the staining
of the smaller samples such as early stages of mouse embryos or the dissected mouse organs.
The reason for this specific application is the larger dimensions of the PTA molecule. This
causes the slow diffusion rate of the PTA through the tissue (approximately 1 mm per week)
and in case of the large samples the staining would take several weeks to stain properly
(Fernandez et al., 2014).

Following the previously stated properties of the PTA the staining solutions containing
PTA has been used for the staining of small samples such as post-hatching paddlefish, axolotl
larvae, pupa of the Calliphora vicinia fly (Metscher 2009a) or even a small, marine
invertebrates (Faulwetter et al., 2013). PTA staining protocols are also appropriate for the
staining of the dissected mouse organs, for example for the visualization of renal morphology
in the explanted kidneys (Missbach-Guentner et al., 2018). Although phosphotungstic acids
successfully contrasts the soft tissue the usage of this staining agent requires caution because
of possible decalcification of the hard tissues due to its acidic nature (Metscher 2009b).

Lastly, the staining protocols containing the PTA as a contrast agent are ideal for the
use of the imaging of the museum samples as the PTA staining solution does not imply any
visible color to the stained sample (in contrast to the iodine based staining solution which stain
the sample in brown color). The completely stained and scanned samples can be returned to the

museum without any visible changes back to the museum display (Lenihan et al., 2014).

1.5.2.3. Staining with Osmium tetroxide

Osmium tetroxide is a commonly used fixative and stain in electron microscopy that can
also be used to enhance the contrast of soft tissues in micro CT data. The osmium tetroxide
binds with the unsaturated fatty acids in the lipids of the cell membrane and other cellular
components (Kiernan et al., 2001). One of the specific applications of OsO4 in micro CT is
imaging of coronary artery walls, since the OsO4 have high affinity to lipids in tissue, it can
clearly visualize the lipid deposition and therefore highlight arteriosclerotic plaques in arterial
walls (Pai et al., 2012). Overall, the staining procedures using osmium tetroxide have been

applied to micro CT visualization of soft tissues rather sporadically. In the former research this
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staining was utilized for example for phenotypic assessment of mouse embryos (Johnson et al.,
2006) to visualize the lung architecture of inflated porcine lungs (Litzlbauer et al., 2006), for
the imaging of the fragile respiratory organs of scorpions (Kamenz et al., 2009) or for the
marrow adipose tissue in the bone marrow of long bones (Scheller et al., 2014).

The current trend in the utilization of the staining solutions is preferring other staining
agents than the osmium tetroxide. One of the reasons why this staining agent is not commonly
used anymore is its high toxicity and volatile character which makes it hazardous to work with,

requiring particular safety measures and a well-equipped laboratory.

1.5.3. Corrosion casting contrasting agents

Corrosion casting is primarily ex vivo anatomical technique based on injection of casting
compounds directly into lumina, such as those within blood vessels, bile ducts or lungs with
intention of creating the model of the whole vascular system. For the purpose of micro CT
imaging the casting material contains radiopaque substance which enables visualization of
three-dimensional vascular architecture in a consistent manner. Subsequently dissolving away
the surrounding tissue leaves a model of the intricate, three-dimensional architecture of vessels
(Starosolski et al., 2015).

Corrosion casting using lead chromate containing radiopaque liquid silicone Microfil®
is frequently used in imaging of cerebral vasculature especially in research of cerebrovascular
disorders, such as aneurysms, arteriovenous malformations, and ischemic and hemorrhagic
stroke (Xie et al., 2012; Langheinrich et al., 2010; Ghanavati et al., 2014; Stolz et al., 2011;
Holdsworth et al., 2002, Perrien et al., 2016) as this method can identify the pathological
changes of the analyzed vessels as well as the measurement of the cerebral blood volume. The
nAngiofil polymer-based contrast agent has excellent filling capacity enabling visualization of
the smallest brain capillaries which allows in situ analysis of the dura mater and leptomeningeal
layers (Hlushchuk et al., 2020).

Corrosion cast can also help with assessment of the liver lesions as they are the major
cause of morbidity and mortality in polycystic kidney disease (Masyuk et al, 2004). In
combination with nano CT imaging the vascular corrosion cast of an entire mouse kidney can
be scanned with resolution high enough that the glomerular capillaries are visualized in the
quality comparable to similar models from confocal microscopy (Wagner ef al., 2011). Since
the architecture of tumor vasculature is important both as a therapeutic target and prognostic

biomarker the method of corrosion casting can be also used for investigation of the three-
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dimensional properties of colonic tumor vasculature via tumor vascular casts (Folarin et al.,
2010).

The novelty, simultaneous imaging of two different vessel systems at the same time with
the application of corrosion casting agent Microfill was recently published in cooperation with
our research group (Hankeova et al., 2021). Two kinds of Microfill resin were used to fill blood
vessel and bile duct in case of liver and in case of lungs the blood vessels and the airway. In the
resulting micro CT data, both systems can be distinguished based on their specific attenuation

and the complex 3D model of both systems can be evaluated.

1.5.4. Tissue specific staining agents

Unlike the contrasting agents mentioned so far, which are staining the sample in a non-
specific way, in some cases the staining of the specific structures by immunodetection with the
use of antibody bound staining agents is possible. Immunodetection is significantly different
approach when compared with classical micro CT staining protocols since most of the
commonly used staining agents contrasts the sample in non-specific way where different types
of tissue are distinguished only by their intake of staining agent.

On the other hand, the immunodetection methods are based on premise that antibodies
bind their target with high specifity allowing the localization of their target to specific tissues.
The basic scheme of immunodetection relies on primary and secondary antibodies. Primary
antibody binds with high specifity the target molecule in a tissue that needs to be localized,
secondary antibody binds the primary antibody and is tagged with either enzyme of fluorophore
that creates signal for detection.

Novelty use of metal-based immunodetection for visualization of specific gene
expression patterns by micro CT has been described by Metscher and Miiller in 2011. The
proposed method impairs the X-ray contrast to the sample by metal deposition scheme of an
enzyme metallography, which means that the metal (silver) is reduced from the solution by the
enzyme bound to the secondary antibody. The metallic deposits have sufficient X-ray density
to generate attenuation values that are higher than unstained tissues in micro CT data, allowing
antibodies to be localized in specific tissues. On the same principle works the detection of
melanin in the developing zebrafish embryo (Katz ef al., 2021). In this case the procedure is
based on the reduction of silver used for histological Fontana-Masso staining appears highly
specific to melanin. This analysis enabled the visualization and computational analyses of
regional melanin content and morphology in zebrafish embryo. In the cancer research the gold

nanoparticles were coupled to Herceptin antibodies (specific marker of breast cancer) with the
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aim to determine microlocalisation of the golden nanoparticles and quantify them in mouse
tumor models by using micro CT imaging (Hainfeld et al., 2011).

For the future of the micro CT imaging the method of specific detection of tissues bring a lot
of potential, but so far this method can be applying only to the very small samples because

penetration of the antibodies through the tissue is limited.

1.6. Software for the analysis of micro CT data

The visualizations and the quantitative analysis of the obtained micro CT data is a
crucial step in the whole process of the micro CT analysis, for this step several open source and
commercially available software can be utilized. The choice of software program depends on
the specific needs of the project and the level of expertise required for the intended applications.

Imagel/Fiji is a free, open-source software program widely used for the image analysis,
including micro CT data. It provides basic image processing functions, such as
brightness/contrast adjustments and noise reduction, however it is not primarily dedicated
micro CT software (https://imagej.net/ij/index.html).

Avizo/Amira - both of this software are similar in terms of functionality and capabilities,
Avizo is primarily marketed for material sciences and Amira for life sciences. They are
commercial software programs developed by Thermo Fisher Scientific designed specifically
for the visualization and analysis of 3D micro CT data. They provide wide range of advanced
tools for segmentation, volume rendering, and quantitative analysis, making it a powerful tool
for 3D data analysis.

VGStudio MAX is a commercial software program developed by Hexagon. VGStudio
is designed specifically for the analysis and visualization of micro CT data. It provides
advanced tools for segmentation, visualization, and quantitative analysis, as well as tools for
creating animations. Together with the Avizo/Amira are most commonly used software for the

precise analysis of micro CT data.
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2. Aims of doctoral Thesis

The aims of this thesis focused on the industrial micro CT imaging of soft tissue were as

following:

1. Evaluation and the determination of the most suitable contrasting protocols for the
imaging of the samples for the specific scientific research projects. The performance
of different contrast agents will be compared and their efficacy of enhancing the
contrast of soft tissues in micro CT data will be evaluated. As a following step the

protocols will be optimized for the imaging of various types of samples.

2. Working with the obtained micro CT data the analyses in the specialized software
for the 3D analysis will be determined. The scope of various research project will
be individually discussed and the optimal data analysis for the specific research

question and goals will be designed.
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3. Methods

3.1. The pre-staining steps (tissue fixation, dehydration)

The first of the pre-staining steps generally consists of the tissue fixation. Prevalently
used fixation agent - paraformaldehyde reacts with the primary amine groups present on many
biomolecules, including proteins, DNA, and RNA and covalently cross-links the molecules of
a tissue which prevents the denaturation of a proteins and autolytic processes in a tissue.

In most of the samples the fixation consists of submersion of the freshly harvested
sample in the solution of 4% or 10% water-based solutions of paraformaldehyde (PFA). The
4% percent solution is generally used on smaller samples e.g. early stages of embryos or
dissected organs, the 10% solution is use on larger and older samples, e.g. postnatal mice. The
concentration and overall fixation time depends on a dimension of a sample and on the type of
tissue, generally applied rule is that the bigger and older the sample is the higher concentrations
of a fixation agent is used and longer time of fixation needed (Kiernan et al., 2001).

Since most of the staining solution tested and utilized in this work are alcohol based the
second important pre-staining step is the dehydration of the sample, during the process of
dehydration the water is gradually removed from the tissue and replaced by the alcohol solution.
The sample needs to be gradually dehydrated to the same concentration of alcohol solution used
in staining solution, to prevent damaging the sample. This process is ensued by subsequent
immersion of a sample in 30%, 50%, 70%, 80% and 90% ethanol solution. The time in each

concentration is adjusted according to the sample dimensions.

3.2. Selection of the staining agents for visualization of soft tissues

One of the main goals of my dissertation topic was establishing the staining protocols
designed to increase the contrast of the soft tissues in the tomographic data and optimizing them
for the imaging of specific samples analyzed in cooperation with several research groups mainly
focused on biology research. The various factors can affect the result of the staining (type of
staining agent, the concentration of a staining agent, concentration of a solvent in a staining
solution and overall staining times). Based on the previous publications (Metscher 2009a;
Metscher 2009b) the most commonly used staining agents - iodine and PTA (phosphotungstic
acid) were selected as a reliable staining agents to pursue the development of the staining

protocols suitable for the samples analyzed in the specific projects I was working on.
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To visualize the staining progress of iodine and PTA, front legs of the E16.5 days old
mouse embryo were stained in either iodine solution (1% I in 90% MeOH) or PTA solution
(1% PTA in 90% MeOH). To track the progress of staining of the soft tissues, several X-ray
images of the samples were taken over 1 hour period in the 15 min intervals. The X-ray imaging
was performed on the Rigaku nano3DX device with 2,014 um pixel size, exposure time of 20
seconds and using the copper target.

The iodine dissolved in methanol proved to penetrate the sample much faster than the
PTA dissolved in methanol. This occurrence is most likely due to the difference in the
dimensions of small molecule of iodine (https://pubchem.ncbi.nlm.nih.gov/compound/lodine)
compared to large and complex molecule of PTA
(https://pubchem.ncbi.nlm.nih.gov/compound/Phosphotungstic-acid-hydrate). ~The iodine
proves to stain the sample fully in 30 minutes, on the contrary the PTA stains the sample much
slower. The skin proves to be the barrier for the penetration of the larger molecule of the PTA
- in the X-rays the PTA starts to stain the sample mainly in the place of the severed limb and in

the smaller cuts in the palm of the leg (Fig. 3).
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Figure 3: Comparison of iodine and PTA staining of the front leg of E16.5 mouse embryo
documented over 1 hour time period. In both samples at TO the only visible part of the leg is
the mineralized bone (see the black arrow). The sample stained in iodine solution was
contrasted fully in 30 minutes. In comparison, the sample contrasted in PTA solution is showing
only the start of the staining process, the skin proves to be the main barrier for the PTA as it
can be seen that it penetrates the sample in the in the place where the limb was severed and in

the smaller cuts in the palm of the limb (see the white arrows).

To test the overall contrast, both staining agents were applied on the whole mouse
embryo (for the practical demonstration the E15.5 stage was selected). In case of the staining
solution containing the 1% iodine in 90% MeOH the total staining time in which the whole
embryo was properly stained was 24 hours. In comparison the staining solution containing 1%
PTA in 90% MeOH took 10 days and several changes of the staining solution to properly

contrast the whole sample. At the end, even though the process of the staining differs in the
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iodine and the PTA, the final overall contrast enhancement in the CT data is almost identical

(Fig. 4).

Figure 4: comparison of the E15.5 mouse embryo stained in iodine (left) and in PTA (right).
The overall contrast in the sample stained in iodine and the PTA is comparable, in both cases
the liver and the lungs are stained with highest intensity, also the cartilage is stained in negative

way (due to the high density of this tissue and no native contrast) in both iodine and PTA.

3.3. Motion stabilization of the sample during scan

The stabilization of the sample during the scan is one of the most crucial steps. The need
for fixation results from the basic fact that during the scan the sample is rotated over 360
degrees, if the sample was simply placed in some kind of liquid, it would be moving during the
scan and the acquired data would be blurry.

Depending on the character of the sample several kinds of fixation are available. In the
case of larger samples which does not need to be kept hydrated the "simple" position fixation
with low attenuation materials such as styrofoam are applicable (Fig. 5). For the small samples
that needs to stay hydrated, such as the mouse embryos, the best possible fixation is in either
Eppendorf or Falcon tubes (depending on size) which are made of polypropylene plastic (it has

low X-ray attenuation) and the sample is embedded in the 1% agarose gel (Fig. 5).
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Figure 5: Motion stabilization of different kinds of samples, on the left is taxidermied sample
of ameiva lizard fixated in position by styrofoam, on the right mouse embryo in the falcon tube

and agarose gel.

3.4. Micro CT devices

For the purpose of scanning of the samples the micro CT devices GE phoenix v|tome[x
L240 and RIGAKU nano3DX were utilized.

The RIGAKU nano3DX device was equipped with 16 bit, 3300 x 2500 pixels X-ray
CCD camera detector and dual target X-ray tube emitting quasi-parallel X-ray beams. This
device was used for specific applications, mainly very small samples (1-2 mm) in which the
device was able to scan the sample in voxel resolution of 1-2 micrometers.

Most of the biological samples for the projects I was working on were scanned on the
GE phoenix v[tome|x L240 device. This device utilizes the flat panel dynamic 41|100: 4000 x
4000 px detector and for the scanning of the biological samples the 180 kV / 15 W nanofocus

tube was used.

3.5. Analysis of the obtained micro CT data in specialized software

For the processes of segmentation, visualization and quantification of the obtained
micro CT data the Avizo and VGstudio MAX 3D software were used.

Since the contrasted biological samples cannot be simply thresholded to visualize the
object of interest (due to the non-specific nature of the staining process, different tissues can
have similar gray values) the need of manual or semi-manual segmentation still prevails. For

the purpose of the manual segmentation the Avizo software have the best tools. This software
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allows to go through the individual sections following the object of interest and mark only every
3rd to 8th section (depending on how much the segmented structure changes) to decrease the
time spent on segmenting, the interpolation function of the software can be then applied to fill
in the in-between sections. The resulting 3D model of the segmented structure can be exported
as stl. file which is imported in VGstudio MAX in which all of the visualizations and analyses
were conducted.

The VGstudio MAX is 3D analysis software, which includes modules for advanced
image analysis. This software was used for all of the visualizations and advanced analyses of
the obtained micro CT data presented in this work. The more basic analyses such as the
measurements of volumes, length or angles are readily available and some of the values are
automatically computed for all of the segmented structures. Since this software is primarily
designated for the analysis of the industrial samples the use of the quantitative analyses for
analysis of the biological samples brings unique data into the biological research. In the scope
of this work and the related projects the modules of Wall thickness analysis, Pore analysis and
the Unroll feature were amongst most commonly utilized. The Wall thickness analysis works
based on the determining the thickness of the sample by fitting the 3D spheres inside the walls
of the analyzed sample, the bigger the sphere can be fit in the particular part of the sample the
higher is the value of the final wall thickness. The Pore analysis is used to characterize the set
of pores/voids (in our case the analysis was used for the description of the amyloid plaques).
Running this analysis provides the information about volume, surface, sphericity, and several
other values. The Unroll feature provides unique way to display several objects of interest
which are normally not visible in one section (e.g. teeth along the jaw). By placing the points
of polyline alongside the structure to be visualized the software can unroll the structure and the

sections perpendicular to the created unrolled section can be displayed.
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4. Results

4.1. Determining and optimizing the contrasting protocols

The main thing to considered in the design of the staining strategy is the dimension of
the sample. In small specimens staining agents have to travel shorter distances to reach internal
soft tissues. This implicates that for the staining of the smaller specimens the lower
concentrations of staining solution as well as shorter staining times are sufficient. The larger
specimens on the other hand often needs to refresh the staining solution during the staining to
stain the whole volume of the sample.

When selecting the appropriate staining agent, we need to consider the previously
demonstrated properties of iodine and the PTA. The staining solution utilizing the alcohol based
iodine solution penetrates the sample much faster than the PTA in the same solvent. The PTA
is large molecule and it penetrates into the tissue very slowly, the staining with the PTA
solutions takes much more time than iodine and thus is not suitable for the staining of the larger
samples because the staining could take up to several weeks (Kog et al., 2019).

For the cases where micro CT analysis is followed by other analysis of the sample e.g.
histological sectioning and the immunostaining the iodine can be easily removed from the tissue
with the wash of the sample in the clean alcohol solution (Kavkova et al., 2021). On the other
hand, the PTA staining is very stable in the tissue and when the stained sample is stored in the

fridge the staining holds for several years.

4.1.1. Novelty contrasting protocol for imaging of the mouse brain

In neurobiological research, mice are commonly used as a model organism because of
the similarity with human genome, which allows modelling the human-related pathologies in
transgenic mice. In order to precisely describe the important structures in the brain in 3D, which
is important to distinguish the pathologies in the brain, we have set a goal to define the staining
protocol for the mouse brain which would allow to distinguish various structures of the brain.

Based on the previously published data (Metscher 2009a) we have created several
combinations of staining agents (the iodine and the phosphotungstic acid were selected as they
are commonly used and safe to work with) and different solvents. The samples were stained
with following contrasting protocols (Fig. 6) - (A) 1% PTA in 90% MeOH for 21 days, (B) 1%
PTA in 90% MeOH for 14 days, (C) 1% PTA in 100% MeOH for 16 days, (D) 1% PTA for 10
days + 1% iodine in 90% MeOH for additional 24h, (E) 1% iodine in 100% EtOH for 24h, (F)
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1% 1odine in 100% EtOH for 48h, (G) 1% iodine in 100% EtOH for 7 days, (H) 1% iodine in
90% MeOH for 24h, (I) 1% iodine in 100% EtOH for 24h. The obtained data were then analyzed
to determine the best staining methodology for imaging of the mouse brain resulting in
publication of the data in paper Zikmund et al., 2018, the results from the paper are described
in following text.

The best methodical way to compare the contrast of several samples in micro CT scan
is to scan them all in one batch (or scan all of the samples separately with the calibration
phantom). This prevents the fluctuations in the resulting histograms and reduces other
influences which can impact the results of the scan. All of the samples were scanned together
in separate tubes with the resolution of 18 pm which proved to be adequate to compare the
contrast in the tested samples. The staining protocols were compared according to their ability
to visualize brain structures in micro CT data. The best staining results were obtained with the
staining solution containing 1% iodine in 90% methanol solution (Fig. 6, image H) as this
staining solution proved to produce the highest contrast in the observed brain structures,
successfully visualizing caudoputamen, anterior commissure, corpus callosum and lateral

olfactory tract even in the lower resolution scan.
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Figure 6: Comparison of the coronal sections of mouse brain samples selected from the original
publication (Zikmund et al., 2018). The compared images of differently contrasted brains are
shown with the same histogram setting (possible due to the batch scan of all samples together).
The contrasting protocol H (1% iodine in 90% MeOH for 24h) was determined as a best
contrasting solution based on the analysis of obtained data, it had efficiently visualized the
caudoputamen (CP), anterior commissure (ACO), corpus callosum (CC) and lateral olfactory

tract (LOT).

During the follow up experiments using the staining protocol for the mouse brain we
have discovered that in the case of staining of the brain, the intracardial perfusion with the PFA
solution right after sacrificing the animal is crucial for the best possible staining results. In the
figure 7, both of the brain samples were stained by the same protocol (1% iodine in 90%
methanol 24 h). The sample A was cardially perfused which ensued better fixation of the brain
tissue and thus better results of the staining compared to the sample B which was fixed only by
the submersion in the PFA solution which did not ensured the proper fixation of the brain tissue
and the staining was limited. For the process of image analysis, the histograms in both compared
datasets (samples) were manually set in a way to display the best possible contrast without

saturation of the structures with highest attenuation (white parts of the image).
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Figure 7: The brain fixated by the intracardial perfusion with the 4% PFA (A) displays the

staining with more contrast in the corpus callosum, dentate gyrus, third ventricle, internal
capsule, mamillothalmic tract, fornix, optic tract and caudoputamen than the brain which was
fixated by submersion in the 4% PFA (B) even though both brains were stained by same

method. Along the green lines were ploted the line profiles in the next figure.

To support the statement that the intracardial perfusion helps the contrasting process,
the line profiles throug the green lines in fig. 7 were plotted (Fig. 8) to show the differences in
overall contrast. In the comparison of both line profiles, the line profile of the perfused mouse
brain shows wider range of the detected gray values and thus confirming the higher efficiency
of the staining solution in the perfused brain. The difference in overall contrast in the perfused

and non-perfused brain can be clearly seen.
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Figure 8: Comparison of the line profiles performed on perfused and non-perfused mouse brains

in Imagel.
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4.1.2. Contrasting of the mouse embryo

As the mouse embryos are the most commonly used model organism in the
developmental biology research, and most of the research groups I had cooperated with during
the work on my dissertation topic, have worked with the mice, the need for the reliable staining
protocol for the imaging of the mouse embryos of different developmental stages have emerged.
The application of the micro CT imaging of the mouse embryo is the most beneficial in the
stages where the embryos are too large for the whole mount imaging by the microscopes (e.g.
light sheet, confocal) which is approximately E13.5 of embryonal development, simultaneously
the developmental stage E18.5 is the oldest developmental stage used in the embryo research
as the gestation period of mouse is 19 to 21 days. Based on these observations we have selected
the developmental stages E13.5 - E18.5 (Fig. 9) of mouse embryo for the designing of the

contrasting protocol.

Figure 9: developmental stages of mouse embryo from E13.5 (left) to E18.5 (right)

In the published literature the commonly used staining agents for the embryos are iodine
and the PTA. Considering the previously stated properties of both PTA and the iodine, and the
excellent results of the staining solution of 1% iodine in 90% MeOH in the case of staining the
mice and rat brains, [ have selected this solution for the further optimization for the purpose of
staining the soft tissues of mice embryos.

In the process of determining the optimal time of staining for each developmental stage
I took the inspecting "fast" scans of the stained sample to check the progress of penetration of
the staining solution through the sample. In the figure 10 this process is documented on the
E18.5 mouse embryo scanned at two time points during the staining. The image on the left is
improperly stained embryo (after 2 days of staining) - in the 2 days the contrasted sample was

submerged in the staining solution the staining agent (iodine) did not penetrate the whole
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volume of the sample resulting in the lower overall contrast. The only properly stained part is
the rostral part of the face - the oral mucosa presents lower barrier to the staining solution than
the skin on the rest of the body. On the right side of the figure 10 is the same embryo which is

fully stained after 4 days in the staining solution.

Figure 10: comparison of the improperly (left) and properly stained (right) E18.5 mouse embryo

For the optimization of the contrasting methodology, I have focused on the
developmental stages E13.5 to E18.5. The following table 1 contains the overview of the
contrasting protocols which I have determined for the staining of the selected developmental

stages of mouse embryos.
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Table 1: Staining protocols for the mouse embryo

sample 30% EtOH 50% EtOH 70% EtOH 80% EtOH 90% EtOH 1% iodine in 90% MeOH
E13.5 1lh 1lh 1lh 1h 1lh 8h
E14.5 2h 2h 2h 2h 2h 12h
E15.5 4h 4h overnight 4h 4h 24h
E16.5 8h overnight 8h overnight 8h ,1T1 days (refresh the
staining solution after 24 h)
F17.5 12h 12h 12 h 12h 12 h 2+1days (refresh the
staining solution after 24 h)
E18.5 12h 12h 12 h 12h 12h 2+2days days (refresh the
staining solution after 48 h)

On the example of sagittal cross sections of all of the developmental stages of mouse

embryo, for which the contrasting protocol was developed, the fully and properly stained
samples are shown (Fig. 11). In the properly contrasted mouse embryo, the staining agent is

uniformly distributed in the individual tissues without any dark, unstained spots.
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Figure 11: Middle sagittal sections of the mouse embryos properly stained in iodine solution.

E13.5 (A), E14.5 (B), E15.5 (C), E16.5 (D), E17.5 (E), E18.5 (F).
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4.1.3. Testing of the developed contrasting protocol on different types of samples

To test the versatility and efficiency of the proposed iodine contrasting solution I have
selected and stained several different samples with low native X-ray attenuation.

The first showcased sample is the tadpole of the commonly used amphibian model
organism Xenopus laevis. In order to fully stain the pre-metamorphosis developmental stage of
the tadpole the sample was dehydrated for 8h in each concentration of EtOH (30%, 50%, 70%,
80% and 90 %) and then stained for 20h in 1% I in 90% MeOH (Fig. 12).

Figure 12: The horizontal section and 3D render of the Xenopus laevis tadpole shows the fully

contrasted soft tissues.

The seedpod of the Capsella bursa-pastoris was selected as the plant subject to test the
staining properties of the iodine solution, the sample was dehydrated in the ethanol grades
(30%, 50%, 70%, 80% and 90 % for 1 hour in each concentration) the sample was fully stained

after 2 hours in the staining solution (Fig. 13).
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Figure 13: The staining in the proposed iodine solution was able to contrast the developing

embryos of the future seeds in the seedpod of the Capsella bursa-pastoris.

The sample of the human heart from cadaver was obtained through the cooperation with
Faculty hospital Motol in Prague. The section from the heart was dehydrated for 24 hours in
each concentration of ethanol solution (30%, 50%, 70%, 80% and 90 %) and then placed in the
iodine staining solution, after the 4 days in the staining solution the progress of the staining was
evaluated by short CT scan. The 4 days determined to be not sufficient (Fig. 14) so the sample
was submerged in the staining solution for the additional 7 days (refresh of the contrasting

solution after 3 days), after which the sample was fully stained.
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Figure 14: The section of the human heart was only partially stained after the 4 days in the
iodine staining solution (A), to complete the staining the sample was submerged in the staining

solution for additional 7 days (B).

4.2. Applications of developed contrasting protocols and designing the data analysis

The main objective of this work was to design the whole process of analyzing the sample
from contrasting and scanning to determining the specific software analysis of the obtained data
for each individual project I was working on, in the following part of this thesis I will present

some of these projects.

4.2.1. Visualizing the AP plaques in the rat brain in Alzheimer’s disease research

In the follow up research - my first author publication (Kavkova et al.,, 2021) I have
optimized the protocol for the staining of the mouse brain for the purpose of imaging of the rat
brain. In cooperation with the research group focused on the research of Alzheimer’s disease
(AD) we have obtained several brains of transgenic rats. These brains contained the amyloid
beta (AB) plaques which are the main cause of the Alzheimer’s disease symptoms. It has been
proposed that the reduction of AP deposits might help control the AD symptoms, which made
the AP plaques the focus of targeted treatment of the AD. In order to test the effectiveness of
an AD therapy focused on reduction of the AP plaques, there is a substantial need of a non-

invasive, precise, and reproducible imaging method to analyze the location and size of the AP
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plaques in the brain. In the majority of studies on rat models, the AP plaques were quantified
histologically in sliced and immunostained brain tissue. While the histology and
immunohistochemistry are important, standard routines for identifying and characterizing the
plaque properties, it has not been previously determined whether the absorption based contrast
enhanced X-ray micro CT imaging is capable of detecting and quantifying amyloid plaques in
the brains of rodents.

In my paper I have proposed the protocol for 3D imaging of the AP plaques by micro CT
which enables the analysis of plaque distribution in 3D without sectioning (which might induce
artifacts related to section deformation or missing tissue due to the sectioning), where the
proposed method can help the assessment of effectivity in newly tested drugs by quantifying
the AP plaques in the brain.

The staining protocol which we previously developed for the mouse brain stains the
different tissues of the brain based on their structure, this occurrence led to the theory that the
dense structure of the amyloid protein clusters in the brain of transgenic rats should be stained
in different fashion than the surrounding normal tissue. This premise was confirmed when the
transgenic and the wildtype rat brains were stained in the optimized contrasting protocol and
the whole rat bran was scanned with resolution of 9 pum. The resulting scans (Fig. 15) clearly
showed the amyloid plaques in the brain of the transgenic animal, which confirmed our

hypothesis of possible visualization of the AP plaques with iodine solution.

Figure 15: Comparison of the wt rat brain (left half of the brain) to the brain of the transgenic
animal (right half of the brain) where the amyloid plaques are visible as the dark dots (Kavkova
etal., 2021).
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The nondestructive characteristic of the micro CT analysis also allowed the consecutive
histological analysis of the rat brain. To assess the sensitivity of amyloid plaques detection
using micro CT in contrast to the standard immunohistological staining of the brain, the brain
after the micro CT analysis was washed in the clean ethanol solution for several days to clear
out the iodine and subsequently sliced in the microtome to create histological sections. The
dehydrated and previously iodine stained tissue was fragile while slicing, but several tissue

sections were well preserved and immunostained for the presence of AP plaques (Fig. 16).

Figure 16: Confirmation of the identity of the detected AP plaques by follow up

immunohistochemical staining (A plaques in pink color) (Kavkova et al., 2021).

In the follow up step of the AP plaques analysis I have focused on the dorsal
hippocampus which is a structure of brain severely impaired by the amyloid accumulation and
cellular loss in AD. In the industrial micro CT setups (such as GE Phoenix L240 which is
predominantly used in our lab for the analysis of the biological samples) which uses the cone
beam geometry, the dimension of the sample directly determines the resulting voxel size of the
obtained dataset. To acquire a 3D distribution of AP plaques with high resolution, we have
decided to dissect the hippocampus and scan it again with a better resolution of 3 pum. The
smaller voxel size of the acquired hippocampus dataset allowed the identification of the smaller

AP plaques and improved the readability of the large AP plaques’ borders (Fig. 17).
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Figure 17: Horizontal (A) and coronal (B) 3D view of the rat brain with the visualized dissected
hippocampus (green) used for the higher resolution scan. Comparison of the image quality in
the same section of the hippocampus from the same animal - the scan of the whole brain (C)
and the scan of the dissected hippocampus, the plaques are highlighted in green and the blood
vessels are labeled by white arrows (D) (Kavkova et al., 2021).

The re-scanning of the hippocampus with better resolution allowed the use of various
analysis in the software VG Studio MAX. Even though this software is primarily designed for
the analysis of industrial samples it can precisely define the shape and the distribution of the
amyloid plaques in the dissected hippocampus in a novel type of analysis. In the obtained data,
the amyloid plaques had similar contrast as other tissues, this meant that they could not be
detected with global thresholding methods and in order to analyze them they had to be
segmented manually. After defining all of the segmented plaques in the dissected hippocampus
by one region of interest, all plaques were counted and measured. In the dissected hippocampus
total of 1666 individual plaques were identified. The volume of the smallest individual plaque

was 895 um?, indicating the lower limit for amyloid plaque detection in the presented micro CT
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data with voxel size of 3 um (in the immunohistological images even smaller plaques can be
distinguished). The biggest identified plaque had a volume of 721,552 pm?.

As a next step in the analysis of the plaques I have assessed the variability of shape of
plaques by measuring their compactness. The compactness score describes the shape of the
analyzed object. In the range of compactness values 0-1 the score of one represented a perfect
sphere (Fig. 18). The identified plaques had median of compactness at 0.396 which indicates

that the analyzed plaques tend to have more irregular shape with protrusions.
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Figure 18: analysis of volume (A) and compactness (B) of the plaques in the transgenic rat

hippocampus (Kavkova et al., 2021).

The accuracy of the generated 3D model of distribution of plaques in the hippocampal
sample allowed me to define and quantify the inter-plaque distance and the distance of the
plaques to the nearest blood vessel. Both of these values were quantified and compared to the
datasets of randomly generated "plaques" to test if the plaques emerges randomly or in some

specific pattern.
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By measuring the inter-plaque distances, we have tested if the AP plaques are prone to
form in clumps. To test this hypothesis we have compared the actual inter-plaque distances
from the experimental dataset to the synthetically created dataset with the same shape, volume
and same amount of plaques as the experimental dataset but in which the positions of the
generated plaques were completely random. The median of distances from the experimental
sample data was 101.1 um, whereas the randomly generated dataset returned a distribution shift
towards larger values - median distance 123.4 pm, confirming the hypothesis that the AP
plaques tends to emerge in clumps. The Mann Whitney U test confirmed a statistically
significant difference between the both measurements (Z =11.97, p <0.001).

Related to the inter-plaque distance analysis we have tested whether the relative distance
between the plaques and the blood vessels follows a non-random pattern. Again, the dataset
with random positions of the plaques was generated, this time leaving out the area of detected
blood vessels. The distances of the plaques to the nearest blood vessel were then measured in
both datasets. In the actual experimental dataset, the median distance between the plaque and
the nearest vessel was 64.5 um. The distances of generated "plaques" to a nearest vessel were
measured with median of 89.1 um. This suggests that the plaque-vessel distance is significantly
shorter in experimental data than in the generated random sample, indicating that plaques tend
to appear closer to the blood vessels where the oxygen level is higher. The statistical

significance of this theory was confirmed by the Mann Whitney U test (Z =10.95, p <0.001,).
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Figure 19: Visualization of the plaque distance to the nearest blood vessel and the comparison

of the distances in the actual and generated data (Kavkova et al., 2021).
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The absorption based contrast enhanced X-ray micro CT imaging is viable method for
detection and 3D analysis of AP plaques in transgenic rodent models of Alzheimer’s disease.
Using iodine contrasted brain tissue isolated from the transgenic rat model we have proved that
the micro CT imaging is capable of precise imaging of AP plaques without damaging the
sample, making it possible to further analyze the sample. Micro CT analysis was able to
visualize and quantify the various aspects of 3D spatial distribution of plaques which can help

in the assessment of effectivity in newly tested drugs for treating AD patients.

4.2.2. Loss of function of CDK13 gene during development

Congenital heart defects, dysmorphic facial features and intellectual developmental
disorders syndromes in humans was recently associated with mutation in CDK13 gene (Cyclin-
dependent kinase 13). Within the project researching the impact of the complete loss of Cdk13
function during mammalian development, the Cdk13 knock-out (KO) mouse model was
employed to explore a novel role of Cdkl3 protein during mouse embryonic development
(Novakova et al., 2019).

As a part of the joined research, I have focused on the micro CT analysis of the E15.5
as this was oldest collected developmental stage - in the Cdk13-deficient animals the embryonal
lethality was observed by the embryonic day E16.5. Based on the histological analyses
conducted as part of the research, the heart, liver and kidneys were selected as targets for the
detailed micro CT analysis. Since the E15.5 mouse embryos are too large for the 3D imaging
by light sheet microscopy the micro CT analysis was selected for the task of imaging the
morphological defects in detailed 3D models.

The samples of both KO and wt mouse embryos were contrasted with the staining
protocol presented in my thesis. The selected organs were manually segmented and compared

based on their volume and their appearance in tomographic slices and 3D models (Fig. 20).
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Figure 20: Comparison of segmented internal organs of E15.5 mouse embryo. On the left wt
mouse, right Cdk13 KO mouse. Liver (light pink), heart (red), kidneys (dark pink) (Novékova
etal., 2019).

The micro CT analysis of the contrasted E15.5 embryos revealed several developmental
abnormalities. The heart wall of both ventricles in Cdk13 KO embryos appeared thinner in
comparison to wt littermate controls. In addition, lung, liver and kidney in Cdk13 KO embryos
were smaller and undeveloped. Based on further analyses, the lethality at the E16.5 stage was
determined to be the result of heart failure most likely due to multiple heart defects followed

by insufficient blood circulation caused by multiple organs dysfunctions.

4.2.3. The role of SATB2 gene in development of dentition

The SATB2 gene participates in the process of regulating various transcription factors
both during early embryogenesis and later in the process of cell differentiation. Within the large
scale gene expression profiling at early stages of odontogenesis in mouse embryo, the SATB2
gene have been identified to have specific role in regulatory processes involved in early
odontogenesis and jaw patterning, exhibiting strong expression in the rostral jaw area in contrast
to the caudal part of the jaw (Nevorankova et al., 2023).

To uncover the effect of the SATB2 gene in jaw and teeth patterning, SATB2 knockout

mouse strain was generated by the cooperating research group. The developmental stages of
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E16.5 and E18.5 of mouse embryos were then selected for the micro CT analysis, where the
main focus of the analysis would be the identification of the irregular teeth patterning and
finding the morphological changes in the lower jaw causing the underbite observed in the SatB2
knockout mice.

Within the analysis of the developmental stage E18.5 we have decided to scan the
embryos consecutively in native state and then contrasted with iodine (Fig. 21). Since in the
E18.5 developmental stage the enchondral ossification already started (in contrast to the E16.5
where the ossifications are not yet visible in the CT data) and the ossifications of the bones are
visible in X-ray due to the deposition of the hydroxyapatite, the imaging of the bones in E18.5
is possible. This approach allowed evaluation of the bone formation which would be impossible
to do in the contrasted sample since the signal from the less ossified parts of the bone would be
lost in the surrounding contrasted soft tissues.

As the following step the samples of both ages were stained according to the protocol

presented in this thesis, based on their age.

Figure 21: The X-ray image of the native sample (A) the bone ossifications are indicated by the
white arrows. The same sample stained in the iodine solution (B) where all of the soft tissues

are contrasted.
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In the contrasted datasets the Meckel cartilage (intermediate structure involved in the
lower jaw formation in mammals) and the tooth germs were manually segmented and
subsequently analyzed. We have focused on the 3D morphometrics of the shape of developing
tooth germs with focus on ectopic tooth and the morphological changes in Meckel cartilage
caused by delay in its development.

The segmentation and creation of the 3D model of the tooth germs revealed the presence
of the ectopic tooth (extra tooth not present in the normal teeth pattern) located in the rostral
area of molars (Fig. 22). The further analysis of ectopic tooth position in relation to normal
teeth was done through measurements of teeth volume and teeth lengths and distances between
teeth in 3D space. The morphometrics revealed that the molar joined to the ectopic tooth is
smaller than the corresponding molar in wt mouse and that the ectopic tooth does not cause

shift of the original position of molar.
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Figure 22: Segmented tooth germs in the E18.5 embryos. Wt mouse (A), in the mutant mouse
(B) the ectopic molars are indicated in white arrows. In the mutant mouse the reduced abnormal
growth of the incisors is clearly distinguished in the 3D reconstruction and even in the measured

tooth germ volume indicated in the graph.

The SatB2 knockout mice embryos are distinct by the shortened lower jaw. The analysis
of the obtained contrasted micro CT data revealed that the affected structure responsible for the
truncation is the Meckel cartilage. The length of the Meckel cartilage was measured by placing

the points of the polyline tool in the center of the transversal cross section of the cartilage. The
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measured length of the cartilage was then defined by the length of the placed polyline. The
follow up segmentation of this cartilage and creation of 3D model revealed the fusion of the
rostral part of the cartilage in the chin to the lateral parts, revealing the morphological cause of

the truncation of lower jaw (Fig. 23).

Figure 23: Visualization of the segmented Meckel cartilage, the knockout mice are showing

distinct fusion of the rostral part of the cartilage in chin to the long lateral parts alongside the

jaw.

The loss of SatB2 led to abnormal craniofacial patterning alongside the anterior-
posterior axis. The obtained 3D micro CT data revealed shortening of the lower jaw with the
middle element of Meckel’s cartilage fused, abnormal smaller incisors detected in both upper
and lower jaws and emergence of the ectopic molars. All of the above-mentioned morphological
abnormalities were identified in the created 3D models, without the micro CT analysis the
description of the aberrant gross morphology in the SatB2 deficient mouse embryos would be

particularly difficult.

4.2.4. Role of the TMEM107 gene in eye development

The Tmem107 is a protein located the base of the cilium, the deficiency of this protein
has been linked with the ciliopathy-associated syndromes. Mouse strains with knocked out
Tmem107 display severe phenotypes such as microphthalmia, shorter snouts, expanded facial
midlines, cleft palates, and extensive exencephaly (Cela et al., 2018). The role of this gene in
eye development is not yet fully understood which is why we have pursued the micro CT
analysis of the Tmem107 deficient mouse embryos with focus on the distinctive ocular

phenotypes including anophthalmia and microphthalmia (Dubaic ef al., 2023).
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The mouse embryos at the E15.5 developmental stage were contrasted by the iodine
staining protocol. As the focus of the publication was on close investigation of the eye
development, the eyes in both mutant and the wt mice were manually segmented in order to
obtain precise 3D model. To describe the defects in eye in detail, the wall thickness analysis of
the segmented eyes was executed. The wall thickness analysis is one of the advanced analyses
present in the VG Studio MAX software, the analysis is based on the fitting of the spheres with
different diameter in the analyzed object (in this case the eye) in the 3D space. The resulting

analysis revealed decreased retina volume in mutant Tmem107 deficient embryos (Fig. 24).
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Figure 24: The wall thickness analysis of eyes in wildtype (A) and Tmem107 deficient (B)
E15.5 mouse embryos. The position of the section is indicated in the smaller 3D render for each

sample.

In the created 3D model, the optic stalk length was measured with the polyline tool. This
specific tool in the VGStudio MAX software enables measurement of length in the not-straight
objects. This analysis revealed the distinct phenotype in form of shortened optic nerve in mutant

embryos.
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The micro CT analysis have helped analyze distinctive ocular phenotypes in Tmem107
deficient mouse embryos by creating the precise 3D models which enabled the advanced

analyses in the specialized software.

4.2.5. Imaging of the emerging tooth ankylosis in chameleon embryo

Unlike most of the reptiles, the chameleon teeth grow in a unique way where the adult
teeth are firmly attached at the top of the jaw bone - this type of teeth attachment is called
acrodont ankylosis.

In my first author paper we have focused on describing how symmetrically ankylosed
teeth in veiled chameleon (Chamaeleo calyptratus) develops from asymmetrical tooth germs
(Kavkova et al, 2020). Our main aim was to determine the developmental processes
contributing to the morphogenesis of acrodont dentition and to analyze the asymmetrical
structures occurring on the labial and lingual sides of the cervical loop (epithelial structure of
the developing tooth, containing stem cell niche) using embryos of the veiled chameleon.

For the precise description of the asymmetries in the growth of bone and the
surrounding soft tissue we have selected 5 distinct developmental stages of chameleon embryo.
All of the analyzed samples were at first scanned in the native state to describe the anatomy of
the jaw bone and teeth without losing the signal from less mineralized parts in the contrasted
dataset. Consecutively, the samples were contrasted and scanned again.

Based on the preliminary histological analyses, the teeth appeared to develop
asymmetrically along the labio-lingual axis. To assess this, we needed to measure the lengths
of the labial and lingual side of the teeth and the distance of the tooth to the underlaying jaw
bone in the native scans. For this type of measurement, it was essential to create the section of
each tooth perpendicular to the line of the jaw which proved to be problematic since the jaw is
curved. As a first step of creating the perpendicular section of the tooth in curved jaw, the
dataset needed to be oriented and registered. In the frontal and horizontal sections, the dataset
was centered using the natural symmetry of the lower jaw, in the sagittal section the dataset was
oriented to level the bone of the lower jaw. The following step in order to create the
perpendicular section of the tooth was creating the polyline (curved line in 3D space) defined
by the points placed in the highest points of individual teeth. Then through the unroll feature in
the VGstudio MAX the "unrolled" section containing all of the teeth as well as the sections

perpendicular to the unrolled plane were created (Fig. 25).
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Figure 25: The green polyline is defined by points at the tip of all teeth in the lower jaw (A).
The new plane of sections (magenta) was constructed using the polyline as guide (A, C). The
plane of transversal section through the tooth (orange) is then perpendicular to the magenta

plane (A, B) (Kavkova et al., 2020).

By moving the perpendicular section alongside the created polyline, the perpendicular
section of each tooth was created and used for the follow up measurement. The lengths of the
labial and lingual side of the teeth and the distance of the tooth to the underlaying jaw bone
were measures in these images (Fig. 26). These measurements revealed that in the earlier
developmental stages the distance between the tooth and the jaw was larger on the lingual side

than on the labial.
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Figure 26: Morphometric measurements of the tooth to jaw bone distance and the measurement
of the labial and lingual sides of the tooth are shown on the 4th developmental stage of
chameleon embryo analyzed in the publication. In the graph, the teeth on the left side of the jaw
are marked L1-L9, the teeth on the right side are marked as R1-R9 (Kavkova et al., 2020).

In the follow up analysis we have focused on the analyzing the angle of the growth of
each tooth in relation to the underlying jaw bone. We decided to measure this angle since the
spatial position of tooth and bone seemed to be not symmetrical in different developmental
stages. The measured angle was defined by horizontal line placed in position of the dorsal bony
lamellae and by the inclined line positioned through the center of each measured tooth (Fig.
27). Measurement of the angular inclination of the teeth axis to the dorsal bony lamellae
revealed that the caudal teeth were positioned at a greater angle to the dorsal bony lamellae than

the rostral teeth, more so in the younger developmental stages.
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Figure 27: Measurement of the angle in which the teeth grown in relation to the bony lamellae
of the jaw bone. The angles were measured in all 5 selected developmental stages (stgl-stg5).
The displayed results are measured on the teeth in right side of the jaw (teeth are numbered R1-
R9). The teeth in the caudal part of the jaw RS, R9 and the teeth in the younger stages 1 and 2

have higher angular inclination.

As anext step in the analysis of the asymmetrical growth of teeth in chameleon embryos,
the samples were contrasted to obtain the information about the soft tissue of the cervical loop.
The protocol for the mouse embryo staining was adjusted for the considerably smaller
chameleon embryonal jaws as following: dehydration steps of 30%, 50%, 70%, 80% and 90%
ethanol solution - 1.5 h in each concentration, after dehydration, samples were stained in the
solution consisting of 1% iodine in 90% methanol for 16 h. After the scan, the segmentation of
the cervical loop was carried out using Avizo 9.5 software (Fig. 28). As follows, the
perpendicular section through the jaw was created using the polyline as was described in the
analysis of the native scans. In the section through the center of each tooth (defined by the peak
of each tooth) the length of the cervical loop was measured on the labial and lingual side (Fig.
28). The analysis highlighted significant differences between the size of the labial and lingual

part of cervical loop even in the later stages where the symmetry of the hard tissues started to
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develop. The differences in length of the lingual and labial part of the cervical loop were not
consistent along the jaw, with the caudal teeth being more symmetrical in contrast to the teeth

in the middle part of the jaw, where the most significant differences in length were observed.

Figure 29: 3D render of lower jaw of the chameleon embryo with segmented cervical loop
(pink). Visualization of the tracing in the measurement of the cervical loop length in labial
(blue) and lingual (red) side of the tooth in the oldest analyzed stage 5 (left) and the youngest
stage 1 on the right side (Kavkova et al., 2020).

The proposed micro CT analysis of both native and stained samples of chameleon
embryos has revealed that the acrodont teeth of chameleons initially form asymmetrically, with
differential extension of the cervical loop on the lingual and labial sides. This asymmetry was
observed in the early stages of tooth development but later resolved to create the strict labio-

lingual symmetry present in adult teeth in chameleon.
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5. Conclusions

The topic of this thesis - X-ray micro and nano computed tomography of soft tissue -
reflects a current trend of incorporating the advanced micro CT imaging into primary biological
research as a valuable complementary method to generally used imaging methods. In the field
of developmental biology research, industrial micro CT imaging has been increasingly utilized
for the 3D imaging of the small samples, providing a non-invasive and high-resolution imaging
tool for investigating the complex processes of tissue formation and morphogenesis.

One of the main objectives of this work was testing the ability of specific staining
solutions to properly contrast the soft tissues and determining the optimal staining protocols.
I have tested several staining methods on the model of the mouse brain and proposed the iodine-
based protocol as the most suitable one.

The data obtained during the testing of the staining solutions on the mouse brain allowed
the more focused testing of the contrasting of the mouse embryos. I have focused on the
determining the optimal staining protocols for various developmental stages of mouse embryos.
I was able to determine the protocols for the mouse embryo developmental stages E13.5 to
E18.5. T have also tested the proposed iodine staining solution on various samples:
the amphibian, plant and the human heart samples, successfully confirming the versatility of
the presented contrasting protocol.

I have optimized the protocol for the staining of the mouse brain for the contrasting of
the rat brain. For this project I have proposed that the staining protocol will be able to visualize
the amyloid plaques in the brains of transgenic rats used as model for the Alzheimer disease.
The theory was confirmed and 1 was able to fully describe the distribution of the amyloid
plaques in the hippocampus as well as determine the software analysis of their attributes
important to the development of the Alzheimer disease, publishing the results as my first author
paper.

The establishment of the staining protocols for the mouse embryo originated in the need
for the analysis of the samples in scope of the various projects focused on the role of specific
genes during the development. In all of these projects I have applied the determined optimal
protocol for each individual developmental stage. The obtained high resolution data then
allowed me to propose specific analyses such as analysis of the affected organs of the Cdk13

deficient mice, the segmentations and quantitative analyses of the Meckel cartilage and tooth
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germs in SatB2 mice and the quantitative analysis of the rudimentary eyes on the Tmem107 -/-
mice.

Finally, I have focused on the analysis of asymmetrical tooth development in the
chameleon embryos. In this project I have proposed the dual scanning of the embryos — native
scan provided precise information about the tooth-bone interface and allowed the measurement
of various dimensions of the teeth and the jaw bone, the follow up scans of the same samples
stained in the optimized iodine protocol then allowed the description of the soft tissues
surrounding the teeth.

In conclusion, in this work I have used the industrial micro CT imaging to gain new
insights into the complex processes of developmental biology. I have designed contrasting
protocols and software analyses for advanced industrial micro CT analysis of the biological
samples. This work can contribute to the advancement of our understanding of developmental
biology processes and the methods proposed in this work can be applied in other scientific

research fields.
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Coordinated labio-lingual
asymmetries in dental and bone
development create a symmetrical
acrodont dentition

M. Kavkova®’, M. Sulcova®%7, J. Dumkova?, O. Zahradniéek®, J. Kaiser*, A. S. Tucker®,
T. Zikmund® & M. Buchtova%5*

Organs throughout the body develop both asymmetrically and symmetrically. Here, we assess how
symmetrical teeth in reptiles can be created from asymmetrical tooth germs. Teeth of lepidosaurian
reptiles are mostly anchored to the jaw bones by pleurodont ankylosis, where the tooth is held

in place on the labial side only. Pleurodont teeth are characterized by significantly asymmetrical
development of the labial and lingual sides of the cervical loop, which later leads to uneven deposition
of hard tissue. On the other hand, acrodont teeth found in lizards of the Acrodonta clade (i.e. agamas,
chameleons) are symmetrically ankylosed to the jaw bone. Here, we have focused on the formation
of the symmetrical acrodont dentition of the veiled chameleon (Chamaeleo calyptratus). Intriguingly,
our results revealed distinct asymmetries in morphology of the labial and lingual sides of the cervical
loop during early developmental stages, both at the gross and ultrastructural level, with specific
patterns of cell proliferation and stem cell marker expression. Asymmetrical expression of ST14 was
also observed, with a positive domain on the lingual side of the cervical loop overlapping with the
SOX2 domain. In contrast, micro-CT analysis of hard tissues revealed that deposition of dentin and
enamel was largely symmetrical at the mineralization stage, highlighting the difference between
cervical loop morphology during early development and differentiation of odontoblasts throughout
later odontogenesis. In conclusion, the early asymmetrical development of the enamel organ seems to
be a plesiomorphic character for all squamate reptiles, while symmetrical and precisely orchestrated
deposition of hard tissue during tooth formation in acrodont dentitions probably represents a novelty
in the Acrodonta clade.

Teeth are firmly anchored to the jaw and palatal bones in lepidosaurian reptiles (Squamata and Rhynchocephalia).
Several modes of tooth-bone attachment evolved in this reptilian lineage (Fig. 1)'**. In the majority of lizards
and snakes, teeth are ankylosed to the inner side of the high labial wall of the tooth bearing element using a so
called pleurodont implantation®~’. This type of attachment creates a space for the successional dental lamina
growth and continuous tooth replacement (polyphyodonty) on the unattached lingual side of the tooth®. Enamel
organs of tooth germs in species with pleurodontly ankylosed teeth demonstrate labio-lingual asymmetrical
growth of the cervical loop from early stages of tooth development. As was previously described in the ocelot
gecko (Paroedura picta), the lingual side of the cervical loop protrudes deep into the underlying mesenchyme,
whereas the labial side of the tooth base is shorter, meets the bony pedicles and undergoes ankylosis (Fig. 1)°.
This pleurodont mode of attachment has been proposed to be the plesiomorphic condition in Lepidosauria®’.
In contrast, all teeth of extant chameleons and the majority of teeth in agamas are fused to the crest of the
tooth-bearing skeletal element by acrodont ankylosis®. In this specific type of attachment, the tooth is located
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Figure 1. Simplified phylogenetic tree with displayed type of dentitions for selected species. Segment of the
lower jaw in micro-CT view is displayed for selected vertebrate species to reveal possible tooth and bone
relationship. Drawings of the transversal sections were modified based on®. Phylogenetic tree was adapted
from'® and*®.

at the top of a bony pedicle. Once the tooth is ankylosed to the underlying bone, it is stabilized and therefore
most acrodont species only have one generation of teeth (monophydont dentition)'’. An exception might be
the only extant Rhynchocephalia, tuatara (Sphenodon punctatus), which has some replacement ability and an
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acrodont dentition (Fig. 1)>!!, and some extinct reptiles such as Opisthodontosaurus carrolli'. In some lizards,

both acrodont and pleurodont teeth are found within the same jaw. In the bearded dragon (Pogona vitticeps,
Fig. 1), the anterior teeth are pleurodont and can replace, while the posterior teeth are acrodont and limited to
one set'>!*. From the fossil record, it appears that acrodont dentitions were derived from pleurodont. In extinct
Chamaeleonidae and Agamidae (Fig. 1), a mix of pleurodont and acrodont attachment have been described"
similarly to extant agamas, again suggesting that pleurodonty is the basal state.

Given the distinct modes of attachment, it can be predicted that the development of the cervical loops might
vary between the groups. We therefore aimed to determine the developmental processes contributing to the
morphogenesis of acrodont dentition and to analyze possible symmetrical/asymmetrical features occurring on
the labial and lingual sides of the cervical loop using embryos of the veiled chameleon (Chamaeleo calyptratus).
3D reconstructions of contrasted soft tissue in micro-CT enabled us to provide comprehensive morphometric
analysis highlighting asymmetries in both tooth germ and bone development. Together with analysis of cell
proliferation and microscopic and submicroscopic changes, we were able to investigate the early asymmetries
and how they resolved into the symmetrical acrodont pattern.

Material and methods

Animals. Specimens of veiled chameleon (Chamaeleo calyptratus) and ocelot gecko (Paroedura picta) were
obtained from a commercial breeder. Embryos and fetuses at different stages of development were collected to
analyze the developmental progression. Eggs were incubated at the temperature of 27-29 °C. At selected time
points, eggs were open, and embryos were euthanized by decapitation and fixed in 4% PFA at least overnight. To
make our analysis easier for comparisons and interpretations, we focused only on the development of the lower
jaw dentition and associated dentary bone morphogenesis.

All manipulations with chameleon and gecko embryos followed the specific rules for working with alive
embryos as specified by the Central Commission for Animal Welfare of Ministry of Agriculture of the Czech
Republic (§16a law No. 246/1992 Sb., for animal protection against cruelty). All analyses were performed in
accordance with the guidelines, regulations and experimental protocols approved by the institutional and licenc-
ing committee including rules run by the Laboratory Animal Science Committee of the IAPG, v.v.i. (Libéchov,
Czech Republic). Tissues were collected for analyses following embryo decapitation. No experiments were per-
formed on embryos.

Embryo of tuatara (Sphenodon punctatus) was obtained from the Dendy collection at the King’s College
London Museum of Life Sciences (specimen R, London UK) and an adult animal from the collection at the
Department of Anatomy of Charles University (Prague, Czech Republic). Embryo of bearded dragon (Pogona
vitticeps) originated from Prof. Tucker’s collection (London, UK). Material was used in accordance with museum
guidelines and regulations. A phylogenetic tree was adapted from'® and'®.

Histology and immunohistochemical labelling. To prepare histological sections for immunohisto-
chemical and histological analysis, specimens were fixed in 4% PFA. Tissues from older specimens were decalci-
fied in 12.5% EDTA in 4% PFA at RT followed by paraffin embedding. Paraffin embedded tissues were cut to
obtain serial transverse histological sections, which were stained with Haematoxylin-Eosin. Alternative slides
were deparaffinised and rehydrated through a series of ethanol followed by antigen retrieval in a water bath
(97 °C) in citrate buffer (pH = 6) for 20 min. Blocking serum was applied to the samples for 20 min to prevent
unspecific binding of antibodies. Next, slides were incubated with primary antibodies PCNA (Cat. No. M0879,
Agilent Dako, Santa Clara, California, USA) for 1 h or ST14 (Cat. No. ABIN277391, Antibodies Online, Aachen,
German) overnight, respectively. The secondary antibodies (goat anti-mouse Alexa Fluor488, cat. No. A-11001,
Thermo Fisher, USA) were applied for 30 min. DRAQ5 Fluorescent Probe Solution (cat. No. 62251, Thermo
Fisher, USA) was used for the counterstaining. Images were taken on confocal microscope Leica SP8 using
20 x or 40 x (water immersion) objectives (Leica Microsystems, Germany) with Leica Application Suite software.
Final photo processing was performed by software Imaris (Bitplane, Ziirich, Switzerland).

For SOX2 detection, slides were incubated overnight with the primary antibody SOX2 (Cat. No. 2748, Cell
Signaling, Leiden, Netherland). The secondary biotinylated anti-rabbit antibody (1:200, part of the ABC kit,
Vectastain, Vector Laboratories, Burlingame, USA) and avidin-biotin complex (ABC kit, Vectastain, Vector
Laboratories, Burlingame, USA) were applied for 30 min each followed by visualization with diaminobenzidine
(DAB, Cat. No. K3468, DAKO, USA). Slides were counterstained by Haematoxylin to visualize nuclei. Tissues
were analyzed and photographed using a Leica DMLB2 microscope (Leica Microsystems, Wetzlar, Germany).

PCNA-positive cells were counted at cap and early bell stages of chameleon odontogenesis. Samples from
two different animals were used for each developmental stage. Seven tooth sections were used for cell counting
at the cap stage, and sixteen at the early bell stage. Every tooth germ was divided into four distinct areas: the
outer enamel epithelium of the lingual side of the cervical loop, the inner enamel epithelium of the lingual side
of the cervical loop, the outer enamel epithelium of the labial and lingual sides of the cervical loop. Statistical
significance in difference of PCNA-positive cell number between labial and lingual sides of the cervical loop
were evaluated by paired t-test (Excel, Microsoft Corporation, USA).

Transmission electron microscopy. Two samples from early developmental stages were fixed in 3%
glutaraldehyde for 24 h. Mandibles were washed three times in 0.1 M cacodylate buffer and post-fixed in 1%
Os0, solution for 1 h. Samples were embedded in epoxy resin Durcupan. Semithin sections were stained with
Toluidine Blue to evaluate general morphology. Ultra-thin sections were placed on formvar-coated nickel grids
and contrasted with lead citrate and uranyl acetate. More details were published previously elsewhere!”.
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«Figure 2. Labio-lingual asymmetry of enamel organ in early chameleon embryos. (A-D) Microscopic structure
of developing tooth germ visualized by HE staining. (A’-D’) Interdental areas contain continuous dental lamina
protruding in lingual direction. Late bud stage (A, A"), early cap stage (B, B’), late cap stage (C, C') and early
bell stage (D, D’). Notice asymmetrical growth of labial and lingual part of cervical loop starting from very early
stages of tooth germ development. Scale bar =50 pm. (E-M) Transmission electron microscopy of tooth germ
at cap stage in chameleon revealed distinct differences between labial and lingual side of the cervical loop. (E)
Overview of early cap stage on semithin section stained by Toluidine Blue. (F, G) Detailed overview of labial or
lingual cervical loop with visible mitotic cells (mi). Intercellular spaces are larger in the outer enamel epithelium
(arrows). (H, I) Details of the labial cervical loop with smooth basal membrane. Glycogen granules (gl) were
situated in cells in upper part of the lingual and labial sides of the cervical loop (K). (J) Few hemidesmosomes
were located in the labial part of the cervical loop (arrowheads). (K-M) In contrast, basal membrane of lingual
cervical loop was distinctly folded with numerous collagen fibrils (cf) in its close proximity (K, L). Lamina
lucida and lamina densa were strictly separated in this area and numerous hemidesmosomes were located in
the lingual part of the cervical loop (L, M—arrowheads). bl bony lamella, bp bony pedicle, cf collagen fibrils, dI
dental lamina, ep epithelial cell, gl glycogen, ics intercellular spaces, iee inner enamel epithelium, labcl labial part
of the cervical loop, lincl lingual part of the cervical loop, Mc Meckel cartilage, e mesenchymal cell, mi mitosis.

Micro-CT measurement. Fourteen samples of embryonic chameleon jaws were selected for more detailed
micro-CT analysis of hard tissue morphology (Fig. S1, Table S1). For the purpose of our study, we defined five
developmental stages, with tooth development ranging from early mineralization to just prior to ankylosis, in
order to highlight the dynamic relationship between the developing teeth and underlying bone.

In chameleons, differences in growth rate can occur, even between individuals from the same clutch of eggs.
This is largely driven by differences in temperature, which can affect speed of development with lower tempera-
ture resulting in longer time to hatching'®". In addition, the duration of embryonic diapause can differ between
clusters of eggs, so that time of oviposition does not necessarily correlate with actual developmental stage®.
Weight of embryos has been demonstrated to exhibit good correlation to developmental phase for staging of
odontogenesis in mouse embryos?!. We therefore used both number of embryonic days and embryonic weight
to characterize our samples. Before scanning, all samples were embedded in 1% agarose gel in 1.5 ml Eppendorf
tube in order to prevent the movement during the micro-CT scan. Samples were first scanned without staining in
order to analyze the hard dental tissue and underlying jaw bone. For the evaluation of the soft tissue morphology
and their relationship to hard tissues, five of the previously scanned samples were counterstained and underwent
further analysis after re-scanning.

The staining protocol consisted of several dehydration steps including 30%, 50%, 70%, 80% and 90% ethanol
solution—1.5 h in each concentration. After dehydration, samples were submerged in staining solution consist-
ing of 1% iodine in 90% methanol for 16 h, after the staining step the samples were washed in 50% ethanol and
embedded in 1% agarose.

The micro-CT scanning was performed using laboratory system GE phoenix v|tome|x L 240 (GE Sensing &
Inspection Technologies GmbH, Germany), equipped with a 180 kV/15 W maximum power nanofocus X-ray
tube and high contrast flat panel detector dynamic 41|100 (number of pixels: 4048 x 4048 px, pixel size 100 pm).
The measurements were carried out in an air-conditioned cabinet (21 °C). The X-ray tube current of 200 pA,
acceleration voltage of 60 kV and exposure time of 600 ms were common for all scanned samples. Number
of images and voxel resolution were set individually for each sample depending on the size (Table S2). The
tomographic reconstruction was done using the software GE phoenix datos|x 2.0 (GE Sensing & Inspection
Technologies GmbH, Germany).

Micro-CT data processing. Data from micro-CT scans of fixed unstained samples were analysed and
measured in VGStudio MAX 3.3 licensed software (Volume Graphics GmbH, Germany, https://www.volum
egraphics.com). Schematics of the measurements and plane establishment in the jaw are shown in Fig. S2 with
individual teeth labelled in a rostro-caudal direction (Fig. S3—teeth shown for right side).

The following measurements and analyses were performed using the unstained sample datasets:

Tooth to jaw distance The distance between the teeth and the underlying bone was measured separately on the
labial and lingual sides of the jaw in transversal sections through the jaw and tooth. These sections were defined
by the polyline generated by placing points at the tips of teeth with the plane running perpendicular to the hori-
zontal plane. For standardisation, the tooth to bone distance was measured at the highest point of each tooth.

Tooth to jaw angle The angle in which the tooth tilted towards the jaw (angle of inclination) was measured
in the same plane as mentioned above.

Wall thickness Sphere based wall thickness analysis in VG studio software was used to assess the thickness
of the examined samples by fitting spheres inside the sample in 3D space. The thickness was defined by the
diameter of the fitted sphere.

Segmentation of the cervical loop in the iodine stained samples was carried out using Avizo 9.5 software. 3D
models (in Stl format, https://www.fei.com/software/avizo3d/, Thermo Fisher Scientific, USA) of the cervical
loop was then transferred in the VG studio software where the other analyses were performed.

The length of the cervical loop was measured on the labial and lingual side using transverse sections through
the jaw (defined by the polyline) at the highest point of the tooth. The cervical loop extends around the form-
ing dental papilla of the tooth germ as visualized in 3D by micro-CT (Fig. S4). However, in transversal sections
through the head, we can only observe the lingual and labial sides of the loop and we use this nomenclature in
the manuscript.
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«Figure 3. Differences in proliferation, SOX2 and ST14 expression in the labial and lingual side of the enamel
organ in chameleon. (A-D’) Analysis of proliferation rate in chameleon tooth germs. (A, B) Localization of
PCNA-positive cells in both labial and lingual sides of the cervical loop at the cap and bell stage. (A’, B’) Scheme
with labeled areas where counting of PCNA-positive cells was performed. Outlined areas of proliferation
analysis in the lingual and labial sides of the cervical loop. In order to detect differences in cell proliferation
the number of PCNA-positive cells was counted separately for the inner (purple dotted line) and outer (orange
dotted line) enamel epithelium of the labial and lingual cervical loop (separated by black line). (C, D) Graphs
display numbers of PCNA-positive cells contributing to the lingual or labial part of the cervical loop. The
lingual side of the cervical loop possesses more PCNA-positive cells in contrast to the labial side at the bell
stage (D) but not at the cap stage (C). (C', D) Graphs display numbers of PCNA-positive cells contributing
to the lingual (inner and outer enamel epithelium) and labial (inner and outer enamel epithelium) sides of the
cervical loop. The lingual inner enamel epithelium contains more proliferating cells at the cap (C’) and bell (D’)
stage. The graph values denote average +s.d., **p <0.001, *p <0.05 using a paired t-test. ek enamel knot, iep
inner enamel epithelium, labcl labial side of the cervical loop, lincl lingual side of the cervical loop, oep outer
enamel epithelium, s stellate reticulum. (E-H) SOX2-positive cells in chameleon enamel organ with detailed
view (E’~H') on the lingual and labial part of the cervical loop and on the interdental area. (E, F) During early
odontogenesis, strong SOX2 expression was detected predominantly in cells of the dental lamina situated on
the lingual side of the developing tooth germ. (G, H) SOX2 expression persisted in the dental lamina cells
even during early or late bell stages. SOX2 expression in the interdental area followed expression pattern in
developing tooth germ with strong signal on its lingual side at early (E', F’) or late developmental stages (G,
H'). Scale bar =50 pm. (I-L') ST14 expression during chameleon odontogenesis. (I, J) Localized lingual ST14
expression was detected predominantly at the late bud stage and early cap stage. (K, L) Later in development,
ST14 positive cells were situated both in the enamel knot area and the lingual cervical loop. (I'-L’) ST14
expression was detected in the interdental area with same lingually located asymmetrical pattern at early (I', K’)
as well as late (K, L’) developmental stages. Scale bar =50 pm.

Results

Early asymmetrical growth of the labial and lingual part of the cervical loop in an acrodont
dentition as revealed by microscopic and ultrastructural analysis. From the early cap stage, the
enamel organ of the chameleon tooth germ grew asymmetrically into the underlying mesenchyme with a longer
extension of the cervical loop observed on the lingual side (Fig. 2A-D). Later, at the bell stage, asymmetry
between the lingual and labial sides of the cervical loop was even more pronounced, with prominent elongation
of the lingual part of the tooth germ into the mesenchyme (Fig. 2D).

In the interdental spaces, an epithelial outgrowth was visible along the entire jaw (Fig. 2A’-D’). The dental
lamina extended in a lingual direction from the outer enamel epithelium of the tooth germ. In 3D, it was evident
that the lingual part of the cervical loop was continuous with the interdental dental lamina and dental lamina,
which extended along the jaw (Fig. S4), similar to the situation previously described in snakes®?. During the
course of development, the cervical loop expanded into the interdental areas and later, the individual teeth fused
with the neighboring teeth (Fig. S4).

As chameleon teeth exhibited distinct asymmetrical development of the cervical loop, which is typically
observed in pleurodont dentitions, we next investigated the ultrastructure of the lingual and labial sides of the
loop (Fig. 2E-M). The inner enamel epithelium of both parts of the cervical loop was formed by several layers
of small round nuclei (Fig. 2F,G). Minimal intercellular spaces were observed between the cells in the loops, in
contrast to the cells in the outer enamel epithelium (Fig. 2F). Mitotic events were observed in both the labial
and lingual sides of the cervical loop (Fig. 2EG). Close interactions between cells on the epithelio-mesenchymal
interface were identified at the edge of the cervical loop, with long cytoplasmatic processes of mesenchymal cells
in direct contact with the basement membrane on both sides (Fig. 2H,K).

Despite these overall similarities, some distinct differences were observed, particularly at the epithelio-mes-
enchymal interface. The labial side of the cervical loop was surrounded by a smooth basal membrane without
undulations (Fig. 21,]). Separation of the basement membrane into the lamina lucida and lamina densa was
distinct (Fig. 21,]). In the area closely attached to the mitotically active cells, the basal membrane was fenestrated
in several regions (data not shown). Large intercellular spaces with a size of up to 2 pm were distinct between
the cells of the outer enamel epithelium on the labial side (Fig. 2J).

In contrast, the basal membrane of the lingual cervical loop cells was irregularly folded with distinct basal
cells, which contained numerous hemidesmosomes on their membranes (Fig. 2J,M). Many primary lysosomes
were located in the basal area of these epithelial cells. Mitochondria were small and scattered throughout the
cellular cytoplasm and they represented the dominant organelle in these cells. Large amounts of glycogen were
present in the basal areas of these cells (Fig. 2K,M). In contrast to the labial side, the lingual basement mem-
brane was clearly subdivided into a lamina lucida and lamina densa (Fig. 2L,M). Numerous collagen fibrils were
located directly beneath the basement membrane in the lingual part of the cervical loop (Fig. 2L), in contrast
to the minimal numbers of fibrils in the labial part of the cervical loop (Fig. 2]). Long cellular processes of the
mesenchymal cells protruded towards the epithelial cells (Fig. 2M). Numerous folds were found in the lingual
part of the cervical loop and we observed significantly higher number of hemidesmosomes (Fig. 2],M). The cer-
vical loop of a tooth is therefore not a uniform structure with distinct differences on its labial and lingual sides.

Asymmetrical extension is associated with differential proliferation between the labial and
lingual sides of the cervical loop. Next, we analyzed the developmental processes that might be con-
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tributing to the asymmetrical extension of the cervical loop. We focused on cell proliferation at early stages of
cervical loop elongation, at the cap and bell stage, before the dental lamina has separated from the outer enamel
epithelium.

PCNA-positive cells were found to be located within the cervical loop at both stages analyzed (Fig. 3A,A",B,B’).
Significantly more PCNA-positive cells were observed on the lingual side of the loop at the bell stage, with no
difference at the cap stage (Fig. 3C,D; Student pair t-test p=0.172 at the cap stage and p=0.037 at the bell stage).
To evaluate the pattern of proliferation in more detail, the number of dividing cells in the inner and outer epi-
thelial layers were counted for each side of the cervical loop (Fig. 3A",B’). At both analyzed stages, there were
significantly more PCNA-positive cells within the lingual inner enamel epithelium compared to the labial inner
enamel epithelium (Student pair t-test p=0.0488 at the cap stage and p=0.0002 at the bell stage). In contrast,
no difference was observed between the lingual and labial outer enamel epithelium at either stage (Student pair
t-test p=1.000 at the cap stage and p=0.139 at the bell stage) (Fig. 3C',D’).

SOX2 is differentially expressed on the lingual and labial sides of the cervical loop similar to
pleurodont dentitions. SOX2 expression is asymmetrically localized from early stages of mammalian and
pleurodont reptile tooth development?, therefore we were interested if SOX2 expression would also be restricted
to the lingual part of the cervical loop in the chameleon, where there is no tooth replacement and the succes-
sional dental lamina is only rudimentary.

In chameleon embryos, strong SOX2 expression was observed in the lingual part of the cervical loop through
all analyzed stages (Fig. 3E-H; S5). The strongest signal was located in the lingual outer epithelium from very
early stages of development (Fig. 3E-H). We detected SOX2 expression not only in the areas where a tooth
would initiate but also in the interdental areas between teeth. Surprisingly, interdental dental lamina exhibited
similar asymmetrical expression of SOX2, located on the lingual side of the epithelial protrusion (Fig. 3E'-H')
even though this region does not form teeth.

A few SOX2-positive cells were also found in the distal areas of the lingual inner enamel epithelium and lin-
gual stellate reticulum (Fig. 3F,G,H). Even during early mineralization stages, SOX2-positive cells were found at
the tip of the lingual part of the cervical loop overlapping with the inner enamel epithelium (Fig. S5A, A"). A few
SOX2-positive cells were detected also in the stellate reticulum (Fig. S5). Later in development, SOX2 positive
signal was located only in the outer layer of the dental lamina (Fig. S5).

The labial stellate reticulum and the inner enamel epithelium were SOX2-negative throughout development
(Figs. 3G,H; S5), along with the differentiating odontoblasts and ameloblasts (Figs. 3G,H; S5).

ST14 exhibits asymmetrical expression in the cervical loop with positive domain overlapping
with SOX2-positive cells. To further determine labio-lingual differences, we analyzed the expression of
ST14 (matriptase) during chameleon odontogenesis. Matriptase is a serine protease, which plays critical role in
the maintenance of epithelial integrity in numerous tissues?*=?*, and is also expressed in the enamel knot during
murine tooth development. At early stages of development (bud to cap), ST14 was expressed on the lingual
side of the cervical loop (Fig. 3L]). Within interdental region, expression of ST14 also defined the lingual side of
the lamina (Fig. 3I'-L’). At the bell stage, expression was maintained on the lingual side of the loop with a new
domain of expression in the differentiating ameloblasts (Fig. 3K,L). Thus, the lingual side of the cervical loop is
distinct molecularly from the labial side and shares an expression pattern with the connected interdental lamina.

The cervical loop retains asymmetrical morphology during mineralization stages. The labial
part of the cervical loop remained shorter and directed lingually during stages of mineralization (Fig. 4A-D).
The anlagen of the dental lamina appeared at the tip of the lingual part of the cervical loop as a protrusion of
the outer enamel epithelium (Fig. 4C,D). Epithelial outgrowth in the interdental area was also directed lingually,
similar to that observed at younger stages (Fig. 4E-H). This lingual direction fits with the differential prolifera-
tion pattern observed in the inner and outer epithelium of the cervical loop (Fig. 3C",D’).

In the iodine contrasted micro-CT data, we were able to measure the length of the cervical loop in cross
section through the center of the tooth (Fig. 4I-L). The analysis highlighted significant differences between the
size of the labial and lingual part of cervical loop even in these later stages (Fig. 4I-L). The differences in length
of the lingual and labial part of the cervical loop were not consistent along the jaw, with the anterior teeth being
more symmetrical in comparison to the teeth that developed in the middle of the lower jaw, where the most
significant differences in length were observed (Fig. 41-L).

Asymmetric association of the tooth and forming bone. While adult chameleon teeth are located
above the bone, during late development the mineralized tooth germs were positioned at an angle to the form-
ing jawbone (Fig. 5A-D). Moreover, the shape of the bone and the cervical loop did not correspond, indicating
that the cervical loop did not grow directly towards the bone (Fig. 5A-C). As the teeth formed, the bony pedicles
were initiated and extended upwards (Fig. 5D).

Based on histological analyses, development of the dentary bone, which holds the teeth, also appeared to
develop asymmetrically along the labio-lingual axis. To assess this, we analyzed dentary bone morphology in
more detail using 3D reconstruction. Micro-CT imaging revealed that mineralization of the dentary bone was
enhanced on the labial side of the lower jaw (Fig. 5E-I, E'-I'). As the tooth-bone junction started to develop, bony
lamellae mineralized just above Meckels cartilage, and these lamellae, together with the bony spicules located
more lingually, were then remodeled to correspond to the shape of the cervical loop (Fig. 5H',I). Distinct differ-
ences in bone thickness were evident along the lower jaw (Fig. 5E’-I'). The bone appeared thicker on the labial
side of the jaw at all developmental stages and also in the areas where the lamellae would later fuse (Fig. 5E'-T').
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Figure 4. Labio-lingual asymmetry of enamel organ during mineralization stages in chameleon embryos.
(A-D) Transversal histological sections through the central cusp of the tooth from early (A, B) to late (C, D)
mineralization stage. Dental areas exhibiting distinct differences in the lingual and labial part of the cervical
loop (arrows). (E-H) Detailed view on the interdental areas with dental lamina protruding lingually at early
(E, F) and late (G, H) mineralization stages. bp bone pedicle, dl dental lamina, labcl labial cervical loop, lincl
lingual cervical loop, sg salivary glands, sr stellate reticulum. Scale bars (A-H) =50 pm. (I-L) Analysis of the
length of the labial (blue) and lingual (red) parts of cervical loop revealed differences between the size of labial
and lingual part of cervical loop at early (I, J) and late (K, L) mineralization stages. The lengths of labial and
lingual part were not consistent along the jaw. The lingual part of the loop remained slightly longer throughout
all analysed stages. R1 to R9 refer to the individual position of teeth on the right side of the jaw in order from
the most rostral teeth (R1) to the tooth in the caudal area (R9). n=number of analysed mandibles for each stage.
Pair t-test was used to analyze statistical significance of differences between labial and lingual part of the tooth.
p<0.05, *p<0.01, **p<0.001.

Micro-CT of hard tissues was used to determine the relative position of each tooth in relation to the underly-
ing bones during development (Fig. $3; movable models of individual stage Fig. S6-S10). The spatial relation-
ship of tooth and bone was not synchronized during these mineralization stages (Fig. 5E'-I'). Measurement of
the angle between the dorsal bony lamellae and tooth axis (Fig. 5]) revealed that all teeth were inclined labially
on the jaw. Caudal teeth were positioned at a greater angle to the dorsal bony lamellae and exhibited a larger
displacement (Fig. 5K).

Tooth-bone distances were asymmetrical with larger distances on the lingual side. As the
hard tissues of the tooth and bone need to come together to form an attachment, we investigated the distance
between the dentin and the bone on both sides of the tooth at several developmental stages (Fig. 6A, B). Despite
the fact that the lingual loop was considerably longer than the labial loop, the distance between the bone and
dental hard tissue was larger on the lingual side in comparison to the labial side (Fig. 6C-G). For those stages
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Figure 5. Tooth-bone relationship during prehatching development of chameleon. (A-D) Position of tooth

and underlying bone during tooth germ development visualized by Haematoxylin-Eosin staining. (A) At early
mineralization stage, labial bony pedicle (labp) was formed in close proximity to the labial part of the cervical loop.
(B) Later in development, lingual bony pedicle (linp) approached extending lingual part of the cervical loop. (C) Once
the bony pedicles were fully developed, bony lamellae were starting to form. (D) Spatial relationship between tooth
and bone just before the attachment, when cells of the cervical loop were in direct contact with bone forming cells. mc
Meckel cartilage. Scale bar =50 um. (E-I) Lateral view on the 3D images of whole lower jaws and teeth in chameleon
embryos (E’-I"). Transversal sections through the central area on each tooth with applied wall thickness analysis.
Analysis was performed at five different stages: stage 1 (E, E’), stage 2 (F, F’), stage 3 (G, G'), stage 4 (H, H') and stage
5 (I, I'). Micro-CT imaging revealed that the bone lamellae were thicker on the labial part of the jaw in all analysed
developmental stages of chameleon embryo and in the areas of future lamellae branching/fusion. The initiation of bony
pedicles mineralization was initiated on the labial side of the dentary bone and later during development progressed
to the lingual side. R1 to R9 refer to the individual position of teeth on the right side of the jaw in order from the most
rostral teeth (R1) to the tooth in the caudal area (R9). The unit in the colour scale is in pm. White arrows indicate
visibly longer hard tissue of the lingual cervical loop. (J, K) Analysis of the tooth tilt towards the jaw in the transversal
section of the teeth. (J) Measurements performed for selected teeth: tooth R7 at stage 2, tooth R8 at stage 4, tooth R5
at stage 5. (K) Analysis of the angle between dorsal bony lamellae and tooth axis revealed that the early stages of teeth
were located with larger angle to the dorsal bony lamellae (K), labelled by black arrows in E’~H’. Moreover, caudal
teeth were inclined in the jaw under different angle in comparison to the rostral teeth. R right tooth on the lower jaw.

Scientific Reports |

(2020) 10:22040 | https://doi.org/10.1038/s41598-020-78939-2

natureresearch



www.nature.com/scientificreports/

C I

Tooth-bone distance

stage 1 = stage 1 =
250 g n=2 200 g n=2
200 150
150
100 . .
100 i '
! I
50 50 I |
0 0
RT R2 R3 R4 R5 R6 R7 R8 R9 Rl R2 R3 R4 R5 R6 R7 R8 R9
pm stage 2 n=3 um stage 2 n=3
250 . 200
* *
200 o X g 150

E3
|

150
100
50

stage 3 n=3
pm
400 *
300 * Fhk gkl Kk Kk
200 .

Y

100

R1 R2 R3 R4 R5 R6 R7 R8 R9

stage 4 n=3 stage 4 n=3

300
250

200
150
100
50
0
R1 R2 R3 R4 R5 R6 R7 R8 RO
G stage 5 n=3 M um stage 5 n=3
* *
Fkk —_— =
um 500 g ‘ T
160 400 |
140 |
120 i 300
100 T
80 200
60
40 100

Rl R2 R3 R4 R5 R6 R7 R8 R9 R1 R2 R3 R4 R5 R6 R7 R8 R9
@ lingual @ labial O lingual M labial

Figure 6. Tooth-bone distance and dentin deposition in chameleon. (A-G) Tooth to bone distance was
measured on the transversal section through the central cusp (B). The distance was measured separately on the
labial (blue) and lingual (red) side between the dentin and the nearest edge of the bony lamellae (A). Tooth-bone
distance was found to be larger in the lingual side of the cervical loop at all analysed stages. (H-M) Analysis of
dentin deposition on the labial (green) and lingual (yellow) side of the tooth germ. Analysis was performed at
five different stages: stagel (C, I), stage 2 (D, J), stage 3 (E, K), stage 4 (F, L) and stage 5 (G, M). n=number of
analysed mandibles for each stage. Pair t-test was used to evaluate statistical significance of differences between
labial and lingual part of the tooth. *p <0.05, **p <0.01, ***p <0.001.
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where we had enough specimens, the differences were confirmed as statistically significant, although there was
variation between tooth positions. By stage 5, the differences were generally not significant, suggesting the two
sides of the bone and tooth had aligned, however, we identified much larger variation at this stage, which may
have influenced the analysis (Fig. 6G). Overall, the largest gap on the lingual side was evident at stage 3 (up to
400 pm), reducing to about 80 um by stage 5 (Fig. 6E-G).

Dental hard tissues were deposited symmetrically, independent of length of the cervical
loop. As we observed asymmetrical morphology of the soft dental tissues and bone deposition, including
obvious differences in tooth-bone distances in the lingual and labial areas, we asked if deposition of hard dental
tissue followed this pattern. Therefore, we analyzed the differences in the length of the hard tissue deposited on
the lingual and labial sides of the cervical loop (Fig. 6H). We expected that odontoblast and ameloblast differ-
entiation might follow the growth of the cervical loop. Bone deposition and soft dental tissues exhibited asym-
metrical morphology from the beginning of development, the first deposition of dentin was symmetrical with
no obvious differences between the labial and lingual sides (Fig. 61,]). This symmetry was largely maintained at
stage 3, with only one tooth in the jaw showing a statistical difference (Fig. 6K). At stage 4 and 5, this symmetry
was briefly disrupted, with more dentin production initially on the labial side of the tooth (Fig. 6L) followed by
higher production on the lingual side by stage 5 (Fig. 6M). Our findings therefore reveal the absence of an asso-
ciation between the length of the cervical loop and the progression of cell differentiation.

Cervical loop development varies across reptiles with acrodont dentitions.  The described asym-
metrical growth of the cervical loop in chameleon (Fig. 7A-D) appears to represent a common condition, which
has been described in many other reptilian species with pleurodont attachment>?. In the pleurodont gecko
(Fig. 7E,F), the embryonic lingual part of the cervical loop was longer and thinner during all prehatching stages
and the dental lamina cleaved off from the lingual outer enamel epithelium at the bell stage (Fig. 7G,H), similar
to that previously described>'*%.

The fact that both an acrodont (chameleon) and pleurodont (gecko, python) reptiles have asymmetrical cervi-
cal loops might suggest this state as a general feature of reptile dentitions. To investigate this further we assessed
the development of the cervical loop in two other acrodont species, the bearded dragon (Pogona vitticeps) and
tuatara (Sphenodon punctatus). In the caudal acrodont teeth of the bearded dragon (Fig. 71,]), we observed a
shorter cervical loop on the labial side during mineralization (Fig. 7K,L), which was evident in different regions
of the jaw'>?. Agreeing with previous reports, a small rudimentary dental lamina was observed budding off from
the lingual side of the cervical loop in the acrodont teeth (Fig. 7K). The bearded dragon, like the chameleon,
therefore, has retained asymmetrical cervical loops, despite having an acrodont dentition in the majority of the
jaw. In contrast, in the tuatara (Fig. 7M,N), which unlike the other reptiles described is a Rhyncocephalia, the two
sides of the cervical loop in section appeared very symmetrical, evident in both anterior as well as in posterior
teeth (Fig. 70,P). Interestingly, the relationship of the dental lamina and primary tooth appeared different in
tuatara, with the successional lamina extending from an area close to the oral surface rather than being closely
associated with the lingual side of the cervical loop (Fig. 70).

Discussion

Labio-lingual asymmetries in cervical loop morphology. Shaping of the tooth-bone interface, and
the spatial relationship between these two tissues, has not previously been well described in non-mammalian
species. Here we have focused on the processes contributing to the formation of the symmetrical morphology of
dental tissues in the chameleon. Our analysis has revealed that the acrodont teeth of chameleons initially form
asymmetrically, with differential extension of the cervical loop on the lingual and labial sides. This asymmetry
was evident from early stages of tooth development but later resolved to create the strict labio-lingual symmetry
observed in adult teeth.

The asymmetry observed in the developing chameleon and bearded dragon, mirrors that observed in the
gecko and snake, which have a pleurodont attachment. Our findings, therefore, support the view that pleurodonty
is a plesiomorphic character and has been adapted to create an acrodont attachment. The differences between
labial and lingual sides of the cervical loop seems to be both morphologically and functionally tightly associated
with development of the dental lamina, even in chameleon where a replacement dentition is not formed and
only a rudimental successional dental lamina is visible. In contrast, in the tuatara, where the dental lamina was
less tightly associated with the lingual side of the cervical loop, the loop was symmetrical. The asymmetrical
nature of developing teeth in squamates is, therefore, likely to be a consequence of the close relationship of the
epithelium on the lingual side of the cervical loop and the dental lamina. In contrast, we observed no clear link
between symmetrical/asymmetrical growth of the cervical loop and the type of attachment or whether a replace-
ment tooth formed or not.

Variations in size of the labial and lingual parts of the cervical loop have also been observed in mammalian
species. Very small asymmetries are visible at early stage of mice molar development, where the lingual side of
the cervical loop is slightly longer and thinner than the labial side*. More obvious disparities have been widely
studied in rodent incisors, where the lingual side of the cervical loop is less robust in comparison to the labial
cervical loop, which houses a stem cell population for regeneration®. This asymmetry is already visible from
the bud stage of tooth development and has a clear functional consequence, creating the asymmetry in enamel
formation in the tooth. In contrast, it appears to be no functional difference in the two sides of the cervical loop
in the chameleon.

The asymmetrical morphology was confirmed at the ultrastructural level, with differences in cell junctions
and basal membrane morphology. The basal membrane of the lingual cervical loop cells contained numerous
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Figure 7. Comparison of tooth symmetry/asymmetry of selected reptilian species. (A-D) Chamaeleo
calyptratus. (A, B) Lateral and palatal view of the skull of Chamaeleo calyptratus displaying complex teeth
located in one row on the upper jaw. (C, D) Asymmetrical tooth germs at two different developmental stages.
(E-H) Paroedura picta. (E-F) Lateral and palatal view of the skull of Paroedura picta displaying complex teeth
located in one row on the upper jaw. (G, H) Asymmetrical tooth germs at two different developmental stages.
(I-L) Pogona vitticeps. (I, J) Lateral and palatal view of the skull of Pogona vitticeps displaying complex teeth
located in one row on the upper jaw. (K, L) Asymmetry in the development of the cervical loop was evident in
acrodont tooth germs developing in the posterior area (L) of the jaw during mineralization stages at day 55 post-
oviposition. (M-P) Sphenodon punctatus. (M, N) Lateral and palatal view of the skull of Sphenodon punctatus
displaying complex teeth located in two rows posteriorly on the upper jaw. The teeth of the lower jaw fit into

the groove between the two rows of teeth on the upper jaw. (O, P) Symmetrical tooth germs were observed in
both the posterior (O) and more anterior (P) regions of the jaw. Specimen R, 5 months old. dI dental lamina, sth
successional tooth, black line with red outlines ending of the cervical loop. Scale bar=50 pum.

hemidesmosomes. Moreover, numerous folds were located in the lingual side of the cervical loop while the labial
side was smooth. Comparable folding of basal membrane was also observed in mouse molars during the bending
of the inner enamel epithelium at the bell stage*. Desmosomes and hemidesmosomes can provide mechanical
integrity to the dental epithelial tissues®' and differences in their distribution might be involved in remodeling of
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the cervical loop. Abundant cells packed with glycogen were observed in the outer enamel epithelium with higher
amounts of glycogen granules on the lingual side of the cervical loop. It was previously suggested that highly
glycogen packed cells undergo cell degeneration®”. However, in the case of the chameleon, these cells seemed to
be very metabolically active and did not exhibit other features of cellular regression. Increased glycogen stor-
age has also been observed during transition from preameloblasts to ameloblasts®****. Moreover, some glucose
transporters (GLUT1) with a high affinity for glucose exhibit strong expression in active and proliferating cells
in mice®. Therefore, in chameleon, the distribution of large glycogen deposits in cells of the early tooth germ
may be associated with the high proliferation status of the epithelial cells in the cervical loop area.

Labio-lingual difference in gene expression. Previously, it was reported that even small alteration in
cellular dynamics can finely tune tooth size*, therefore we decided to analyze possible differences in the number
of proliferating cells in the labial and lingual sides of the cervical loop. A significant difference was observed
between the lingual and labial sides of the loop at the bell stage, with more proliferating cells on the lingual side.
In contrast, no difference was observed in the number of proliferating cells within the loop at the cap stage. How-
ever, when the epithelium was divided into inner and outer enamel epithelium, significantly more proliferating
cells were observed within the lingual inner enamel epithelium compared to the labial inner enamel epithelium
at both the cap and bell stages. The asymmetry in the loops is therefore likely to be driven, in part, by the differ-
ence in proliferation of the inner enamel epithelium on either side of the loop. This arrangement would also be
predicted to result in an overall extension of the cervical loop in a lingual direction, agreeing with the histology
and soft tissue micro-CT data. Although significant differences in proliferation were highlighted, particularly at
the bell stage, other mechanisms are likely to also drive the differential extension of the cervical loop. At both the
cap and bell stages obvious shape differences were identified between the two sides of the cervical loop, where
the labial side was short and thick while the lingual side was thinner and elongated. Processes such as cell rear-
rangement and intercalation may therefore help to drive the changes in cervical loop shape.

Localized SOX2 expression as a stem cell marker has been previously described in the lingual side of the
tooth germ, in the dental lamina of reptiles as well as in the dental lamina during serial addition of mammalian
molars®. SRY-related HMG box-containing transcription factor-2 (SOX2) is a key factor that plays an important
role in maintaining pluripotency of stem cells*. Expression of SOX2 has been previously found to be restricted
in the stem cell niche and SOX2 is involved in successional dental lamina development in a number of different
vertebrate species®. Similarly, we observed SOX2 expression largely restricted to the lingual side of the tooth germ,
despite the fact that there is no replacement and the dental lamina is only rudimentary*. The early presence of
SOX2, therefore, does not indicate whether a replacement tooth will form or not. SOX2 has previously been found
to control and promote proliferation, with the inhibition of SOX2 leading to suppression of cell proliferation and
invasion®’. However, we identified no difference in proliferation between the SOX2-positive outer lingual loop
and the SOX2-negative outer labial loop, suggesting SOX2 does not boost proliferation at the cap and bell stages.

Expression of SOX2 was continuous along the jaw in the chameleon, similar to that recently described in the
minipig®®. In animals with a dental lamina running along the jaw the expression of SOX2 may therefore act to
promote formation of an interdental lamina. Previously, it has been proposed that Sox2 expression relates to the
competence of the interdental epithelium for tooth initiation®.

Previously, we revealed that matriptase (also known as ST14, TADGL15, or epithin) is expressed in the enamel
knot at the cap stage but also exhibits distinct expression in the tooth germ of chameleons'”. Here, we asked if
the expression in the tooth germ is restricted to specific part of the dental loop and how the expression pattern
appears in the interdental areas. We found ST14 signal located only on the lingual side of the cervical loop. In
the interdental areas, ST14 expression was also restricted to the lingual side. The role of ST14 in odontogenesis
has not been studied yet but its expression makes it an interesting gene for further study. As matriptase displays
trypsin-like serine protease activity and it is able to cleave and activate numerous substrates, it is possible that
matriptase may regulate local signaling that contributes to the formation and function of the dental epithelium.

Dental hard tissue deposition does not follow the pattern of the cervical loop. Adult chameleon
teeth are typically located just above the dentary bone and ankylosed to the tip of bony pedicles***. We expected
that odontoblast and ameloblast differentiation might follow the growth of the cervical loop, however, despite
the asymmetrical extension of the loop, the deposition of dental hard tissue was symmetrical. This was in con-
trast to the maintained asymmetry typical for pleurodont dentition in the gecko, which is achieved by extended
dentin deposition on the lingual side during odontogenesis®. Loop extension and the extent of hard tissue depo-
sition is therefore independently regulated in the chameleon. How cells recognize the necessity to continue to
differentiate or prevent their progression along the cervical loop would be an interesting area to analyse in future
studies. The generation of a symmetrical structure from an asymmetrical template, as observed in the chameleon
tooth, may additionally shed light on the creation of other symmetrical structures in the body*'.

Conclusion

Opverall, our studies highlight the close relationship between the lingual side of the cervical loop and the dental
lamina in squamates, both morphologically and molecularly. We show that it is not necessary to have a sym-
metrical cervical loop to form a symmetrical tooth, but that this can be generated by asymmetrical development
in the tooth and bone, and finally we suggest that symmetrical teeth in squamates evolved from asymmetrical
pleurodont teeth.
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Contrast enhanced X-ray computed
tomography imaging of amyloid
plaques in Alzheimer disease

rat model on lab based micro CT
system

Michaela Kavkova'™, Tomas Zikmund?, Annu Kala?, Jakub Salplachta?,
Stephanie L. Proskauer Pena?, Josef Kaiser' & Karel Jezek?**

Amyloid plaques are small (~ 50 pm), highly-dense aggregates of amyloid beta (AB) protein in brain
tissue, supposed to play a key role in pathogenesis of Alzheimer’s disease (AD). Plaques’ in vivo
detection, spatial distribution and quantitative characterization could be an essential marker in
diagnostics and evaluation of AD progress. However, current imaging methods in clinics possess
substantial limits in sensitivity towards AP plaques to play a considerable role in AD screening.
Contrast enhanced X-ray micro computed tomography (micro CT) is an emerging highly sensitive
imaging technique capable of high resolution visualization of rodent brain. In this study we show the
absorption based contrast enhanced X-ray micro CT imaging is viable method for detection and 3D
analysis of AB plaques in transgenic rodent models of Alzheimer’s disease. Using iodine contrasted
brain tissue isolated from the Tg-F344-AD rat model we show the micro CT imaging is capable of
precise imaging of AB plaques, making possible to further analyze various aspects of their 3D spatial
distribution and other properties.

Alzheimer’s disease (AD) is the most common cause of dementia worldwide, extensively interfering with per-
sonal, social, and health care levels of human society. AD progression is characterized by a gradual deterioration
of cognitive abilities, starting with often unnoticed declarative memory impairment, followed by problems with
spatial orientation, and ending with an inability to cope with daily life routine. The rare early onset form can
affect individuals in their 40 s or 50 s, but the AD risk rapidly increases after the age of 65. While the etiology
of AD remains still unclear, there are several hypothesized mechanisms reflecting molecular changes observed
in brain tissue of AD patients, mainly the deposits of amyloid beta and hyperphosphorylated tau protein!~>.
The classical “amyloid cascade hypothesis™ states that the amyloid beta (Ap) plaques are the causative agent
of Alzheimer’s pathology. The AP plaques are small (~ 50 pm), dense objects composed of clumped fibrils of
amyloid P (AP), a peptidic product of the amyloid precursor protein. Their formation induces a local inflam-
mation resulting in progressive cellular loss and related cognitive inability. It has been therefore assumed that
the reduction of AP deposits might help to control the AD course. Numerous approaches have been designed
to reduce the AP content in the brain tissue®. In order to test the effectiveness of such an AD therapy, there is a
substantial need of a non-invasive, precise, and reproducible imaging method to analyze the location and size
of the AP plaques in the brain.

In the large majority of studies on mouse and rat models, the amyloid plaques were quantified histologi-
cally in sliced and stained brain tissue. While the histology and immunohistochemistry still remain important
routines for characterizing the plaque properties, imaging techniques represent a powerful tool for a precise 3D
analysis of plaque distribution.

So far all the attempts to image the amyloid plaques in rodent brain by Computed Tomography (CT) have
been performed on mouse brain (mus musculus). The experiments were performed with synchrotron X-ray
sources using variations of phase contrast imaging to visualize the AP plaques®!'!. Overall, in all published
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papers on the topic of AP plaques detection, the authors were able to identify the AP plaques in the mouse brain
using phase contrast imaging, some even performing quantitative analyses'!. However, imaging at synchrotron
facilities is often limited by the narrow field of view resulting in a need of several scans for the imaging of one
brain. Also, the access to synchrotron facilities is very limited and burdened by the high price of the CT scans.

Absorption based contrast enhanced X-ray micro CT imaging utilizing a lab based industrial micro CT
devices is an emerging imaging technique which uses the staining solutions with high proton number elements
to employ the contrast in soft tissues of biological samples which are in their native state invisible to X-rays'>!*.
Contrast enhanced micro CT imaging has been previously proved to be a promising method for a precise 3D
analysis of wide variety of samples such as the developing cartilage of nasal capsule of mice'*"’, development
of palate'®!®, complex tooth shape in reptiles®, research of congenital heart and kidneys defects?!, formation of
mammalian neck muscles?? and even a noninvasive observation of a human embryo®. One of the advantages
of micro CT imaging is the possibility to translate a micro CT generated 3D model into a 3D pdf format, which
enables an easier communication of obtained data*.

The main advantage of absorption based contrast enhanced X-ray micro CT imaging is the possibility to
obtain precise 3D information about inner structures of the entire brain without sectioning (which might induce
artifacts related to brain deformation or missing tissue due to the sectioning). The micro CT imaging of rodent
brain has been previously used for the visualization of vascular system of mouse brain filled with radio-opaque
silicone rubber Microfil**=!, as a tool for localization of cerebral ischemia®** to test the efficiency of different
micro CT contrasting agents**~%, and even for the analysis of specific structures of the brain®.

However, it has not been previously determined whether the absorption based contrast enhanced X-ray micro
CT imaging is capable of detecting and quantifying amyloid plaques in the brains of rodents. In this study, we
optimized the mouse brain staining protocol*’ for the staining of a much larger rat brain. The lab based industrial
micro CT device GE Phoenix v|tome|x L 240 was utilized to scan the contrast enhanced brains of a recent rat
AD model to determine whether amyloid plaques could be detected by contrast enhanced micro CT imaging.
Further, the exploration of the possibilities of AR plaque analyses provided by obtained high resolution micro
CT data was pursued. This experimental setup promises a faster, more precise and accessible alternative to the
synchrotron based micro CT imaging of the AP plaque deposits.

Results

We used brains from three 18 months old female rats (two transgenic TgF-344 AD animals and one wild type
control). The micro CT scan slices of iodine stained brains from transgenic and wild type samples are shown in
the Fig. 1a (for an animated movie see the Supplementary material). Besides the basic anatomical structures visu-
alized equally across both brains, the transgenic brain expressed a large amount of dark grey spots—most likely
suspect AP plaques that were condensed widely in cortical (neocortex, hippocampus) and some subcortical areas.

Beta amyloid is the main component of amyloid plaques. Because of their dense protein content, we expected
the applied iodine based contrasting protocol would preferably stain the tissue around the amyloid plaques,
resulting in their “negative” highlight in the micro CT data. The golden standard for beta amyloid detection is
its immunostaining by binding to a specific antibody tagged by fluorescent probe. Here, we used this approach
to validate the identity of lower density loci detected by micro CT in the transgenic samples. To confirm the
identity of the suspect plaques, the iodine stained brain samples were washed in ethanol solution after the micro
CT scanning, cut into histological sections and finally specifically stained for the amyloid protein. For selected
histological slices we identified their respective sections in the micro CT data. The resulting comparison is
displayed in Fig. 1b which shows the corresponding slice as a micro CT image (1b) and as a histological section
(Fig. Lc, detailed view in Fig. 1d). The placements of the suspect AP plaques overlapped with the immunodetected
AP plaques positions (arrows in Fig. 1d). This match strongly supports the fact that the introduced micro CT
protocol sufficiently detects individual amyloid plaques in ex vivo whole brain.

In the industrial micro CT setups that use the cone beam geometry, the dimension of the sample is one of the
main factors that determine the resulting voxel size of the obtained dataset. To acquire a 3D distribution of Ap
plaques in the best possible details, we decided to image an isolated part of the brain and to scan it again with a
smaller voxel size. We focused on the dorsal hippocampus as this structure is severely impaired by the amyloid
accumulation and cellular loss in AD. The dissected dorsal part of the hippocampus is showed in Fig. 2a,b. While
the whole brain scan delivered a voxel size of 9 um (Fig. 2¢c), in the case of isolated hippocampus we achieved
a voxel dimension of 3 um (Fig. 2d). The comparison of both scans convincingly shows that the readability of
the large amyloid plaques’ borders and especially the visibility of small plaques was compromised, even though
they were distinguishable in the whole brain scan. On the contrary, the dissected sample yielded a considerably
higher level of detail, enabling to detect a large amount of plaques of various sizes.

The next step was designed to assess the sensitivity of amyloid plaques detection using micro CT in contrast
to the standard immunohistological staining. After the CT measurement, we sliced the isolated hippocampal
tissue sample. Despite the dehydrated and iodine stained tissue turned out to be highly fragile while slicing,
we were able to select four well preserved tissue sections and immunostained them for the Ap presence. Then
the corresponding micro CT sections were identified and their match was evaluated (Fig. 3a,b). The areas of
AP deposit cross sections were marked by different observers. Each of the micro CT/histology image pairs was
treated as independent. We obtained the plaque area median value of 597.9 um?* (IQR 862.3 pm?) from CT data,
whereas only 28.9 um? (IQR 105.4 um?) from the histological sections, respectively. The plaque size histograms
are depicted in Fig. 3c. This showed a considerable sensitivity difference between both methods, as the immu-
nodetection returned more than one order higher amount of AP plaque sections in the lowest size category
(0-500 pum?), accounting for its low median values. Besides the invisibility of smallest deposits on the scans, the
comparison of the detailed images in Fig. 3a,b showed that the plaque border was harder to read in the micro CT
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Figure 1. Confirmation of plaques identity in micro CT data: (a) Composed picture of the micro CT scan
sections from control (left side) and transgenic (right side) rat brain. The transgenic tissue exhibits a large
amount of suspect amyloid plaques (right part of the brain). Selected detail image of corresponding areas that
are shown in pink and blue frames. Basic anatomical structures visualized in micro CT scan: CAI and CA3
cornu Ammonis 1 and 3 of hippocampus, CC corpus callosum, CP caudoputamen, DG dentate gyrus, FX fornix,
INT internal capsule, LV lateral ventricle, MTT mamillothalamic tract, OPN olivary pretectal nucleus, V3 third
ventricle. Micro CT image (b) and immunohistology section with detected plaques (c) of corresponding coronal
brain sections from the transgenic rat no. 60 confirms the presence of plaques in micro CT scan. Selected
plaques are indicated by white arrows in enlarged slice windows (d)*!.

data. This also might have caused an overestimation of the sizes of some of the smallest deposits. Consequently,
they might have been marked as larger and so they were scored within the category of 501-1000 pm?

The data obtained from the micro CT scan of the dissected hippocampus was chosen for a subsequent 3D
analysis. Since the AP plaques had similar contrast values as other tissue structures, they could not be detected
with global thresholding methods. Hence, a manual segmentation of the plaques was performed. After defining
the region of interest, all segmented plaques were counted and measured. In the dissected hippocampus (total
volume = 13.88 mm®) we identified in total 1666 individual plaques. The volume of the smallest individual deposit
was 895 um?, indicating the lower limit for amyloid plaque identification in the present micro CT data. The
biggest identified AP plaque had a volume of 721,552 um?, the dataset of measured volumes was characterized

Scientific Reports|  (2021) 11:5999 | https://doi.org/10.1038/s41598-021-84579-x nature portfolio



www.nature.com/scientificreports/

Figure 2. Detailed scan of the dissected dorsal hippocampus: Horizontal (a) and coronal (b) reconstructed
view of the brain with dissected right dorsal hippocampus (green) used for the isolated scan. The same
hippocampal tissue sample imaged by two different micro CT approaches (c,d) where the suspect plaques are
highlighted in green. Panel (c) shows the section taken from the whole brain scan. Panel (d) depicts the same
area after the isolated scanning that achieved smaller voxel size, in the magnified image the blood vessels are

labeled by white arrows*"#,

by median value 38,423 um? and IQR of 57,512 um?. The distribution of the A plaques in 3D space with their
color coded volumes is shown in Fig. 4a. Next, we assessed the shapes’ variability of AB plaques by measuring
their compactness. The volume of the plaque was divided by the volume of the sphere circumscribed to the
plaque. The values ranged between 0-1 where score of one represented a perfect sphere (Fig. 4b). The identified
plaques had median of compactness at 0.396 with interquartile range 0.135. To alleviate supposed bias that could
be caused by an eventual imperfection in defining boundaries in the smaller plaques, we additionally restricted
the measurement to subset of plaques with volume larger than its median value (50% of the population). The
corresponding compactness had a comparable median of 0.383 and IQR of 0.149.

A precise 3D model of the plaque occurrence in the hippocampal sample allowed to quantify their spatial
distribution including the relation to other labeled structures. We evaluated the distances of plaques to the nearest
blood vessel and the inter-plaque distance (Fig. 5). The reconstructed 3D model returned the median distance
between the plaques and the nearest vessel of 64.5 um with IQR 62.3 um (Fig. 5a). We then investigated whether
their relation followed a non-random pattern. For each of the 1666 plaques we generated a random coordinate
within the dissected part of hippocampus, leaving out the detected blood vessels. We measured the respective
distances of generated “plaques” to a nearest vessel with median of 89.1 um and IQR 103 pm. The comparison
between the sets of experimental and randomly generated data returned the plaque-vessel distance significantly
shorter in experimental data than in the random sample (Z=10.95, p <0.001, Mann Whitney U test), indicating
the plaques tended to appear closer to the blood vessels than if their distribution was random. Finally we tested
whether the plaques aggregated together irrespectively of the vessels. The same method of generating dataset
with random positions was applied, and the distances between the two closest plaques were measured within the
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Histogram of the AR plaque sizes in selected sections
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Figure 3. Comparison of the precision in identification of plaques in micro CT data versus the
immunobhistological detection: Comparison of corresponding sections from the same rat brain showing
immunodetected AP plaques (a) and the micro CT data where the yellow line represents the manually selected
plaque boundaries (b). The purple arrows indicate examples of the plaque cross sections corresponding to the
smallest fraction (0-500 pm?) while the green arrows mark the larger size cases. The corresponding area values
in um? are reported in proper colors above and under both pictures. The histogram (c) depicts the size interval
distribution of detected AP plaque sections in the selected slices using immunohistochemistry and micro CT

imaging, respectively* .

experimental and the random positions datasets, respectively (Fig. 5b). The median of distances from the tissue
sample data was 101.1 pm with IQR=46.5 pm, whereas the randomly generated dataset returned a distribution
shift towards larger values (median distance 123.4 um and IQR 62.7 um). The Mann Whitney U test confirmed
a statistically significant difference between the both measurements (Z=11.97, p<0.001).
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Figure 4. 3D quantitative analysis of the AP plaques size and shape in hippocampus: Panel (a) shows the
plaques 3D distribution color coded respective to their size, with the corresponding histogram in the same color
scale on the right. Panel (b) illustrates the same plaques color scaled according their compactness (red codes for
higher similarity to a sphere) with the respective histogram (right)***.

Discussion

In this paper, we present the absorption based contrast enhanced X-ray micro CT imaging performed on the
industrial lab based CT system as an imaging tool for a 3D analysis of AB plaques of transgenic rat brains used
as a model in Alzheimer disease research.

The detection of amyloid plaques in rodent brain by Computed Tomography (CT) has been attempted so far
by using the mouse brain (mus musculus) and the experiments have been performed with synchrotron X-ray
sources using variations of phase contrast imaging to visualize the AP plaques in a brain. TOMCAT beamline of
the Swiss Light Source, Astolfo et al.® demonstrated that synchrotron-based X-ray phase contrast imaging can
be used for the 3D visualization and basic quantification of AP plaques in the mouse brain. At the same synchro-
tron facility the Pinzer et al.” analyzed the neocortex of mouse brain via differential phase contrast imaging and
accompanied their findings with complementary thioflavin S staining of the brain to confirm the presence of the
AP plaques in brain in CT data. The diffraction enhanced imaging phase contrast X-ray imaging technique was
applied by the Connor et al.® at National Synchrotron Light Source, Brookhaven National Laboratory, USA. In
that study, several scans of the one brain were needed in order to obtain a full scan of the brain. A comparison
of the affected and wild type mouse brain was shown and the identity of AB plaques was confirmed by applying
specific immunostaining on the A plaques. The X-ray phase contrast tomography was applied for the purpose
of the amyloid plaque imaging specifically to describe the microenvironment of the AP plaque at European
Synchrotron Radiation Facility, Grenoble, France®. Finally, the research group of Noda-Saita et al.!® at High
Energy Accelerator Research Organization, Ibaraki, Japan used phase-contrast X-ray CT imaging to describe
the density of AP plaques supporting their findings with a complementary immunodetection of A plaques in
the mouse brain and with scans of control brains.

Unfortunately, the synchrotron facilities are not readily available for general use since the complicated imaging
setups imply higher costs of equipment, its service and its maintenance. Moreover, the multiple scans have to be
acquired to retrieve the information from the whole brain sample because of the sample’s size limitations. This
restricts a wide use of synchrotron based CT imaging in the Alzheimer’s disease research, despite the obvious
advantages for the quantification of amyloid plaques.
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Figure 5. 3D quantitative analysis of the plaques distribution in hippocampus: Horizontal view of the
hippocampus with color coded distances of individual plaques to the nearest blood vessel (a) and the
corresponding histogram showing the distances to the nearest blood vessel of randomly generated (in blue)
and the real (in red) plaques, respectively. Horizontal view of the hippocampus depicting the distribution of the
plaques inside the hippocampus (b) and the corresponding histogram showing the distribution of randomly
generated plaques (in blue), and the distribution of real plaques (in red)*"*>.

This fact led us to the idea of developing an imaging method for detection of amyloid plaques in the rat
brain applicable to easily accessible industrial X-ray lab-based devices. Absorption based contrast enhanced
X-ray micro CT imaging as an alternative to the synchrotron based phase contrast imaging techniques retrieves
not only a 3D distribution of amyloid plaques with decent voxel resolution, but also provides valuable data for
quantitative analysis of the amyloid plaques (total number, volume, shape).

The immunodetection of amyloid plaques performed on histological slices is the golden standard of iden-
tification of plaques in the brain tissue. In this paper, we used this method to validate our findings. In order to
precisely correlate the micro CT data with the immunodetection of the plaques, we used the brain which had
been previously scanned on micro CT. Then, we performed a classical histological sectioning and carried out
the immunodetection of the plaques. The comparison of data from the same brain analyzed by both techniques
showed a good agreement between immunodetection and micro CT imaging. Even though the immunodetec-
tion is indisputably more sensitive in detection of smaller plaques, it lacks a convenient approach to the 3D
analysis across large brain volumes. This comparison thus highlights the advantages of contrast enhanced micro
CT imaging. The immunostaining based affirmation of plaque identity detected by micro CT shows that the
absorption-based contrast enhanced micro CT imaging is robust in detection of amyloid plaques. While its
applicability as described in this report is not suitable for in vivo experiments for the staining protocol toxicity
or because of the high irradiation dose, we believe the CT brain imaging approach in the context of Alzheimer’s
disease research has a considerable potential for further development.

Materials and methods

Animals. Brains from three 18 months old female rats (two transgenic TgF-344 AD animals and one wild
type control) obtained from the local breeding colony at Faculty of Medicine in Pilsen, Charles University, were
used to collect the data. All protocols followed in this study were approved by the Ethical Committee of the
Ministry of Education, Youth and Sports of the Czech Republic (approval no. MSMT-12048/2019-14) accord-
ing to the Guide for the Care and Use of Laboratory Animals (Protection of Animals from Cruelty Law Act No.
246/92, Czech Republic).
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Sample Rat brain F60+ | Rat brain F61- | Rat brain F87+ | Hippocampus F87 +
Voltage [kV] 60 60 60 60

Current [pA] 200 200 200 200

Timing [ms] 600 600 600 700

Source spot size [pm] 5 5 5 5

Sample/source distance [mm] 40.8 40.8 40.8 11.9
Sample/detector distance [mm] 864.9 864.9 864.9 785.4

Images 2200 2200 2200 2400

Time [min.] 80 80 80 100

Voxel size [pm’] 9 9 9 3

Table 1. Micro CT scan settings.

Micro CT staining. At the beginning of the experiments the rats were overdosed with pentobarbital and
intracardially perfused with saline, followed by 4% PFA. Then the brains were manually extracted and post-fixed
in 4% PFA for another 3 h. Afterwards, the samples were dehydrated in ethanol solutions of different concentra-
tions which increased: 30%, 50%, 70%, 80% and 90%. The process lasted 12 h for each concentration. After the
dehydration, samples were submerged in a staining solution consisting of 1% iodine in 90% methanol for 72 h,
where the staining solution was refreshed after the first 24 h. Then the samples were washed in 50% ethanol and
embedded in 1% agarose gel. In one of the transgenic animals, after the whole brain scan, the dorsal hippocam-
pus was dissected and embedded in 1% agarose gel for another scan.

Micro CT measurement. Before scanning, all samples were embedded in 1% agarose gel in 15 ml Falcon
tubes in order to prevent movement during the imaging procedure. The micro CT scanning was performed
using a laboratory system GE Phoenix v|tome|x L 240 (GE Sensing & Inspection Technologies GmbH, Ger-
many), equipped with a 180 kV/15 W maximum power nanofocus X-ray tube and a high contrast flat panel
detector dynamic 41100 (number of pixels: 4048 x 4048 px, pixel size 100 um). The measurements were carried
out in an air-conditioned cabinet (21 °C). The parameters for each scan are indicated in the Table 1. The tomo-
graphic reconstruction was realized by software GE phoenix datos|x 2.0 (GE Sensing & Inspection Technologies
GmbH).

Micro CT data processing. All 3D visualizations and measurements were performed in VG Studio MAX
3.4 software (Volume Graphics GmbH)*'. The segmentation of plaques in the hippocampus sample was carried
out using Avizo 9.5 software (Thermo Fisher Scientific)* In the first step we isolated the hippocampus from
the background by creating the corresponding region of interest (ROI). Blood vessels were segmented by global
thresholding based on the grey level (vessels appeared as the darkest part since they did not contain any iodine),
continuity, and their resulting prolonged and branched 3D shape. The amyoid plaques were segmented manually
in Avizo 9.5 software by selecting the plaque areas across the sections under the following criteria: the area of
the plaque should be distinguishably darker then the surrounding tissue and its volume should extend across at
least 3 following sections. The boundaries of smaller plaques were selected section by section, in bigger plaques
(some were spread over more than 30 sections) we interpolated between every other slice while any inconsisten-
cies were additionally manually corrected.

For the analysis of AP distribution we generated datasets of plaques coordinates (Matlab R2020a). First, the
coordinates of plaques centroids were extracted from the segmented 3D binary data to represent the experimental
dataset. Then the random dataset of “plaque’s” centroids was created within the volume of the sample leaving out
its vascular system. The resulting coordinates then represented centroids of randomly distributed A plaques with
total amount corresponding to the experimental dataset. The analysis of AP plaque position in relation to the
blood vessels was carried out in VG studio. Both real plaques centroid positions and simulated plaques centroid
positions were imported in form of binary image data. The distance of the centroid to the nearest blood vessel
was measured via pore analysis module. Subsequently, the intra-plaques distances were analyzed separately in
simulated plaque centroids and real plaque centroids. The nearest neighboring centroid of each centroid was
found using 3D Euclidean distances analysis in Matlab R2020a. Repeating combinations of the nearest neighbors
were excluded from the subsequent analysis.

Statistical analysis. The non-parametric Mann-Whitney test was applied to compare the detected and
random datasets (https://www.statskingdom.com/170median_mann_whitney.html).

Histology and immunohistochemical labeling. After the CT measurements, the sample tissue was
embedded in a paraffin block and cut into 10y thick sections using an Automated Microtome (Leica RM2255).
The slices were then deparaffinized and rehydrated. Phosphate buffer saline (PBS, 0.1 M) was applied for wash-
ing. To block the non-specific binding, normal goat serum (ab138478, Abcam) was used. The sections were then
incubated overnight at 4 °C with the primary antibody (ab2539, Abcam, 1:200, 1 mg/ml) against amyloid beta.
Next day, the sections were washed with 1X PBS (0.01 M) thrice (5, 10" and 15') to remove the unbound anti-
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body remnants. Staining was visualized with an Alexa Fluor 647-conjugated goat anti-rabbit antibody (Jackson
ImmunoResearch Laboratories) applied in 1:500 dilution at 37 °C for 4 h. All the sections were then counter-
stained with DAPI to label the nuclei and glass mounted using fluoroshield mounting medium (Merck). The
Amyloid beta plaques were visualized using fluorescent microscopy (Olympus), and quantified in open source
Fiji image analysis software®.

Data availability
Datasets used in this publication are available on request at corresponding authors.
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Abstract

Background: Reptiles exhibit a large heterogeneity in teeth morphology. The main variability comprises the different tooth shape, the
type of tooth attachment to the underlying bone, or the ability to replace the teeth.

Findings: Here, we provide full datasets of microtomography scans and 3D models of reptilian dentitions and skulls. We selected
representative species for each of 9 reptilian families on the basis of their characteristic dental features. Because there are >4 differ-
ent types of tooth-bone attachments, ranging from the mammalian-like thecodont attachment found in crocodilians to the simple
acrodont implantation observed in some lizards, we aimed to evaluate species with different types of tooth-bone attachments. More-
over, another interesting feature varying in reptilian species is the complexity of tooth shape or the number of tooth generations,
which can be associated with the type of tooth attachment to the jawbone. Therefore, selected model species also include animals
with distinct tooth morphology along the jaw or different number of tooth generations. The development of tooth attachment and
relationship of the tooth to the jaw can be further analysed in detail on a large collection of pre-hatching stages of chameleon. Next,
we introduce different possibilities for how these datasets can be further used to study tooth-bone relationships or tooth morphology
in 3D space. Moreover, these datasets can be valuable for additional morphological and morphometric analyses of reptilian skulls or
their individually segmented skeletal elements.

Conclusions: Our collection of microcomputed tomography scans can bring new insight into dental or skeletal research. The broad
selection of reptilian species, together with their unique dental features and high quality of these scans including complete series
of developmental stages of our model species and provide large opportunities for their reuse. Scans can be further used for virtual

reality, 3D printing, or in education.

Keywords: micro-CT, 3D imaging, reptiles, tooth-bone attachment, skull, craniofacial bones, tooth replacement

Background

Teeth are composed from the hardest tissues in the body of all liv-
ing and extinct animals. This tissue is resistant against external
intervention; therefore, its structure is sometimes the only entity
that persists long enough to become useful for paleontologists to
describe each fossil and place samples in the context of other ex-
tinct animals. This organ exhibits an extensive heterogeneity re-
flecting animal lifestyle. In herbivores, the structure of the skull
including teeth is adapted to improve the grinding of plant food. In
contrast, the shape of teeth in carnivorous predators is designed
for the capture and processing of the prey’s flesh [1].

Large heterogeneity in tooth shapes and, more importantly, the
way the dentition is placed in the jaw was found especially in rep-
tiles [2, 3]. There are >4 distinct types of tooth-bone attachments,
ranging from mammalian-like thecodont implantation, observed
in crocodiles, to the simpler acrodont type found in some lizards
[4]. Tooth-bone implantation can also exhibit region-specific char-
acter across the jaw. In bearded dragons (Pogona vitticeps), 2 types
(acrodont and pleurodont) of tooth-bone attachments are present
within the jaw, with the pleurodont type located in the rostral area

and the acrodont in the caudal part of the jaw [5]. Specialized
complex tissue serving as an adhesive component connecting the
jawbone and teeth in monitor lizards is called “plicidentin” [6].

The way the tooth is placed in the jawbone also reflects the
number of tooth generations that can be initiated in certain
species. Tooth replacement represents another interesting feature
varying in reptiles. In chameleons, which are strictly monophy-
dont with only 1 tooth generation, teeth are firmly attached to the
jawbone, and if the tooth is lost owing to injury or during a fight,
the jawbone is extensively damaged [7]. Also, the whole process of
odontogenesis across individual developmental stages is peculiar,
especially because of asymmetrically developing tooth germ giv-
ing rise to symmetrically ankylosed teeth [8]. However, most rep-
tiles (e.g., geckos, Anolis, skinks, Ameiva, iguanas, and snakes) pos-
sess an unlimited and lifelong supply of new tooth generations.
The type of tooth attachment is less robust in these species to
ensure the constant loss of functional teeth and growth of the re-
placement teeth [2, 9-12].

Here, we provide full datasets of our microcomputed tomogra-
phy (micro-CT) scans from various reptilian species, which can be
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further used for comparative morphology of the different types
of tooth-bone attachments in selected representatives encom-
passing key species with distinct dental features. The provided
datasets are also suitable for the evaluation of tooth shape differ-
ences between species or across the jaws, dental replacement pat-
terns, to determine the facial and cranial bone structure in these
species, or to analyse a large spectrum of morphometric param-
eters in 2 or 3 dimensions across reptiles. Moreover, this dataset
is enlarged on a wide range of chameleon embryos of different
ages to expand the amount of data available for further analysis
such as the progression of reptilian odontogenesis with empha-
sis on changes in morphology of the teeth and skeletal elements
with the possibility of evaluating how their relationship changes
n time.

Sampling Strategy

For this study, we enlarged the list of scanned model species,
which have been used for the purpose of our previously published
studies focused on tooth development [7, 8, 13, 14], by species pos-
sessing further unique features among reptiles. As a source of in-
formation for the selection of key reptilian specimens, we used
a detailed review discussing the different aspects of the tooth to
bone relationship across amniotes [2]. Therefore, different ani-
mal species were selected according to their unique type of tooth
shape and tooth-bone relationship on which we are preferentially
focused in our studies; however, these datasets can be used for
numerous additional analyses that we also briefly introduce here.

Anolis equestris is a representative of Iguanidae, which possess
so-called iguana-type implantation. In this type of attachment,
the labial side of the tooth is attached to the high labial wall of the
jaw; therefore it remains shorter. However, the lingual side of the
tooth extends deeper into the jaw to contact the jawbone, which
makes this type of attachment strongly asymmetrical. In terms
of the replacement potential, this species is pleurodont with an
unlimited number of tooth generations [11]. The shape of their
teeth varies along the jaw. Rostral teeth are simple and conical
and do not exhibit any morphological uniqueness. However, in the
caudal area of the jaw, the tip of the teeth is larger and split into
3 cusps: 1 central and 2 lateral cusps.

Another selected species, commonly demonstrated as a typi-
cal pleurodont and polyphyodont, is Paroedura picta, belonging to
the family of Gekkonidae. Geckos possess uniformly shaped teeth
along the whole jaw. On the top of each tooth, there is deep groove,
which divides the tooth tip into 2 ridges along the whole tooth.

Pleurodont dentition with homogenous tooth shape is typical
for Scincus scincus from the Scincidae family. Similar to the gecko,
there is an apparent uniformity in their tooth shape along the jaw.
Teeth are sharp with a visible deep dent at their tip. There are sev-
eral small teeth located on the palate. The whole skull is covered
by scales, forming an armour-like structure, which had to be seg-
mented to visualize the bones of the skull and teeth before 3D
processing of micro-CT images.

Timon lepidus (previously called Lacerta lepida, Lacertidae), a
lizard species commonly found in southwestern Europe, is an-
other representative of pleurodont species. In the rostral part of
the jaw, teeth exhibit simple monocuspid morphology, while in
the caudal jaw area, teeth display 3 cusps on their tip, similarly to
A. equestris. There are also distinct palatal teeth attached to the
pterygoid bone.

As a transitional species bearing both pleurodont and acrodont
type of the dentition, we selected Pogona vitticeps (Agamidae).

Bearded dragons possess pleurodont teeth in the most rostral part
of the jaw, which exhibit the ability of lifelong replacement. How-
ever, most of the teeth are acrodontly ankylosed to the underly-
ing jawbone [5]. These two types of dentition are easily recogniz-
able because the pleurodont teeth are monocuspid and sharply
point to each other. In contrast, the acrodont dentition forms to-
gether with the jawbone compact structure, where caudal teeth
are closely attached to each other on their lateral sides with com-
plex shape consisting of 1 central and two lateral cusps.

Completely ankylosed teeth are found in Chamaeleo calyptratus
(Chamaeleonidae). There is visible heterogeneity in tooth shape
along the jaw, ranging from smaller teeth in the very rostral part
of the jaw to tricuspid teeth in the caudal area, where teeth are
also noticeably larger. A number of publications have described
chameleon dentition in detail, with micro-CT used as one of the
key methods [7, 8, 14]. In these studies, mostly the embryos were
used to describe the process of odontogenesis. Therefore, so far,
we know that chameleon teeth germs develop asymmetrically,
closely recalling pleurodont implantation [8]. Also, the patterning
of the tooth germ initiation is precisely coordinated, with the first
calcified tooth appearing caudally followed by next teeth placed
rostrally [15].

A unique type of tooth-jaw attachment was found in moni-
tor lizards, where infoldings of plicidentin contribute to the junc-
tion between the tooth and the jaw [6]. To examine this so-called
Varanus-type of implantation, we performed micro-CT scans of
Varanus beccarii (Varanidae). The overall morphology of individual
teeth in Varanus is rather simple and successional tooth genera-
tions grow in posterior-lingual direction to the functional teeth
[11].

In Salvator rufescens (Teiidae), the heterogeneity of dentition in-
cludes both tooth shape and the type of tooth to bone attachment.
In the rostral area, simple and sharp monocuspid teeth are lo-
cated. More caudally, the simplicity of the tooth is replaced by
teeth with bulbous shape, which helps with crunching the prey
such as shellfish, small birds, or rodents. This type of implanta-
tion, often termed Dracaena-type, is unique because the teeth are
seated in shallow sockets, which are deeper in the rostral area [11].

Bitis gabonica is a representative of poisonous snakes (Viperi-
dae), with venomous teeth located in the rostral area of the upper
jaw (Model 1). Their venomous teeth represent the longest fangs
of venomous snakes, with a length of ~5 cm. Gaboon vipers also
possess simple conical teeth arranged into two rows in the up-
per jaw (inner—palatal and outer—maxillary row) and one row
(mandibular) in the lower jaw. Teeth, including fangs, are replaced
several times through life (polyphyodont dentition), and they ex-
hibit a typical pleurodont type of attachment [16, 17].

As an example of nonvenomous snakes, we selected Python
regius (Pythonidae), which is a constrictor lacking typical ven-
omous teeth. Simple shaped teeth with sharp monocuspid mor-
phology are curved caudally deeper to the python jaw; similar to
vipers, they are arranged into two rows in the upper jaw and one
row in the lower jaw. Their polyphyodont dentition is associated
with pleurodont type of tooth attachment along the entire jaw [10,
16, 17].

Besides the squamate species, we also examined a specimen
of Caiman crocodilus (Alligatoridae). All Crocodilians are known to
possess tooth implantation resembling those in mammals, called
thecodont gomphosis. In this type of dentition, teeth are situated
in deep bony alveolus with the presence of bundles of both miner-
alized and non-mineralized periodontal ligaments mediating the
junction force between the tooth and jawbone [18].
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Source of Samples

All analysed specimens originated from private breeders. De-
ceased animals were part of the collection of the Department of
Anatomy, Histology and Embryology at the Faculty of Veterinary
Medicine, University of Veterinary Sciences Brno (Brno, Czech Re-
public).

All embryonic stages of chameleon were obtained from a
commercial breeder. Embryos were collected at 6 different de-
velopmental stages and fixed in 4% paraformaldehyde at least
overnight. All manipulations followed the rules for working with
live embryos as specified by the Central Commission for Animal
Welfare of the Ministry of Agriculture of the Czech Republic). All
analyses were performed in accordance with the guidelines, regu-
lations, and experimental protocols approved by the institutional
and licensing committee including rules overseen by the Labora-
tory Animal Science Committee of the Institute of Animal Physiol-
ogy and Genetics, v.v.i. (Libéchov, Czech Republic). No experiments
were performed on live embryos.

Micro-CT Scanning

Frozen reptile skulls were thawed in pure ethanol. To stabilize
against motion during micro-CT scanning, all of the samples were
placed in a plastic container selected to fit the sample and embed-
ded in 1% agarose gel.

Eleven samples of various reptilian adult heads and 6 sam-
ples of chameleon embryo stages were selected for the afore-
mentioned detailed micro-CT analysis of hard tissue morphology
(Fig. 1, Table 1).

Several samples of chameleon embryos were also selected to
showcase the development of the ankylotic teeth in pre-hatching
stages (see list in Table 3). The micro-CT scanning was performed
using laboratory system GE phoenix v|tome|x L 240 (GE Sensing &
Inspection Technologies GmbH, Hirth, Germany), equipped with
a 180 kV/15W maximum power nanofocus X-ray tube and high-
contrast flat panel detector dynamic 41|100 (4,048 x 4,048 pixels,
pixel size 100 um). The measurements were carried out in an air-
conditioned cabinet (21°C). Instrumental settings for each sam-
ple are displayed in Tables 1 and 4. The tomographic reconstruc-
tion was performed using the software GE phoenix datos|x 2.0 (GE
Sensing & Inspection Technologies GmbH, Germany).

Data Quality Control and Limitations

Because all analysed samples of adult reptile skulls were pre-
served prior to scanning and then handled in the same way, the
main variable in data quality was the different voxel size of each
dataset, owing to differing sample size. The smallest sample was
the skull of S. scincus at 21 mm with voxel size of 13 um, and the
largest skull was S. rufescens at 98 mm with voxel size of 48 um.

The difference in voxel size was directly linked to the dimen-
sions of the sample. Considering the field of view given by the
detector used and the cone beam geometry of the X-ray source
of GE 1240, this fact engenders a rule of thumb: the smaller the
sample is, the closer to the x-ray source in the cone beam it can
be placed, which finally results in smaller voxel size (higher reso-
lution). Even though the samples display variable voxel size, this
does not necessarily have to limit the analysis of the data. Larger
specimens demonstrate voxel size with lower resolution than the
smaller samples; however the structures being analysed are larger
in these animals and are therefore easily recognizable.

X-ray microtomography of reptile dentition | 3

In the case of the chameleon embryo samples, the embryo di-
mensions were mostly the same and the difference in voxel size
from the smallest embryo to the largest was only 1 pm.

Samples of all reptile skulls and chameleon embryos were
scanned in intact form (90% ethanol was used to fix the tissues in
the adult reptile skulls, and 4% paraformaldehyde was used to fix
the embryonic samples). Based on the principle of micro-CT imag-
ing of the samples in native form without any type of staining,
only the dense mineralized structures such as teeth and bones
(and in the case of S. scincus the scales) can be visualized. There-
fore, a limitation of the present dataset is a lack of information
about the soft-tissue appearance and morphology in adult tissues.
Because our main aim was to examine reptile skulls and tooth to
bone attachment, the staining agent would affect visualization of
smaller bone borders, which would become poorly distinguishable
from background after counterstaining.

Tooth Spacing Analyses by Polyline Tool

The polyline tool was used to create open “unrolled” images of
the lower jaw (Fig. 2A). Each dataset was oriented on the basis of
the main anatomical directions. In the coronal and horizontal di-
rection, the sections were oriented to be symmetrically aligned.
In the sagittal plane, where symmetry is not present, the sec-
tions were rotated to visualize as many teeth as was possible for
the lower jaw. In the oriented dataset, points defining the poly-
line were placed on the selected tips of the teeth in the lower jaw
(Fig. 2B). Finally, the unrolled images of the lower jaw were gener-
ated in a new plane defined by the polyline. The unrolled images
can be used to evaluate replacement patterns (Fig. 2) or to display
and determine changes in teeth spacing throughout the lower jaw
as visualized in embryonic chameleon stages (Fig. 3).

The analysis of the tooth spacing in the unrolled data was
slightly complicated by the fact that during the initial freezing of
samples, some of them were not frozen in an optimal horizon-
tal position, and after thawing, some structures such as the loose
joint in the rostral part of the jaw in snakes were slightly bent, re-
sulting in imperfectly oriented and unsymmetrical images. Even
if in certain samples the symmetry of the unrolled images was
not ideal, the required information about tooth spacing can be
extracted from two separate images for each half of the jaw.

Micro-CT Data Analysis of Tooth-Bone
Attachment

The morphology of the tooth-bone interface and their regional dif-
ferences were evaluated from micro-CT scans in VGStudio MAX
3.3 software (Volume Graphics GmbH, Germany). To achieve the
optimal transverse sections through the jaw, previously generated
polyline was used. The transverse sections were produced in a
plane perpendicular to that of the original horizontal section. The
coronal sections were oriented on the basis of the curve of the
polyline (Fig. 4).

Such projections could be further used for the description of
different tooth-bone relationships with regard to the individual
bone appearance and the nature of tissue mediating the interface.
Moreover, because the section could be placed anywhere through-
out the skull, such structures as palatal teeth appearance and
their distribution, temporomandibular joint morphology, or the
spatial relationship among individual craniofacial bones can be
studied.
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Figure 1: Skull morphology of analysed reptiles (lateral view of micro-CT images). (A) Bitis gabonica, (B) Anolis equestris, (C) Caiman crocodilus, (D)
Chamaeleo calyptratus, (E) Timon lepidus, (F) Paroedura picta, (G) Pogona vitticeps, (H) Python regius, (I) Salvator rufescens, (J) Scincus scincus, (K) Varanus beccarii,
(L-Q) 6 pre-hatching stages of Chamaeleo calyptratus.

VG Studio software enables two methods of wall thickness
analysis: a ray-based method and a sphere-based method. The
ray-based method defines the wall thickness by searching the
opposite surface by sending a measurement ray perpendicularly
to the first surface. Calculated wall thickness is then defined by

Micro-CT scans can be used to evaluate hard-tissue density and
thickness, which could serve as a source of valuable information
for deciphering different aspects of skull anatomy, as well as their
interspecies differences.
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Table 1: Scanning parameters for individual analysed animal samples

Resolution
Sample Voltage (kV) Current (nA) Timing (ms) Images Filter (mm) Time (min) (nm)
Anolis equestris 60 230 500 2,400 0.2 Al 100 24
Bitis gabonica 60 230 500 2,600 0.2 Al 105 19
Caiman crocodilus 60 230 500 2,000 0.2 Al 75 45
Chamaeleo calyptratus 60 230 500 2,600 0.2 Al 90 26
Timon lepidus 60 230 500 2,600 0.2 Al 105 18
Paroedura picta 60 200 750 2,500 0.2 Al 100 12.5
Pogona vitticeps 60 230 500 2,600 0.2 Al 110 25
Python regius 60 230 500 2,500 0.2 Al 105 24.5
Salvator rufescens 60 230 500 2,600 0.2 Al 105 48
Scincus scincus 60 230 500 2,100 0.2 Al 80 13
Varanus beccarii 60 230 500 2,600 0.2 Al 110 28

Figure 2: Visualization of unrolled lower jaw using polyline tool. Examples of Paroedura picta and Varanus beccarii skulls, the design of polyline, and
unrolling of the lower jaw are displayed. In the 3D render image, the points defining the polyline are presented as red dots and the produced polyline is
labelled in green.

Figure 3: Visualization of tooth spacing while using unrolled data of chameleon embryonic jaw. The exact placement of the unrolled section through
the lower jaw is marked by the purple plane shown in the 3D render. In the unrolled image the distances between individual teeth are measured.
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Figure 4: Tooth-bone attachment in different reptiles displayed on transverse sections through the jaw. Orange plane in the 3D render of each skull
demonstrates the positioning of section through the jaw. (A) In Timon lepidus, the most common appearance of reptilian tooth-bone interface is
presented with typical asymmetrical pleurodont teeth. (B) Transverse section of Varanus beccarii jaw clearly displays the tissue called plicidentin, which
connects the dentin of tooth to bone pedicles. (C and D) Salvator rufescens possesses different types and depth of tooth implantation across the jawbone.

Table 2: Volumes of analysed skulls

Volume (mm?3)

Species
Skull Maxilla Mandible

Anolis equestris 870 584 286
Bitis gabonica 232 181 51
Caiman crocodilus 6,409 4,108 2,301
Chamaeleo calyptratus 1,441 1,062 379
Timon lepidus 197 133 64
Paroedura picta 113 81 32
Pogona vitticeps 2,236 1,384 852
Python regius 1,817 1,308 509
Salvator rufescens 10,869 6,232 4,637
Scincus scincus 108 71 37
Varanus beccaril 1,130 757 373

the shortest distance between 2 crossed rays from opposite sur-
faces. The sphere-based method evaluates the wall thickness by
fitting spheres inside the sample in 3D space. The thickness of the
analysed structure is then defined by the diameter of the fitted
sphere.

In the case of complex bone structure, the sphere-based mea-
surement of wall thickness analysis is more accurate; there-
fore here we introduce data from this type of analysis on
our selected species (Fig. 5, Supplementary Video S1). The
colour scale of the wall thickness analysis displays the hard-
tissue elements, which exhibit more gracile morphology, and
we were able to distinguish them from reinforced elements.
This information can facilitate the estimation of strains influ-
encing specific parts of the skull leading to food-processing
adaptations.

The high resolution of the obtained micro-CT data enables pre-
cise segmentation of specific structures of the analysed sam-
ple. As an example, the teeth of several species were segmented.
The process of segmentation includes the global thresholding
step to define the hard tissues from background. In the follow-
ing step, the object of interest (in our case the venomous tooth
of B. gabonica and replacement tooth of C. crocodilus) is roughly
marked by 3D brush, and by intersecting the rough model of the
tooth with the defined bones, the precise model of the tooth is
created.

Samples of B. gabonica and C. crocodilus were selected to display
some possibilities for more detailed tooth analysis (Model 1, Fig. 6
and 7). These species represent different types of tooth morphol-
ogy (venomous teeth in B. gabonica and simple conical teeth in C.
crocodilus), as well as tooth implantation (pleurodont implantation
in B. gabonica and thecodont implantation in C. crocodilus).

In the case of B. gabonica, venom teeth from the left side of
the skull were segmented and visualized (Fig. 6, Supplementary
Video S2). The volume of teeth can be easily measured (the vol-
ume of the largest visualized tooth was 3.88 mm? in this sample)
(Fig. 6). Transparent visualization enables us to determine den-
tal pulp morphology and analyse its shape in individual teeth or
its communication to bone marrow as we discussed previously in
chameleon [7].

Micro-CT analysis of C. crocodilus teeth enabled us to visual-
ize the next generation of teeth hidden in the currently employed
tooth (Fig. 7, Supplementary Video S3). The shape and volume of
individual teeth can be evaluated along the jaw and compared
across regions. Here, the smaller tooth volume was 1.22 mm? and
the volume of the largest tooth was 11.44 mm?.
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Table 3: List of analysed chameleon embryo samples

Date
Sample
Clutch laying Embryo collection

Stage 1 (CHM379) 12.01.2019 20.05.2019
Stage 2 (CHM313) 08.05.2018 31.08.2018
Stage 3 (CHM389) 12.01.2019 27.05.2019
Stage 4 (CHM397) 12.01.2019 06.06.2019
Stage 5 (CHM327) 21.06.2018 14.11.2018
Stage 6 (CHM351) 21.06.2018 10.12.2018

Table 4: Scanning parameters for individual analysed pre-hatching embryos

Sample Voltage (kV) Current (1A) Timing (ms)
Stage 1 (CHM379) 60 200 600
Stage 2 (CHM313) 60 200 600
Stage 3 (CHM389) 60 200 600
Stage 4 (CHM397) 60 200 600
Stage 5 (CHM327) 60 200 600
Stage 6 (CHM351) 60 200 600

Embryo age Weight (g)
(days)
Egg Embryo
128 1.23 0.25
115 1.31 0.37
135 1.77 0.4
145 1.47 0.44
146 1.81 0.65
173 1.38 0.82
Resolution
Images Filter (mm) Time (min) (nm)
2,500 0.2 Al 105 2.5
2,400 0.2 Al 105 3.5
2,400 0.2 Al 105 3
2,400 0.2 Al 105 3
2,200 0.2 Al 85 3
2,300 0.2 Al 85 3.5

Figure 5: Wall thickness analysis of reptilian teeth and adjacent jaws. (A) Anolis equestris: The thickest area on the anolis skull is localized along the
upper part of the lower jaw, suggesting its importance as a support during food processing. (B) Sagittal section through the midline of the skull in A.
equestris. (C) Salvator rufescens: In contrast to anolis, wall thickness analysis displayed the greatest tissue density in bulbous caudal teeth, which need to
be strong enough to process hard materials such as shells. (D) Sagittal section through the midline of the skull of S. rufescens.

This type of analysis offers great potential for investigating
a number of aspects such as precise tooth shape and mor-
phology description, dental pulp filling and/or venomous canal
formation, replacement pattern in polyphyodont species, and
visualization of individual tooth generation. All of the afore-
mentioned analyses can be applied to any craniofacial struc-
ture of interest. The only condition is previous careful seg-
mentation of the analysed structure before undertaking further
analyses.

The presence of palatal teeth in reptiles is diverse (Fig. 8). Some
species do not bare teeth in the palatal area (chameleons), while
in other species, they play an important role in food transport
through the oral cavity (venomous snakes) [19]. Palatal teeth can
also serve as a tool for processing of plant food or cracking hard-
shell prey [20]. The overall morphology of palatal teeth is rather
simple in comparison with that of marginal teeth [19]. The pres-
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Figure 6: Segmentation and analyses of individual teeth in Bitis gabonica. (A) The second generation of the venomous tooth on the left side of the upper
jaw was selected for wall thickness analysis. (B) Detail view on the second largest segmented tooth with applied wall thickness analysis, where red
colour labels the thickest area of the fang and blue the thinnest areas. The same tooth was made partially transparent to display the inner structure
of the tooth. (C) All of the venomous teeth on the left side of the upper jaw were segmented to uncover replacement tooth generations. (D) Detail view
on all generations of fangs visualized in different colour. Note differences in the size and position of distal openings among individual generations.
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Figure 7: Visualization of replacement teeth in Caiman crocodilus. (A) Localization of individual teeth in the jaw with one segmented tooth. For precise
morphology description, wall thickness analysis was applied. Orange colour labels the thickest areas of the tooth. (B) Segmented tooth is visualized
without surrounding jawbone by wall thickness analyses. Horizontal section through the analysed tooth revealed new generation of teeth located
inside of functional tooth. (C) Replacement tooth is labelled in green and functional tooth is translucent to visualize the position of next generation
formation.

ence or absence of structures such as palatal teeth could also
predicate evolutionary similarity across reptiles. Therefore, the
present dataset could broaden this under-evaluated topic and of-

fer valuable information for further study. Our dataset also provides great potential in the possibility to eval-

uate not only dentition morphology or individual teeth but also
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1.5mm

Figure 8: Palatal view on the upper jaw and transverse sections through the palatal teeth. (A) Chamaeleo calyptratus: palatal view of 3D render image.
(B) Chamaeleo calyptratus: transversae section through the skull defined by the red plane indicated in 3D render displays the absence of palatal teeth.
(C) Scincus scincus: palatal view of 3D render image uncovers two pairs of palatal teeth located on the pterygoid bone. (D) S. scincus: transverse section
through the skull defined by the red plane indicated in 3D render visualizes the palatal teeth; yellow arrow indicates the location of teeth. (E) Timon
lepidus: palatal view of 3D render image displays long row of palatal teeth. (F) Timon lepidus: transverse section through the skull defined by the red

plane indicated in 3D render demonstrates the palatal teeth.

other hard craniofacial tissues. Thus, the dataset represents a ro-
bust system that could be applied for examination of any scanned
skeletal structure. Precise segmentation is crucial because once
the structure in question is visibly discriminated, further evalua-
tion of its morphology and/or the interspecies differences is much
easier and more accurate. However, this tool also provides the flex-
ibility of describing each skeletal structure in detail separately
or in context with individual surrounding elements. Besides the
study of interspecies differences, segmented structures could be
used for study of intersex variability in skull morphology or dy-
namics of bone development/progress.

Here, VG Studio Max software was used to segment the cran-
iofacial bones (Figs. 9 and 10, Supplementary Video S4). The first
module used was “surface determination,” which was applied to
distinguish the bones from the background. The region of in-
terest (ROI) of all bones was determined. In the following step,
the tool “3D brush” was used to mark the approximate ROI of
selected bones contributing to the palate. The final step was
then generation of the ROI containing only the selected bone
by intersecting the ROI of all bones with the marked ROI of
the bone.

To make our analysis of segmented skull bones more detailed and
therefore highly applicable, a volume analysis was subsequently
applied. Volumes of whole skull or bones of interest can be anal-
ysed from 3D data (see examples in Table 2). Acquired data could
be used for assessing interspecies differences in bone volumes,
which could be then used for deciphering of evolutionary ques-
tions and other related topics.

Indisputable biological potential of the present dataset lies in the
number of different species that were scanned and the quality of
the scans, as well as large possibilities for subsequent analysis on
the acquired data. Therefore, this dataset can be used for further
studies concerning comparative ecology and evolutionary biology
or morphological/anatomical topics. Here, we introduce different
possibilities of data reuse potential with the main focus on cran-
iofacial structures.

The acquired data could be helpful in the study of different
types of tooth-bone attachment and implantations, which is, ac-
cording to recent publications, a broadly studied topic [8, 10, 11,
21-24] that varies across species. Another interesting feature con-
cerning teeth is the analysis of tooth spacing, which we addressed
using a specific tool in VG studio Max that allows the jaw to
be "unrolled" to display all the teeth at once. Micro-CT analysis
also enables the process of tooth replacement to be precisely de-
scribed with closer focus on the position of the next tooth gener-
ations in comparison to the first generation or deciphering of the
general replacement pattern, which can be also evaluated in our
dataset. Thanks to the segmentation tool, study of the poison flow
throughout the venomous canal in fangs is possible, as is deter-
mination of dental pulp changes across the jaw.

Moreover, the obtained data could be used for further studies
by those who are particularly interested in reptilian skull anatomy
(e.g., temporomandibular joint, columella, palatal bones, or other
structures) and its evolutionary differences across diverse species.
These skeletal elements can be evaluated by the tool, which en-
ables the precise segmentation of individual structure. These seg-
mented bones could be further processed to get precise infor-
mation about their shape, volume, and relationship to other sur-
rounding structures in 3 dimensions. Furthermore, wall thickness
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Figure 9: Arrangement of bones contributing to the palate in Python regius and Scincus scincus. (A) Palatal view of the upper jaw of Python regius. (B)
Sagittal view of the bones supporting the palate in P. regius. (C) Palatal view of the upper jaw of S. scincus. (D) Sagittal view of the bones supporting the
palate in S. scincus. Individual skeletal elements were segmented and labelled as follows: orange: premaxillary bone; yellow: vomer; green: palatal
bone; pink: pterygoid; blue: ectopterygoid. The bones of the skull surrounding the segmented palatal bones were made semi-transparent to improve

the display of the analysed areas.

Figure 10: Segmented bones contributing to the palate in selected
reptiles. (A) Python regius, (B) Scincus scincus. Palatal view of individual
segmented skeletal elements in both species: orange: premaxillary bone;
yellow: vomer; green: palatal bone; pink: pterygoid; blue: ectopterygoid.

analysis can be useful to study structural aspects of skeletal ele-
ments.

To broaden our knowledge about reptilian skull anatomy, mor-
phology, and development, the scans of multiple chameleon em-
bryos are provided. The entire present analysis, in combination,

will provide comprehensive and detailed information about both
dental and bone tissue morphology in selected model species
across reptilians.

The 3D-printed models of entire analysed reptilian skulls or indi-
vidual segmented skeletal elements of interest can also be used as
an innovative learning support for university or secondary school
students. Both 3D-printed and virtual reality models could also
be presented to the general public, e.g., at museums without any
need to possess original skulls or taxidermy mounts (Fig. 11). Use
of 3D scans for virtual reality enables not only detailed view of in-
dividual structures but also the option of walking through a skull
or inside of individual skeletal elements.

Volumetric data of all scanned animals are available in 8-bit tiff
stack files via the GigaScience database GigaDB [25]. These tiff
stacks include the raw tomographic sections. The data were re-
duced from original 16 to 8 bit to make the data more compact
to download and to make it more available for analysis, consid-
ering that the larger datasets need high computational power
to even open them. The stl models of skulls were created for
all analysed samples; these models are highly detailed, which
makes them suitable for 3D printing at higher magnifications.
Additional tiff stacks of demonstrated analyses (unrolled lower
jaw) are included. Finally, videos displaying individual analyses
in detail (such as wall thickness analyses, teeth or bone seg-
mentation) or transverse sections through the head are also in-
cluded. Models are also available via the Sketchfab repository
https://sketchfab.com/GigaDB/collections/reptile-skull.
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Figure 11: 3D-printed skull of Chamaeleo calyptratus from generated stl model. (A) 3D stl model of the scanned C. calyptratus skull generated in VG
Studio MAX, (B) 3D printed model of the skull. For the purpose of 3D printing, the generated stl model was 3.5x magnified. The PRUSA MK3S printer
with the PLA filament and 0.15-mm printing layer was used to create the model; total print time was 40 hours.

Q©
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Model 1 : Bitis gabonica. Because the 3D surface-rendered image is very
large for convenient download and inspection, we provide a
lower-resolution version for web-based 3D visualization in Sketchfab.
This model was smoothed using Amira, with the modified version
uploaded to Sketchfab. The complete Sketchfab collection is embedded
in the GigaDB dataset [25] and is also available via
https://sketchfab.com/3d-models/skull-of-bitis-gabonica-gaboon-viper
-dbc0dcaf11114bbead8bf235170456d8 .

Supplementary Video S1: Salvator rufescens in 3D view while using
wall thickness analyses

Supplementary Video S2: 3D view of individual fang teeth in Bitis
gabonica

Supplementary Video S3: 3D visualization of replacement teeth
in Caiman crocodilus

Supplementary Video S4: Scincus scincus in 3D view with focus on
segmented palatal elements

micro-CT: microcomputed tomography; ROI: region of interest; stl:
standard template library.
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Congenital heart defects, dysmorphic facial features and intellectual developmental
disorders (CHDFIDD) syndrome in humans was recently associated with mutation
in CDK13 gene. In order to assess the loss of function of Cdk13 during mouse
development, we employed gene trap knock-out (KO) allele in Cdk73 gene. Embryonic
lethality of Cdk13-deficient animals was observed by the embryonic day (E) 16.5, while
live embryos were observed on E15.5. At this stage, improper development of multiple
organs has been documented, partly resembling defects observed in patients with
mutated CDK13. In particular, overall developmental delay, incomplete secondary palate
formation with variability in severity among Cdk13-deficient animals or complete midline
deficiency, kidney failure accompanied by congenital heart defects were detected.
Based on further analyses, the lethality at this stage is a result of heart failure most
likely due to multiple heart defects followed by insufficient blood circulation resulting
in multiple organs dysfunctions. Thus, Cdk13 KO mice might be a very useful model
for further studies focused on delineating signaling circuits and molecular mechanisms
underlying CHDFIDD caused by mutation in CDK173 gene.

Keywords: cyclin-dependent kinase (CDK), cyclin, transcription regulation, development, mouse, cyclin-
dependent kinase 13, cyclin K

INTRODUCTION

Recently, de novo missense variants in Cyclin-dependent kinase 13 (CDK13) gene have been
identified as an emerging factor involved in the onset of congenial heart defects (CHD) in humans
(Sifrim et al., 2016). Documented CHD cases were characterized by ventral and atrial septal defects
accompanied by pulmonary valve abnormalities. CHD patients had syndromic facial gestalt, and
two patients had agenesis of the corpus callosum. Additional mutations within the CDK13 gene
were recognized in humans resembling at clinical level many symptoms previously associated
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with loss of function of CDKI3 or newly described symptoms,
such as autism spectrum disorder, seizures, feeding difficulties
and craniofacial dysmorphism including short upslanting
palpebral fissures, hypertelorism or telecanthus, medial epicathic
folds, low-set, posteriorly rotated ears and small mouth with thin
upper lip vermilion (Hamilton et al., 2018). In addition, genome
wide search for de novo mutations responsible for developmental
disorders in patients in Great Britain and Republic of Ireland led
to identification of 14 genes that previously lacked compelling
evidence of involvement in developmental disorders, among
them the CDK13 gene (Deciphering Developmental Disorders
Study, 2017). However, heart defects do not seem to be the
key feature of this disorder since patients with heterozygous
constitutional mutation in CDKI3 lacking cardiac anomalies
were reported by two groups (Carneiro et al., 2018; Uechara
et al., 2018). Spectrum of clinical phenotypes of patients with
CDK13 mutations varies from mild to severe with the ubiquitous
intellectual disability and developmental delay (ID/DD) (van
den Akker et al., 2018). Based on these observations, congenital
heart defects, dysmorphic facial features and intellectual
development disorder (CHDFIDD) have been recognized as
novel syndrome caused by de novo variants of CDKI13 gene
(Sifrim et al., 2016; Bostwick et al., 2017; Carneiro et al., 2018;
van den AkKker et al., 2018).

Human CDK13 protein consists of 1512-amino acids with
a conserved kinase domain surrounded by N- and C-terminal
arms of undefined function (Kohoutek and Blazek, 2012). In
order to be active, CDK13 binds cyclin K (CycK) and forms
enzymatically active complex (Ko et al., 2001; Even et al., 2006;
Bartkowiak et al., 2010; Blazek et al., 2011; Cheng et al., 2012;
Dai et al, 2012; Kohoutek and Blazek, 2012; Liang et al,
2015). CDK13 belongs to the family of transcription-associated
cyclin-dependent kinases phosphorylating the carboxyl-terminal
domain (CTD) of RNA polymerase IT (RNAPII). In particular, the
CDK13 phosphorylates serine 2 (Ser2) and to a lesser extend also
serine 5 (Ser5) within Y/S?P3T4S°P°S” heptapeptides within the
CTD of RNAPII in vitro (Greifenberg et al., 2016). Nevertheless,
downregulation of CDK13 in tumor derived cell lines had a very
small, if any, effect on level of Ser2 within CTD of RNAPII (Blazek
et al,, 2011; Greifenberg et al., 2016). In parallel to CDK13, there
is CDK12 in mammalian cells able to associate with CycK as well
(Blazek et al., 2011; Dai et al.,, 2012; Liang et al., 2015). Even
though CDK13 shares high amino acid similarity with CDK12,
both kinases appear to function in mutually exclusive complexes
in mammalian cells (Blazek et al., 2011; Kohoutek and Blazek,
2012; Greenleaf, 2018).

In comparison to CDK12, there is a limited number of papers
envisioning the likely function of CDK13 in various biological
processes. For instance, the CDK13 was proposed to be involved
in oncogenesis; yet, its precise function is still under examination
(Kim et al., 2012; Pan et al., 2012). Even though factors involved
in RNA processing, RNA splicing, polyadenylation and RNA
cleavage were demonstrated to bind CDK13 as a result of global
protein-protein interactions, truly associating partners of this
kinase are still unknown (Davidson et al., 2014; Bartkowiak and
Greenleaf, 2015; Liang et al., 2015). In addition to involvement
of CDK13 in diverse cellular processes, this protein participates

in regulation of alternative splicing of HIV-1 or influenza virus
replication, thus suppressing viral production (Berro et al,
2008; Bakre et al, 2013). In developing mouse embryos and
murine cells, CDK13 regulates hematopoiesis, stemness and
axonal elongation, suggesting an important function in neuronal
development (Pan et al., 2012; Chen et al., 2014).

To this date, the impact of complete loss of Cdk13 function
during mammalian development has not been investigated.
Therefore, we employed a Cdk13 knock-out (KO) mouse model
to explore a novel role of Cdkl3 during mouse embryonic
development. We observed embryonic lethality of Cdk13 KO
animals at the embryonic day 16.5. At this stage, improper
development of multiple organs has been observed (heart, brain,
kidney, liver, and palate formation) resembling phenotype of
human patients with de novo missense variants of CDKI3
gene. Therefore, our Cdkl3-deficient mice may become an
important model to study dysregulation of developmental
processes occurring in human patients.

RESULTS

Disruption of Cdk13 Gene Leads to
Embryonic Lethality in Mice

To examine the role of CDK13 during mouse development, the
mice carrying Cdk13"1% allele were generated at the Transgenic
and Archiving Module CCP (Institute of Molecular Genetics of
the CAS, Prague). The Cdk13"™14 allele of Cdk13 gene enables
cessation of transcription due to presence of two strong poly A
sites leading to production of the aberrant transcript of Cdk13
mRNA resulting in non-functional truncated form of CDK13
protein harboring only N-terminal part of this protein, without
kinase domain and C-terminal part (Figure 1A). Heterozygous
Cdk13™19/+ mice were intercrossed to obtain Cdk13/m14/tmla
offspring. Newborn mice were genotyped with specific sets
of primers able to distinguish inserted cassette (257 bp PCR
product, KO) and wild-type (179 bp PCR product, WT) alleles
of Cdkl13 gene (Figure 1B). Although the offspring with Cdk13
WT and heterozygous alleles was born at the expected Mendelian
ratio, appeared normal and fertile, Cdk13"™14/1@ mice were
not born at all. This finding suggested that a homozygous
deficiency in CdkI3 gene leads to embryonic lethality in mice.
To determine the precise stage, when the embryonic lethality
occurs, mouse embryos were collected at various gestation time
points (Table 1). There were no living Cdk13"14//m1a embryos
after the embryonic stage 15.5 (E15.5) judging by the lack of
their heart beating. Moreover, from E13.5 to E16.5, we observed
increased number of absorbed embryos as a reflection of empty
decidua (Table 1). Based on these finding, we concluded that
the deficiency of CdkI3 causes severe adverse developmental
defects and consequent death from E14.5 resulting in total
lethality before E16.5.

To confirm the loss of CDK13 protein in Cdk13™14/tm14 mice,
developing brain from WT and Cdk13""14/t"14 homozygous
embryos at E14.5 were collected and western blot analyses were
carried out with specific antibodies recognizing CDK13 protein.
As expected, the WT form of CDK13 was present in Cdk13*/+
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FIGURE 1 | Generation of Cak13™ 7@ mice. (A) Scheme of Cak13!2 allele. The Cdk13! 2 allele consists of strong splicing acceptor (SA), B-galactosidase gene
(lacZ) and neomycine resistance gene (neo) both with poly A sites (pA), being surrounded by two FRT sites within intron 2, having two and one lox P sites within
intron 2 and 4. (B) PCR genotyping from E12.5 embryos using specific primers distinguishing Cak73" 72 mutant (KO, upper bands) and Cak13", wild-type, allele
(WT, lower bands). (C) Brain extracts were prepared from E14.5 embryos of Cak13+/*, Cdk13!m'a/+ and Cak13!m'2/im1a mice and protein levels of Ser2 and Ser5
of RNAPII, CDK13 and y-catenin (CTNNG) were evaluated by Western blotting. The short and long expositions for CDK13 are presented to demonstrate residual
expression of CDK13 in Cak13ma/tm1a gmpryos.

and Cdk]jtm]a/"" mice, but surprisingly, corroborated residual mutant phenotype. Because the anti-Cdk13 antibody used in
expression of CDK13 protein was detected in the embryonic ~western blot recognizes its N-terminal part of CDK13, we were
brain of Cdk13tmia/tmla homozygous embryos (Figure 1C), curious if the truncated form of CDK13, as a result of terminated
suggesting that Cdk13tmla/tmla phice represent a hypomorphic ~ transcription within intron 2, will be expressed in mice bearing
the Cdk13"™1% allele. Indeed, the truncated form of CDK13

was detected in CdkI13™1%/* and Cdki3tmia/tmla apimals

TABLE 1 | Genotypes of offspring from Cak13!™4/+ intercross. (Supplementary Figure S1). Since CDK13 was demonstrated to
phosphorylate CTD of RNAPII in vitro, we decided to evaluate
Empty  phosphorylation status of CTD in hypomorphic mice. Thus,

Stage  Cdk13*/*  Cdk13™'a/*  Cdk13tmia/tma  Litters decidua  the effect of CDKI13 downregulation on Ser2 was evaluated
in the animal tissue. Even though expression of CDKI13 was

(5%) (50%) (5%) significantly lowered in Cdk13"1%/t1¢ mice, no effect on either
E9.5 4(21.1%) 2(63.2%) 3 (15.8%)* 2 Ser2 or Ser5 phosphorylation within CTD of RNAPII was
E105  4(20%) 0 (50%) 6 (30%)* 0 detected (Figure 1C). The Ser5 phosphorylation was checked in
E115  14(31.8%) 3 (52.3%) 7 (15.9%)* 4 parallel since it is phosphorylated by other CDK kinase, CDK7 in
E125  31(30.7%) 52 (51.5%) 18 (17.8%)"# 15 13 particular (Kohoutek, 2009).
E135  6(16.2%) 8 (48.6%) 13 (35.1%)* 5
E145 48(27.6%)  95(54.6%)  31(17.8%)" 26 9 Cdk13 Loss Causes Growth Retardation,
E155  21(27.5%) 34 (58%) 10 (14.5%])" i 5 Developmental Delay and Its Failure
E165  8(25%) 8 (56.3%) 6(18.7%)"* 4 0 To examine deficiency of CDKI13 protein in Cdk13/m14/tmla
PO 39(33.1%) 79 (66.9%) 0 28 mice, morphology at different embryonic stages compared to
*Growth retardation, #dead embryo. the WT animals was examined and various abnormalities were
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which is characteristic of embryos E13.5.

FIGURE 2 | Comparison of gross morphology of wild-type, Cdk13™a/+ and Cak13!™'a/tm1a empryos at various stages. Cdk1317a/m1a embryos display
significant growth retardation compared to wild-type and heterozygous embryos. (D-F) Detailed images of Cak13tmTa/tmia ot rglevant developmental stages. (A)
Heterozygous and Cak13'm1a/tm1a embryos at E12.5. (D) Occasional chest wall deformities manifest at hypomorphs. (B) Wild-type and Cak13!™7a/im1a embryos at
E13.5. Cdk13im1a/tm1a empryo exhibits nuchal edema (black arrow). (E) Hypervascularization of the peripheral vessels capillaries (black arrow). (C) Wild-type and
Cak13m7a/imia empryos at E14.5. (F, top) Wild-type embryo demonstrates deep indentations between the developing fingers of embryos E14.5, although not yet
separated. (F, bottom) In contrast, Cak13!m7a/im1a embryo appears to be 1 day delayed in development as evidenced by the shallow indentation of the footpad,

observed in Cdk13"™14/tm14 embryos at each stage of gestation
(Supplementary Figure S2). Observed growth retardation of
Cdk13-deficient mice is presented in detail (Figure 2); however,
the severity of the developmental delay was variable. On average,

the Cdk13m14/tm1a embryos appeared to be one embryonic
day behind in comparison to their littermate controls as
evidenced by the shallow indentation of the footpad, which
is characteristic of embryos at E13.5 (Figure 2F, bottom).
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In contrast, Cdk13+/* littermates exhibited deep indentations
between the developing toes (not yet separated), what is
characteristic of embryos at 14.5 (Figure 2F, top). In addition,
the retarded embryo exhibited nuchal edema (black arrow,
Figure 2B), which correlates with the presence of cardiovascular
phenotypes. Occasionally, the pericardial effusion were detected
in developing Cdk13'™14/tm1a embryos, most likely caused by
dysfunction of the heart (Figure 2D). Summary of various
developmental defects associated with hypomorphic Cdk13"14
allele is presented in Supplementary Table S1.

Cdk13 Is Indispensable for the

Development of Several Organs

To narrow down possible cause of embryonic lethality, embryos
at E14.5 were contrasted with Lugol’s solution to visualize gross
morphology of individual soft tissues by microCT (Figure 3).
Indeed, several developmental abnormalities were detected
within developing embryos. The heart wall of both ventricles
in Cdk13"m14/tm1a embryos (Figures 3B,D) appeared thinner
in comparison to Cdk13*/* littermate controls (Figures 3A,C).
In addition, lung, liver and kidney in Cdk13"™14/tm1a embryos
were smaller and undeveloped (Figures 3D,EH) in comparison
to Cdk13*/ littermates (Figures 3C,E,G). However, detailed 3D
reconstruction of liver and kidney (Figures 3I-P) with movable
display of E14.5 embryos of Cdk13'™14/tm1a and Cdk13+/*
genotypes (Supplementary Figures S3A,B) revealed no defect in
general gross morphology of these organs.

To uncover possible discrepancies in developmental speed
of individual organs, the volume analysis was performed with
normalization to total body volume of given embryo. Liver
size of Cdk13"™14/!m14 embryos represented only about 46% in
comparison to Cdk13%/* littermates (Figures 3, 11). Similarly,
kidney size of Cdk13"™14/tm1a animals comprised only about
52% in comparison to CdkI137/*. In parallel, histological
sections of selected organs were analyzed at stages between
E14.5 and E16 (Figure 4). Decelerated development of kidneys
was identified in Cdk13"14/t1¢ embryos at E14.5 and E16
(Figures 4D,F) including nephron differentiation as shown by
altered proportional representation of individual nephron stages
at E14.5 (Figure 4G). Moreover, statistically significant reduction
in the number of S-shaped bodies and glomeruli was observed
in Cdk13'm14/tm1a embryos (Figure 4H). At lethality stage E16.5,
kidney tissue exhibited tissue abrogation with only few, much
reduced tubules visible (data not shown), very likely caused by
general pre-necrotic changes.

Brains of Cdk13/"14/1m14 embryos appeared developmentally
delayed as demonstrated by reduced size as compared to
littermate controls. Depicted in Figure 5 are E14.5 controls and
Cdk13fmia/tmla myutant samples from two separate litters. The
two litters were developmentally at different stages, pre-palatal
fusion in the control embryo depicted (Figures 5A,B) and post-
palatal fusion in the control embryo depicted (Figures 5E,F).
In order to assess the developmental delay in Cdk13/14/tmla
embryos the cell proliferation was examined by Ki67 staining, a
marker of proliferating cells (Figures 5A’-H’, embryos A and C,
as well as E and G are littermates, representative pictures of two

embryos are shown to display variability in mutant phenotype).
As evident from performed quantification, there was decrease
in number of proliferating cells in Cdk13"14/1m14 embryos in
comparison to Cdk13*/7 littermate controls, but this decrease
was not statistically significant (Figure 5I).

The analysis of craniofacial area revealed also defective
palatal shelves development in several Cdk13/™14/tmla
embryos resulting in their insufficient horizontal growth
and the formation of the cleft palate at E15.5 (Figure 6) in
Cdk13'™1a/tmla mouse, Incomplete secondary palate formation
exhibited variability in severity among Cdk13-deficient animals.
Observed penetrance of secondary cleft palate was 2/4 animals at
E15.5. In addition, Cdk13/™14/t1@ mouse at E15.5 had smaller
number of initiated nasal glands in comparison to the controls
(Supplementary Figure S4, compare A-D and B-E).

Embryonic Lethality in Cdk13tm1a/tm1a
Mice Is Due to Heart Failure

The heart is the one of the first organs to form during mammalian
development. During heart development, significant changes
in organ morphology and cardiomyocyte differentiation and
organization reflect the increasing needs of growing embryos
for nutrition and oxygen supply. Any of these developmental
steps are critical for further development of whole embryos.
Therefore, we analyzed the microscopic structure of the heart
and found that the heart wall of Cdk13""14/tm14 mice embryos
was less compact in comparison to the heart wall of Cdk131/*
mice (Figures 7C,D). Further, apparent disruption of tissue
architecture was detected in Cdk13"™14/'m1a embryos with the
reduction of myocardium (Figure 7, compare C, E and G to
D, F and H). The heart volume was slightly increased to 103%
(organ ratio to total body volume) in Cdk13""14/tm1a mice
compared to Cdk13™/* animals. However, the total volume
of heart tissue to the organ volume was significantly lower
in case of Cdk13"14/!m1a embryos (62.5%) in comparison to
WT littermates (80%) suggestive of the thinner heart wall at
E15.5 in Cdk13"14/tm1a embryos. Percent soft tissue volumes
were measured by microCT using Bruker-microCT CT-analyzer,
where the object volume representing soft tissues was divided
by total VOI volume. The VOI area referring to the heart
volume was selected from the dataset manually. Also, decreased
expression of myosin was detected in ventricle myocardium
of 14.5 hearts (Supplementary Figure S5, compare B and
B’ toEand E).

Since the heart mass of Cdk13/14/tm1a £14.5 — E16 embryos
is significantly reduced with hypomorphic muscular layers of
myocardium compared with Cdk13+/% mice (heart/body ratio),
we presume that heart developmental defect is the cause of
embryonic lethality. In order to evaluate cardiac circulatory
physiology, we performed non-invasive ultrasound Doppler
imaging to quantitatively assess the hemodynamic function in
E14.5 and E15.5 embryos. Out of nine Cdk13"14/t1@ embryos
dissected at E14.5 stage, only one was found dead (Table 2).
All the other Cdk13""14/!m1a embryos at this stage exhibited
comparable blood flow velocities and velocity-time integral (VTT)
in dorsal aorta (Figures 8A,B). However, this situation changed
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FIGURE 3 | MicroCT analysis of wild-type and Cdk13!™'a/tm7a empryos. High-contrast differentiation resolution by X-ray computed microtomography, where
Lugol’s staining was used to visualize the soft tissues. Sagittal sections through body midline (A,B) and more lateral plane at E15.5 (C,D). Horizontal sections
through lung (E,F) and liver (G,H). 3D reconstruction of kidney and liver in the right side view of embryo (1,J), left side view (K,L) and caudal view (M,N) with embryo
outlined in gray where segmentation of serial sections was used for the liver and kidney reconstruction. (0,P) High power of 3D imaging for liver and kidney.
Horizontal view (Q,R) and sagittal detailed view (S,T) on kidney and suprarenal gland. Abbreviation used for individual organs: ag, adrenal gland; d, diencephalon; h,
heart; hb, hindbrain; k, kidney; I, lung; li, liver; mb, midbrain; t, tongue; te, telencephalon; s, stomach; sc, spinal cord. Scale bar = 1 mm.

Cdk13fmla/lmla

Cdk13**

dramatically at embryonic stage E15.5 (Figures 8C,D), where
only few Cdk13"14/tm1a embryos retained normal blood flow
parameters (5/16), while the rest of the embryos heart functions
declined (standard measurements were not possible due to
irregular or spare heart beating 11/16); moreover, an increased
portion of embryos were already dead (Table 2).

The assessment of cardiac function in developmental
interval E14.5 - EI15.5 embryos showed dramatic failure

in heart function, probably corresponding to increasing
needs of embryos at E15.5 for blood supply in growing
organ systems, which is very challenging for the defective
heart to achieve. The preserved blood flow in few
Cdk13"1a/tmla embryos was probably due to the observed
variability of the embryo size. Our findings suggest that the
heart failure appears in most cases during the transition
from E14.5 to E15.5.
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FIGURE 4 | Gross anatomy and microscopic structure of kidney in wild-type and Cak13™m7a/tm1a empryos. (A,B) High power view on segmented kidneys from
Lugol's stained sections and visualized by X-ray computed microtomography. Growth retardation of kidney is visible in Cdk13!™'a/tm7a embryos at E14.5 (D) and
E16 (F) in contrast to littermate wild-type, Cdk13+/*, controls (C for E14.5 and E for E16). (E,F) Only very few just forming glomeruli (gl) were found in
Cak13mTa/imia gmpryos. (G) Relative quantification of individual developmental stages of nephrogenesis in Cak13%/* and Cdk13!m78/im1a gmbryos. (H) Increased
amount of renal vesicles together with the reduction of S-shaped bodies and glomeruli (gl) was found in Cak1317a/m1a embryos. The graph values denote

median + s.d., *p < 0.05, by unpaired t-test. Scale bar (A,B) = 0.3 mm, scale bar (C-H) = 100 pm.
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FIGURE 5 | Cell proliferation in brain area in wild-type and Cak13tma/tm1a empbryos. (A,A’,B,B%) Cak13t/* and (C,C’,D,D’) Cak13m’a/m1a empryos before palatal
shelves fusion. (E,E’,F,F’) Cdk13"/* and (G,G’,H,H’) Cak13m78/im1a gmbryos after palatal shelves fusion. Immunohistochemical nuclear labeling of Ki67-positive
cells in the frontal head sections in the lower power view (A-H) and in detail (A’-H’). () Mitotic index was counted as the ratio between Ki67-positive cells and total
amount of prosencephalon cells in three biological triplicates for each group. The graph values denote mean =+ s.d, difference is not statistically significant according
to unpaired t-test (p-value: 0.1047). Ki67-positive cells - brown nuclei, Ki67-negative cells - blue nuclei (hematoxylin). Scale bar (A-C) = 1 mm; scale bar
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Cdk13 Is Expressed in Affected Organs

in the Prenatal and Also Postnatal Period
Currently, there is limited information about protein expression
pattern of CDK13 either in developing or adult organs; therefore,
we decided to evaluate expression of CDKI3 protein in
developing organs. First, the western blot of CDK13 protein was
carried out in selected developing organs (Figure 9). As expected,
expression of CDK13 was detected in organs with abnormal
embryonic development. The highest protein level of CDK13 was
detected in the brain, then lung, kidney and heart (Figure 9).

In case of detection of CDK13 in the developing heart, four
times concentrated protein lysates had to be used to detect any
reproducible signal.

To explore gene expression of CdkI3 in adult tissues
and organs, the particular organs were isolated and the
expression of Cdk13 was examined by activity of p-galactosidase
(Supplementary Figure S6). Cdkl3 was strongly expressed
in the retina of the eye, testes, ovary, uterus, gall bladder
(Supplementary Figures S6A,F-I). To a lesser extent, the
Cdk13 was detected in the urinary bladder (Supplementary
Figure S6D). Interestingly, rather localized, yet strong expression
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FIGURE 6 | Transversal sections of the head in control Cak13*/* and Cdk13m7a/tm1a empryos at E15.5. Rostro-caudal view in Cak13*/* animal (A) and four
Cdk13m7a/imia mytant mice to show variability in the secondary palate morphology (B-E). Palatal shelves do not meet each other in the midline (B”,E™) and cleft
of secondary palate is visible. Abnormal shape of palatal shelves was observed also caudally with cleft expanding into the soft palate area. (’-A””, B’-B””, C’-C””,
D’-D””) are transversal sections of head in individual embryos in rostrocaudal direction. Scale bar = 100 wm.

within organ structure was observed in renal pelvis in kidney,
thyroid gland and heart atrium, with substantial expression in the
heart ventricle (Supplementary Figures S6B,C,E).

Cdk13tm1d/tm1d Mice Exhibits More
Severe Phenotype and Earlier Lethality

As we observed residual expression of Cdk13 in analyzed organs
of hypomorphic Cdk13""14/tm1a mice, we decided to cross
Cdk13"1% mice with Flp-deleter mice and Cre-deleter (detailed
description of the utilized transgenic strains is provided at the
Section “Experimental Procedure”) mice to generate Cdk13""14
allele with deleted exons 3 and 4 (Figure 10A). As in case
of Cdk13"™14 mice, the expression of CDKI13 protein was
investigated in the Cdk13""1¢ mice. High expression of CDK13
was detected in the developing brain of WT Cdk13%/* embryos
(Figure 10B). Greatly downregulated expression of CDK13 was
detected in heterozygous Cdk13"!%/* brain with undetectable
expression of CDK13 protein in homozygous Cdk13"1/tm1d
brain (Figure 10B). As in the case of CdkI3"™!% mice, no

significant reproducible downregulation of Ser2 phosphorylation
was observed in Cdk13'14/t1d brain extract (Figure 10B).
Interestingly, expected Mendelian ratios were reflected in the
portion of Cdk13"14/tm14 mice. High number of empty decidua
at E12.5 were detected reflecting increased mortality before this
stage (Table 3). Critically, only 19 litters out of 42 contained
Cdk13tm1d/tmld embryos suggesting homozygous mice carrying
Cdk13/"14 glleles exhibited more severe defects in phenotype
than Cdk13'm14/tm1a mice, especially in craniofacial area with
midline facial cleft (Figure 10C). The prevalence of the midline
orofacial deficiency and pericardial effusion was 60.5% in
Cdk13"14 homozygous mice at E12.5-E14.5. Out of 94 cases,
only two cases of Cdk13"14/tm1a mice had externally visible
orofacial clefting (Supplementary Table S1). The prevalence of
the pericardial effusion (PE) in Cdk13""14/!m14 embryos at E12.5-
E14.5 was less than 20% in comparison to high occurrence in
Cdk13tm1d/tmld embryos (Supplementary Table S1). No PE or
orofacial cleft was recorded in any WT, though 6 embryos from
262 heterozygotes exhibited PE.
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FIGURE 7 | Gross anatomy and microscopic structure of heart in wild-type and Cak13!™78/tm7a gmbryos. (A,B) High power view on segmented heart from Lugol’s
stained sections and visualized by X-ray computed microtomography. (C,D) Sagittal section of heart from Lugol’s staining visualized by X-ray computed
microtomography. Smaller size of heart with broadening of ventricles was visible in Cak13!™7a/tm7a animals. Abbreviations for the organ structures: ivs,
interventricular septum; mc, myocardium. (E,F) At E14.5, myocardium (mc) of Cak13!m7a/m1a mice is already thinner in the ventricle area with small amount of
cardiomyocytes layers, which is in contrast to thick wall of Cak13/* littermate controls. Later, apparent disruption of tissue architecture with enlarged intercellular
spaces and small amount of cardiomyocytes was observed in Cak13!"78/im1a gmbryos at later stages at E16 (G,H). Scale bar (A,B) = 0.4 mm, scale bar

(C,D) = 350 um, and scale bar (E-H) = 100 pm.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 August 2019 | Volume 7 | Article 155


https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Novakova et al.

Function of Cdk13 During Mouse Development

TABLE 2 | Summary of ultrasound scanned embryos at E14.5 and E15.5.

Stage Number of embryos Litters Number of Cdk13tm1a/tm1a
Cdk13+/+ Cdk13tm1a/+ Cdk13tm1a/tm1a Heart beating Dying/dead

E14.5 11 27 6 8 ]

E15.5 14 36 17 8 6 11

Comparison of Cdk13tm1a/tmia gpq
Cdk13tm1d/tm1d Mice at E13.5

Finally, the phenotype of Cdk13/™14/fm1a mice was compared
to Cdk13t™1d/tmld " mice (Figure 11 and Supplementary
Figures S7, S8). High-contrast differentiation resolution
by X-ray computed microtomography was used to assess
gross morphology of the Cdk13T/*, Cdki3mie/tmla and
Cdk13m1d/tmld “embryos at E13.5. Both CdkI3 mutants
exhibited smaller body size with severe growth retardation
in Cdk13"14/tm1d animals (Figures 11A-D). Hypoplasia of
midfacial structures was observed in Cdk13"14/"1d embryos
(Figure 11, compare H to G). The hearts were smaller in
both Cdk13'™1a/tmla a5 swell as Cdk1314/t1d embryos in
comparison to littermate control mice with severe ventricle
deficiency detected in Cdk1314/tm1d animals (Figure 11,
compare J to I and L to K). Generally smaller liver were detected
in Cdk13™m1a/tmla and Cdk13'™14/tm1d embryos in comparison
to control CdkI3*/* mice. Liver in Cdk13™14/tmld mice
exhibited abrogated liver lobes arrangement (Figure 11, compare
P to O and N to M). Kidneys in Cdk13"*14/tm1d mice do not
follow right left kidney asymmetry (Figure 11, compare T to S).

DISCUSSION

Our analysis revealed a new function of Cdk13 in the context of
the mouse development and found that this protein is critical
for proper development at later stages of embryogenesis. Loss
of Cdkl13 affects negatively several organs and tissue structures
during mouse development and its inactivation leads to late
embryonic lethality.

Animals with hypomorphic allele (Cdk13'™14) retained low
residual expression of CDK13 and they were lethal by E16.5
most due to heart failure and delayed development of several
organs was caused likely due to insufficient supply of oxygen
and nutrients. Interestingly, several miRNAs able to target Cdk13
mRNA for degradation were recently recognized during the acute
myocardial infarctions (Wang et al., 2015) supporting the idea
of CDK13 as a strategic molecule for optimal heart function. In
addition, the expression of CDK13 was detectable not just in the
heart, but also in other organs during embryonic development,
such as craniofacial area or brain. However, the expression
only cannot explain the complexity of phenotype exclusively
in tissue autonomous manner or by insufficient nutrients and
oxygen distribution. Thus, we assume that the organs with higher
expression might be affected either by non-functional CDK13
in cell autonomous manner and/or by underdevelopment of

cardiovascular system and lack of nutrients, mostly by insufficient
heart function. Importantly, the affected cardiovascular system
is superior to development of other organ systems and can
drive systemic developmental phenotype; the example of such
phenotype is growth retardation in the whole embryo with no
respect to local CDK13 expression levels, which is affecting size
of all organs within the embryo body. Therefore, in organs where
the expression of CDK13 is under detection limit, we suggest
that the phenotype is caused mostly by failure of cardiovascular
system development and its systemic influence.

It is also interesting why the Cdk13"™1% allele exhibits
the hypomorphic mutant phenotype. One possible explanation
might be due to the insertion of neomycin selection cassette in
non-coding region that has been shown to affect gene expression,
both at the DNA and RNA levels (Pham et al., 1996; Meyers et al.,
1998; Scacheri et al., 2001). Moreover, in silico analyses of post-
transcriptional exon shuffling (PTES) events in humans revealed
high PTES frequencies in CDK13 gene enabling the formation of
aberrant functional CDK13 transcripts (Al-Balool et al., 2011).

In contrast to our observations, genetic depletion of Cdk12, a
kinase with high amino acid similarity to Cdk13, resulted in early
developmental lethality at the blastocyst stage due to deregulated
expression of DNA-damage repair genes leading to enhanced
genomic instability (Juan et al., 2016). Importantly, KO of CycK
resembled the same lethal phenotype at the blastocyst stage as
Cdk12 animals (Blazek et al., 2011). Besides clear effect of CycK
during preimplantation stage, CycK is highly expressed in mouse
embryonic stem cells and testes in a developmentally regulated
manner (Dai et al, 2012). During neonatal spermatogenesis,
CycK is highly expressed in gonocytes, spermatogonial stem
cells and is absent in differentiating spermatogonia, spermatids
and spermatozoa (Xiang et al, 2014). Similar expression in
testes, ovary and uterus was also documented for CDK13 in our
heterozygous mice.

Downregulation of Cdk13 had also significant impact on brain
development. It is known from previous studies that CycK, a
Cdk13 binding partner, has been identified in a genome-wide
screen as one of the factors involved in the formation of the
nervous system in Drosophila (Neumuller et al., 2011). In parallel,
function of CDK12 in process of embryonic neural development
was described in the conditional KO mouse model for this
gene (Chen et al, 2014, 2017). When neuronal differentiation
model of mouse embryonic carcinoma cell (P19) was employed,
CDK12 and CDK13 kinases participated in the axonal elongation
through a common signaling pathway that modulates protein
expression of CDK5 (Chen et al.,, 2014). Recently, CDK13 was
found remarkably dysregulated in hippocampus and suggested
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FIGURE 8 | Hemodynamic analysis of wild-type, Cak13!78/+ and Cdk13!™78/tm1a gmbryos. The non-invasive ultrasound Doppler imaging to quantitatively assess
the heart hemodynamic function in E14.5 and E15.5 embryos was carried out. (A,C) Velocity-time integral in dorsal aorta (DA VTI) and (B,D) Peak Doppler blood

flow velocity measured on E14.5 (A,B) and E15.5 (C,D) day old embryos, respectively.
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FIGURE 9 | Expression of CDK13 protein in embryonic mouse organs. Protein extracts were obtained from brain, heart, kidneys and lung of E14.5 Cak13
Cak13tMm1a/+ and Cak13!m1a/tm71a embryos and protein levels of CDK13, Cyclin T1 (CYCT1) and y-catenin (CTNNG) were evaluated by Western blotting. The

highest expression of CDK13 was observed in brain and kidney, with substantial expression in lung and heart in Cak13+/+ embryos

as one of the hub genes useful to elucidate Alzheimer’s disease = demonstrated in Figure 5, we were able to observe alteration of
(Pang et al., 2017). Importantly, studies of patients with CDKI13  proliferation in neural tissue in Cdk13""1% mice (as analyzed by
mutations suggested their essential role in brain development. As  Ki67 expression) however overall changes in brain morphology
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FIGURE 10 | Generation of Cak13™79 mice. (A) Scheme of Cak13!™79 allele harbors deletion of critical exons 3 and 4, causing non-functional allele of Cak13
gene. (B) Protein extract from the brain was prepared from E14.5 embryos and protein levels of CDK13 and y-catenin (CTNNG) were evaluated by Western blotting.
No residual expression of CDK13 was observed in Cak13!m9/tm1d empryos. Any significant downregulation of Ser2 and Ser5 phosphorylation was not observed in
Cak13tm1d/tm1d mijce. (C) Cak13!m79/tm1d embryos exhibited distinct craniofacial phenotype with midfacial hypoplasia in comparison to wild-type embryos. Scale

bar = 0.3 mm.
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were not determined. On the other hand, observed proliferation
changes can be also associated with developmental delay of
Cdk13"™1¢ animals and subventricular zone in brains may
significantly expands later in development. However, it is also
possible that a prominent role of CDK13 may be apparent in
later stages of brain development, for instance, in the axon
pathfinding, synapse formation and etc. Confirmation of this
statement, however, has to be proven in future by employing the
nestin-Cre or CreErt-Flox systems.

Importantly, developmental defects within craniofacial
formation was documented for CdkI13"!% mice followed by
complete loss of frontonasal part in Cdk13"!¢ mice. It is
probably the most surprising observation in respect to patients
with heterozygous mutation of CDK13 gene (Sifrim et al., 2016;
Bostwick et al., 2017; Carneiro et al., 2018; Hamilton et al., 2018).
Moreover, gradual deregulation of CDK13 in mice resulted in
enhanced craniofacial phenotype. The hypomorphic Cdk13™14
mice exhibited in the rostral area, altered shape of nasal septa
and later at E15.5, incomplete formation of the secondary
palate was observed in several animals, where palatal shelves

TABLE 3 | Genotypes of offspring from Cak13!™19/+ intercross.

Empty
Stage Cdk13*/*  Cdk13tm1d/+  Cdk13tmid/tmid | jtter decidua
(25%) (50%) (25%)
E12.5  33(27.5%) 69 (57.5%) 18 (15%)"* 18 24
E135 29 (31.5%) 52 (56.5%) 11 (12%)+# 14
E145 24 (31.2%) 44 (57.1%) 9 (11.7%)** 10 4

*Growth retardation. * Dead embryos.

did not reach the midline, while control animals exhibited
complete fusion of palatal processes. Nevertheless, complete
depletion of CDK13 in the Cdk1314/tm1d mice led to ablation
of the midline area of the head. There is a limited information
regarding the role of CDK13 in this developmental process at
the moment, yet. The association between SNP polymorphism
rs373711932 located within CDKI3 gene and cranial base
width was recently documented (Lee et al., 2017). Importantly,
heterozygous copy number loss of CCNK gene in humans caused
a syndromic neurodevelopmental disorder with distinctive facial
dysmorphism (Fan et al, 2018). Therefore, it seems highly
probable that CDK13 is indeed associated with craniofacial
development, however, with unclear function, which will be
necessary to uncover in the future.

From the functional point of view, it is surprising that only
heterozygous mutation in one allele of the CDKI3 gene was
sufficient to cause the CHDFIDD in human patients. Common
feature in all studies depicting deleterious effect of pathogenic
CDKI13 in patients was presence of missense substitutions in
the protein kinase domain around ATP-binding and magnesium
binding sites (Sifrim et al., 2016; Bostwick et al., 2017; Hamilton
etal, 2018). In addition, two nonsense variants and a frame-shift
variant accompanying production of aberrant CDK13 transcripts
have been identified (van den Akker et al., 2018). Based on
crystal structure of CDK13/CycK complex, it is very possible that
all these mutations most likely caused inactivation of catalytic
activity of CDK13 or disrupted binding of CycK, its associating
partner, leading to abrogated function of CDK13 (Kohoutek and
Blazek, 2012; Greifenberg et al., 2016; Hamilton et al., 2018).
Nevertheless, some of identified mutations in patients were
predicted to retain binding to cyclin K with affected catalytic
activity. If this is the case, then CDK13/CycK complex represents
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Cdk13lmla/lmla

FIGURE 11 | Comparison of Cak13!™7@ and Cdk13™79 mice at E13.5 High-contrast differentiation resolution by X-ray computed microtomography where Lugol’s
staining was used to visualize the soft tissues. The Cdk13m78/im1a  Cglk13im19d/im1d gnd their littermate controls were analyzed at E13.5. (A-D) Overall view of
Cdk13*/+, Cak13tmTa/tmia and Cak13tm7d/m1d empryos. Both mutants exhibited smaller body size, with severe growth retardation in Cak13!m79/tm1d gnimals.
(A’-D’) 3D reconstruction of heart (red color), kidney (violet color) and liver (light pink color) in right side view of embryo, with embryo outlined in gray where
segmentation of serial sections was used for the reconstruction. Liver in Cak13ma/tm1a and Calk13!m19/tm1d empryos were smaller than in Cak13*/+ embryos.
(E-H’) Frontal view of embryos with 3D reconstruction of heart, kidneys and liver. Clear deficiency in development of midfacial structures in Cak13tm79/tm1d gmpryos
in contrast to Cak13+/* animals was observed. (I-L) 3D reconstruction of heart. The heart of Cak13m@/im1a and Calk13!m19/1m1d embryos were smaller in
comparison to control mice with severe ventricle deficiency detected in Cak13tm7d/tm1d animals. (M-P) 3D reconstruction of liver. Generally smaller liver were
observed in Cak13m’a/tm1a gnd Ck13!m19/m19d empryos in comparison to Cak73*/+ littermate control mice. Liver in Cak13imd/tm1d mice exhibit abrogated liver
parts arrangements. (Q-T) 3D reconstruction of kidneys. Kidneys are smaller with abnormal shape in Cak13!m'a/tm1a ang Calk13tm19/tm1d embryos. Scale bar
(A-H) = 1,5 mm, Scale bar (I-L) = 350 um, scale bar (M,P) = 500 wm, and scale bar (Q-T) = 250 pm.

Cdk13"

Cdkljlmlzl/lmld

a dominant negative complex in cells (Hamilton et al., 2018). It is
of note that two patients carrying stop codons at the end of the
kinase domain represented milder phenotypes, although obvious
genotype-phenotype correlation has not been recorded (van den
Akker et al, 2018). From all these results, we can postulate
that even loss of function of one CDKI3 allele is enough to
interfere with developmental pathways and cause the CHDFIDD
in humans, while complete abrogation of CDK13 gene would lead
to embryonic lethality as documented in our mouse model.

Currently, we can only speculate how CDK13 contributes to
the developmental processes: if it participates in phosphorylation
of Ser2 within CTD of RNAPII, it is highly probable that
inhibition of CDK13 will block or dramatically affect ability
of RNAPII to effectively synthesize nascent RNA. CDKI13
was demonstrated to bind various splicing factors or proteins
involved in splicing (Davidson et al., 2014; Bartkowiak and
Greenleaf, 2015; Liang et al, 2015). Moreover, CDK13 was
found to associate with ASF/SF2 factor, a member of the
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spliceosome complex (Even et al, 2006). CDK13 was also
identified in perinucleolar compartments enriched for proteins
primarily implicated in pre-mRNA processing; therefore, lack of
CDK13 could abrogate also RNA processing of given metazoan
genes (Even et al, 2016). Thus, it is possible that a loss of
kinase activity or associating potential of CDK13 will cripple
proper splicing of transcribed RNA by RNAPII resulting in
production of improperly spliced mRNA of proteins engaged in
development processes.

It has been postulated that CDK13 phosphorylates Ser2 and
Ser5 within CTD of RNAPII, if Ser7 is prephosphorylated
at the C terminus of heptapeptide (Greifenberg et al., 2016).
However, we were not able to detect any effect on Ser2 or
Ser5, either in Cdk13™14/tm1a or Cdk13t14/tm1d animals with
substantial decreased level of CDK13 in developing brain, where
physiologically high level of CDK13 is present. Even though
the global effect on Ser2 or Ser5 was not documented in
Cdk13'm1a/tmla deyeloping brains, CDK13 could still orchestrate
phosphorylation of RNAPII at the specific sets of genes as earlier
described for the CDK9/cyclin T2 or CDK12/cyclin K complexes
in mouse and human cells (Zhu et al., 2009; Blazek et al.,
2011; Johnson et al., 2016). When CDK13 was downregulated
in HCT116 cells, gene ontology analysis revealed enrichment of
functions connected to various extracellular and growth signaling
pathways (Liang et al., 2015; Greifenberg et al., 2016). Similar
modus operandi was implicated for CDK9 activation by MEK-1
and MSKI1 in response to extracellular cues (Fujita et al., 2008;
Smerdova et al., 2014). In addition, transcriptional kinase CDK8
was described to affect canonical Notch signaling by targeting
activated Notch intracellular domain for proteasomal degradation
(Fryer et al., 2004). In addition, CDK8 was suggested to stabilize
pB-catenin interaction with the promoter of WNT targets to
achieve regulatory control (Firestein et al., 2008). Therefore, it is
possible to envision that CDK13 regulates a specific set of genes
at a specific developmental stage of embryonic development
or in specialized cell types. Therefore, it will be critical in
the near future to identify unique genes under control of
CDK13 at given tissue or organ by employment of exome RNA-
sequencing analyses in WT and Cdk13-deficient mice, which will
be our next goal.

We believe that the Cdk13""1% hypomorphic mouse can be a
very instrumental animal model to delineate cellular pathways
or mechanisms participating in the onset or propagation of
severe developmental cues in humans with mutated form of
CDK13. Moreover, our Cdk13""14 mouse model with enhanced
craniofacial phenotype may be invaluable for further clarification
of molecular processes, which are responsible for clinical
symptoms of human patients.

EXPERIMENTAL PROCEDURES

Mice, Genotyping, Breeding of

Cdk13'™12 Mice

Mouse embryos (Cdk13/14(EUCOMHmgu)  hearing  splicing
acceptor, P-galactosidase and neomycine resistance gene
both with poly A signals (Figure 1A) were obtained from

the Infrafrontier Research Infrastructure-Mouse disease
Models'. The acquired embryos carrying Cdk13"1% allele were
transferred into pseudopregnant females of C57BL/6N mouse
strain and the heterozygous CdkI3"!% mice were obtained
at the Transgenic and Archiving Module, CCP (IMG, Prague,
Czechia). Heterozygous mice for Cdk13"™!% allele were bred
and newborn mice were genotyped by PCR amplification (94°C,
30 s; 62°C/65°C, 20 s; 72°C, 30 s; 35 cycles) of Cdkl13 gene to
distinguish WT (Cdk13%/*) and Cdk13"™14/tm1a jlleles. For
PCR analysis, the following sets of primers were used for KO and
WT alleles: (KOf, 5'-CCA GCT TTA AAG GCG CAT AAC-3';
KOr, 5'-TGA CCT TGG GCA AGA ACA TAA-3'; WTE, 5'-TAG
CTG GCC AAT GAG CTT TC-3; WTr, 5-AGT CTA GGA
AGC TGG GAA GAT- 3'). Primers KOf and KOr amplify a
257-bp fragment from Cdk13""!¢ allele while primers WTf
and WTr amplify a 179-bp fragment from WT allele. Genomic
DNA was isolated from mouse ears by NaOH extraction (Truett
et al., 2000). Heterozygous mice carrying Cdk13"1% allele were
bred and after mating, females were examined for vaginal plugs,
embryonic day 0.5 (E0.5) was determined at noon at the day of
vaginal plaque record. Embryos at various stages were obtained
from uteri of pregnant heterozygous female mice, genotyped and
the Mendelian ratios were defined.

To generate mouse carrying the Cdk13"? allele, the

Cdk13'mlia/tmla  mice were crossed with the Flp-deleter
mouse strain  Gt(ROSA)26Sor™m2(CAG—flpo.—EYFP)les - (\[GT:
5285396, Philippe Soriano) and Cre-deleter strain

Gt(ROSA)26Sor'™ 1 (ACTB—cre,~EGFP)Ies (\GI: 5285392, Philippe
Soriano) in order to delete critical exons 3 and 4 within Cdk13
gene. All animal procedures were performed in strict accordance
to the Guide for the Care and Use of Laboratory Animals and
approved by the Institutional Animal Care and Use Committee
(Veterinary Research Institute, Brno, Czechia).

Western Blotting

Particular organ from CdkI Cdk13"14/+  and
Cdk13*/* embryos at E14.5 were lysed in lysis buffer (100 mM
Tris, pH 7.4; 1% SDS; 10% glycerol) and sonicated. The
brain from Cdk13"14/tm1d Cdk13tm14/+ and Cdk13%/* were
lysed in lysis buffer (100 mM Tris, pH 7.4; 1% SDS; 10%
glycerol) and sonicated. Concentrations of total proteins were
determined with bicinchoninic acid (BCA). Lysates were diluted
to the same concentration, mixed with the 3xLaemmli sample
buffer and boiled for 5 min. Western blotting was performed
using anti-mouse CDKI13 polyclonal antibody (SAB1302350,
Sigma-Aldrich), y-catenin (CTNNG) antibody (2309, Cell
Signaling Technology), cyclin T1 (CYCT1) (sc-10750, Santa
Cruz Biotechnology) and anti-serine 2 (Ser2) and serine 5 (Ser5)
rat monoclonal antibodies (clones 3E10 and 3E8 respectively,
ChromoTek GmbH, Germany).

3tm1a/tm1a

Histological Analysis

Wild-type and homozygous Cdk13""14/t"14 embryos at E14.5
to E16.5 were fixed in 4% paraformaldehyde and dehydrated.
After that hearts, brains, kidneys and livers were dissected,

'https://www.infrafrontier.eu/
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embedded in paraffin, and sectioned at 5 pm. Hematoxylin-
eosin (H&E) staining was performed. Images were taken under
bright field using a Leica compound microscope (DMLB2)
with a Leica camera (DFC480) attached (Leica Microsystems,
Wetzlar, Germany).

Immunohistochemistry

Proliferating cells were visualized on E14.5 brain sections by
labeling of Ki67 (positive cells are brown). Sections were
pretreated in Citrate buffer, pH6, 10 mM, 20 min/97°C in
water bath and were labeled with Ki67 primary antibody
(RBK027-05, Zytomed Systems). For primary antibody detection,
specific secondary antibody and avidin-biotin complex were
used (Vectastain kit, PK-6101, Vector laboratories). The signal
was developed by DAB chromogen system (K3468, DAKO).
Nuclei were counterstained by hematoxylin (blue). Mitotic
index was counted as the ratio between Ki67-positive cells
and total amount of cells in three biological samples for
each group (three Cdk13™/* embryos, three Cdk13/m1a/imla
embryos). Statistical significance in cell number differences
between control and deficient mice were evaluated by unpaired
t-test.

E14.5 heart sections were pretreated in DAKO Target Retrieval
(32367, DAKO) solution for 15 min/97°C in water bath and
labeled using primary antibodies against actin (sc-1615-R,
Santa Cruz Biotechnology) and myosin (sc-32732, Santa Cruz
Biotechnology). To detect primary antibodies, secondary Alexa
Fluor antibodies (A11004, A11008, Invitrogen) were used. Nuclei
were counterstained by DRAQ5TM (62251, Thermo Scientific).
Images were captured on fluorescence confocal microscope
Leica SP8 (Leica).

Micro-Computed Tomography

(micro-CT)

The embryos at E13.5 or E15.5 were contrasted with Lugol’s
solution to visualize gross morphology of individual soft tissues
by microCT. For the purpose of motion stabilization during
the micro CT scan, mouse embryo was embedded in 1%
agarose gel in Falcon conical centrifuge tube. The micro-CT
scan was performed using - laboratory system GE Phoenix
v| tome|] x L 240 (GE Sensing & InspectionTechnologies
GmbH, Germany), equipped with a 180 kV/15W maximum
power nanofocus X-ray tube and high contrast flat panel
detector DXR250 2048 px x 2048 px with 200 pm x 200 pm
pixel size. The measurement was carried out in the air-
conditioned cabinet (21°C) at acceleration voltage of 60 kV
and X-ray tube current of 200 wA. Thousand nine hundred
projections were taken over 360° with exposure time 900 ms
resulting in 5.5 pm voxel resolution. The tomographic
reconstruction was realized by software GE phoenix datos|
x 2.0 (GE Sensing & Inspection Technologies GmbH,
Germany). Reconstructed slice data were processed using
VG Studio MAX 3.1 software (Volume Graphics GmbH,
Germany) and segmentation of liver, kidneys and heart was
completed manually.

Embryonic Ultrasound Imaging and
Doppler Echocardiography

Pregnant females were anesthetized on gestational day 14.5 or
15.5 (before noon) with an isoflurane/oxygen mixture (anesthesia
was initiated with 3-4%, and maintained with 1-2% isoflurane),
and maintained on a temperature-controlled mouse platform
(with sensors for monitoring of maternal electrocardiogram,
respiration and core body temperature). Maternal temperature
was maintained at 34-37°C, and maternal heart beat at ~400
beats/minute by adjusting the level of anesthesia. An incision of
about 2-3 cm in the lower abdomen was made, and a uterine horn
was externalized through the incision to provide imaging access.
The number of fetuses in right and left uterine horns was counted
from the mother’s bladder and later during echocardiographic
imaging, labeled as R1, R2, R3, etc (right side) and L1, L2,
L3, etc (left side). Pre-warmed ultrasound gel (37°C) without
bubbles was applied between the individual fetuses and the
transducer. B-mode imaging scanning of the whole embryo with
the focus on the heart and Color Doppler and PW Doppler
measurements for heart aorta and dorsal aorta were obtained
using a high-frequency ultrasound system (Vevo 2100, FUJIFILM
VisualSonics, Inc., Toronto, ON, Canada) equipped with a MS-
550S transducer operating at a center frequency of 44 MHz.
At the end of imaging of all fetuses, the mother was sacrificed
by cervical dislocation and a small piece of yolk sac of each fetus
was taken for genotyping.
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FIGURE S1 | Truncated form of CDK13 protein. (A) Predicted amino acid
sequence of truncated CDK13 protein due to transcriptional block mediated by
two Poly A sites introduced into the intron 2 as part of trap vector in mice bearing
Cdk13MM72 gliele. Black and Blue capital letters represent amino acids encoded
within Exon 1 and Exon 2 of Cdk13 gene, respectively. Predicted Molecular weight
of truncated CDK13 protein is 66.22 KDa (https://www.biocinformatics.org/sms/
prot_mw.html). (B) Brain extracts were prepared from E14.5 embryos of given
genotype and protein levels of wild-type and truncated form of CDK13 was
evaluated by Western Blotting. The antibody used throughout our study
recognizes N-terminal part of CDK13, which is expressed in both forms of Cdk13,
wild-type as well as truncated one. The Cak73+/* mice contained only the
wild-type CDK13 protein (WT-CDK13). The heterozygous Cak13!78/+ mice
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B-galactosidase in adult mouse organs (A) eye, (B) heart, (C) thyroid gland,
(D) urinary bladder, (E) kidney, (F) uterus, (G) gall bladder, (H) testes, and

(1) ovary.

FIGURE S7 | Sagittal sections through heads of Cdk13!™a" and Cdk13!™9 and
Cdk13™a’ and Cdk13™79 mice. High-contrast differentiation resolution by X-ray
computed microtomography where Lugol’s staining was used to visualize the soft
tissues. The Cak13imTa/tmia Cgk13tm1d/tm1d gng their littermate controls are
displayed at E13.5 to show overall developmental delay.

FIGURE S8 | Horizontal sections through heads of Cak13!ma" and Cak13m7d
mice. High-contrast differentiation resolution by X-ray computed microtomography
where Lugol’s staining was used to visualize the soft tissues. The Cak13im7a/tm7a,
Cak13tm1d/tm1d and their littermate controls are displayed at E13.5.
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Cak13MM79 transgenic mice.
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Role of ciliopathy protein TMEM107 in eye development:
insights from a mouse model and retinal organoid

Marija Dubaic™, Lucie Peskova®, Marek Hampl"? Kamila Weissova'®, Canan Celiker®, Natalia A Shylo*”, Eva Hruba,
Michaela Kavkova® Tomas Zikmund®, Scott D Weatherbee®’ @, Jozef Kaiser®, Tomas Barta">®, Marcela Buchtova™?®

Primary cilia are cellular surface projections enriched in recep-
tors and signaling molecules, acting as signaling hubs that re-
spond to stimuli. Malfunctions in primary cilia have been linked to
human diseases, including retinopathies and ocular defects.
Here, we focus on TMEM107, a protein localized to the transition
zone of primary cilia. TMEM107 mutations were found in patients
with Joubert and Meckel-Gruber syndromes. A mouse model
lacking Tmem107 exhibited eye defects such as anophthalmia and
microphthalmia, affecting retina differentiation. Tmem107 ex-
pression during prenatal mouse development correlated with
phenotype occurrence, with enhanced expression in differenti-
ating retina and optic stalk. TMEM107 deficiency in retinal orga-
noids resulted in the loss of primary cilia, down-regulation of
retina-specific genes, and cyst formation. Knocking out TMEM107
in human ARPE-19 cells prevented primary cilia formation and
impaired response to Smoothened agonist treatment because of
ectopic activation of the SHH pathway. Our data suggest TMEM107
plays a crucial role in early vertebrate eye development and cil-
iogenesis in the differentiating retina.

DOI 10.26508/1sa.202302073 | Received 4 April 2023 | Revised 27 September
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Introduction

The primary cilium is a cellular organelle that projects from the
surface of most cell types. It performs sensory, mechanical, and
signal processing functions, and regulates numerous critical de-
velopmental processes, including neurogenesis, skeletogenesis,
and kidney formation (Chang et al, 2015; Marra et al, 2016). Primary
cilia are also crucial coordinators of the Sonic Hedgehog (Shh)
pathway and other signaling processes (Huangfu et al, 2003;
Caspary et al, 2007; Wheway et al, 2018). During early eye devel-
opment, primary cilia are present on the surface of the optic
neurepithelium, surface ectoderm, and periocular mesenchyme
(Lupu et al, 2018). They also play an important role in the transport

of proteins involved in visual transduction in photoreceptors,
making ciliary signaling critical for both retinal structure formation
and retinal physiology in postnatal stages (Wheway et al, 2014).

A broad range of defects known as ciliopathies can result from
alterations in ciliary biogenesis or function (Lee & Gleeson, 2011).
These defects include ocular deformities, such as retinitis pig-
mentosa and macular degeneration in humans, and eye defects
observed in several mouse strains with ciliopathies (Badano et al,
2006; Gorivodsky et al, 2009; Qin et al, 2011; Cela et al, 2018). The
protein composition and function of cilia is precisely controlled
through a specialized domain located at the base of the cilium
known as the transition zone (TZ) (Goncalves & Pelletier, 2017).
TMEM107 is a protein located at the TZ that has been shown to
recruit ciliopathy-associated proteins such as MKS-1, TMEM-231
(JBTS20), and JBTS-14 (TMEM237) to this domain (Lambacher et al,
2016). The TMEM107 locus has recently been found to be mutated
in patients with Meckel-Gruber syndrome, Orofaciodigital syn-
drome, and Joubert syndrome (Iglesias et al, 2014; Shaheen et al,
2015; Lambacher et al, 2016; Shylo et al, 2016; Chinen et al, 2022).
These syndromes are associated with altered primary cilia mor-
phology and function, highlighting the role of TMEM107 in ciliary
function.

Human patients with TMEM107 mutations exhibit numerous
developmental defects, such as polydactyly or facial dysmorphic
features (lglesias et al, 2014; Lambacher et al, 2016; Shylo et al,
2016; Chinen et al, 2022). Mouse strains with mutationsin Tmem107
demonstrate similar defects to human patients, including extra
digits and a spectrum of craniofacial anomalies such as exence-
phaly, microphthalmia or skeletal defects in Tmem107°"' embryos
(Christopher et al, 2012). Tmem107"“"" mouse embryos display even
stronger phenotypes, including shorter snouts, expanded facial
midlines, cleft palates, and extensive exencephaly (Cela et al, 2018).
Whereas the association between Tmem?107 deficiency and cra-
niofacial defects has been previously described, the role of this
gene in eye development is not yet fully understood.

Here, we used mouse embryos, retinal organoids, and retinal cell
culture models to closely investigate the role of TMEM107 in eye
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development. We found that Tmem107 is specifically enriched in the
neural retina (NR) during mouse eye development. Its loss leads to
the distinctive ocular phenotypes associated with primary cilia
defects, including microphthalmia and anophthalmia; and altered
expression of crucial transcription factors involved in eye devel-
opment. TMEM107-deficient human retinal organoid model enabled
us to determine its role in the human retina, and it also allowed us
to study the role of this gene in neural retina formation without any
influence of surrounding or closely associated eye structures and
tissues including the brain or surface ectoderm. We found that
TMEM107-deficient retinal organoids largely corroborated the re-
sults from the mouse model, failing to form neural retina structures
and exhibiting primary cilia defects. Finally, using the retinal cell
culture model, we found that TMEM107 is critical for SHH signaling
and its loss aberrantly up-regulates the SHH pathway. Taken to-
gether, our findings suggest that TMEM107 plays a crucial role in eye
development and SHH signaling in both mice and humans, pro-
viding a better understanding of eye abnormalities that may po-
tentially lead to therapeutic interventions for related conditions.

Results

Loss of Tmem107 leads to distinctive ocular phenotypes in
mouse embryos

We used Tmem107~/~ mouse model to determine the function of
Tmem107 in eye development (Christopher et al, 2012). Mutant
embryos through all analyzed stages (E10.5-E15.5) exhibited a va-
riety of eye abnormalities (Figs 1A and S1A-F and Table S1) (Video 1
and Video 2). Heterozygous embryos did not exhibit an abnormal
phenotype. Two most frequently observed phenotypes included
complete loss of an eye (anophthalmia), observed in 33.3% of
examined mutants, and abnormally small eye (microphthalmia)
with 47% occurrence (Fig 1D). In nine examined cases, both phe-
notypes were present within the same embryo. In anophthalmic
animals, a small area of pigment residue was present, whereas
embryos exhibiting microphthalmia often displayed other defects,
such as total absence of the lens (aphakia) and/or optic nerve (ON)
hypoplasia (Fig 1A). The mice retina with microphthalmic phenotype
was smaller and elongated, compared with retina in WT animals.
Additional morphometric analyses performed using micro-CT ap-
proach revealed decreased retina volume and shortened ON in
mutant embryos (Fig 1B and C).

Tmem107 is highly expressed in the retina during
eye development

To investigate the role of Tmem107 in the development of specific
eye structures, we analyzed in situ expression of Tmem107 using the
RNAscope approach during critical stages of eye development
(E10-E15). At early stages of optic vesicle outgrowth (E10 and E11)
(Fig 2A and B), Tmem107 expression was detected in the bilayered
optic cup, where the inner layer represents the presumptive neural
retina (NR) and the outer layer will give rise to the retinal pigment
epithelium (RPE). Although Tmem107 expression was observed

TMEM107 in the eye development Dubaic et al.

throughout all these structures, the signal was particularly enriched
in the presumptive NR (Fig 2A""-F""), whereas the lens placode and
RPE layer exhibited lower expression (Fig 2A4-F and A"-F"). The
patterns of Tmem107 expression remained similar during later stages
(E12, E13), with the signal located in the anterior and posterior lens
epithelium (Fig 2C and D) and in the newly formed cornea (Fig 2C’' and
D’). At E13, the formation of a ganglion cell layer (GCL) is associated
with lower expression of Tmem107 compared with the rest of NR (Fig
2D"). Later, at E14 and E15, the neuroblast cell layer (NCL), which
contains neuronal progenitors, expresses high levels of Tmem107 (Fig
2E"" and F"), whereas differentiated neurons of GCL exhibit low
expression of this gene. Interestingly, Tmem107 mRNA expression in
the ciliary marginal zone (CMZ) was very low compared with the rest
of the NR (Figs 2F" and S2A-D). Thus, our findings indicate that
Tmem107 is strongly expressed during early stages of eye devel-
opment (E10-E15), particularly in the NR.

Key factors in eye development are altered in
Tmem107~/~ animals

To gain more insight into molecular changes caused by Tmem107
deletion, we analyzed in situ expression of key proteins involved
in eye patterning. Because the phenotypic analysis revealed
distinct anomalies affecting certain eye areas including retina,
lens, and optic stalk, we further focused on the evaluation of the
expression patterns of proteins that are critical for morpho-
genesis of the retina (PAX6, SOX2), the optic stalk (PAX2), and the
lens (SOX1). PAX6 and SOX2 are transcription factors associated
with anophthalmia and microphthalmia in humans (Matsushima
et al, 2011). Furthermore, SOX1 is a key regulator expressed in the
developing lens (Nishiguchi et al, 1998), and PAX2 has previously
been linked to the development of optic stalk and closure of optic
fissure (Bosze et al, 2021). Because it is well established that all of
these transcription factors are expressed at the early stages of
eye development, we performed the analyses at E10.5 and E11.5
(Fig 3). We observed altered expression of PAX6 (Fig 3A-A"
compared with Fig 3B-B"), PAX2 (Fig 3C-C” compared with Fig
3D-D") and SOX1 (Fig 3E-E” compared with Fig 3F-F") in Tmem107~/~
embryos already at E10.5 with more striking differences found at
E11.5 (Fig 3G-L). We analyzed the expression of PAX6, PAX2, and
SOX1in microphthalmia mutants because structures expressing
these proteins are missing in animals with anophthalmia, which
we also see in our mutants. Interestingly, SOX2 expression in
microphthalmic Tmem107”/~ mutants at E10.5 was still main-
tained in NR (Fig S3C-C” compared with Fig S3A-A") and pro-
found differences were found later at E11.5 (Fig S3F-F" compared
with Fig S3D-D"). In anophthalmic Tmem107~/~ mutants, the ex-
pression of SOX2 was reduced in the optic stalk, whereas in
the optic cup, it was completely lost at E10.5 and E11.5 (Fig S3B”
and E").

Moreover, the reduction of SOX1 expression was found in the
lens of microphthalmia mutants, whereas PAX2 and PAX6 were
down-regulated in the distal part of NR (Fig 3). In summary, our data
indicate that TMEM107 is important for early eye patterning in mice
and it may establish the proper expression of pivotal players during
crucial stages of the optic cup and stalk morphogenesis.
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Figure 1. Tmem107~/~ mutants display severe morphological defects in eye regions.

(A) Macroscopic pictures and HE-stained sections illustrating microphthalmia and anophthalmia in E10.5-E15.5 mutant embryos compared with WT. (B) Micro-CT
reconstruction of stage E15.5 WT and Tmem107~'~ eyes. Wall thickness is displayed as a color gradient from blue (the thinnest, 0 ym) to red (the thickest, up to 200 ym)
demonstrated in the color legend. (C) Graphical representation of changes in eye structure size at stage E15.5 measured from micro-CT scans (left—volume of eyes in mm?,
right—optic nerve length in mm) in Tmem107'/'embryos, Paired, nonparametric, two-tailed t test; ns, nonsignificant; *P < 0.05; **P < 0,01; ***P < 0,001; n = 3.(D) Variability

of an eye phenotype present in different stages of examined mutant specimens. RPE, retinal pigment epithelium; NR, neural retina; OS, optic stalk; ON, optic nerve. Scale
bars: macroscopic pictures = 700 um; hematoxylin-eosin (HE)-stained sections = 200 pym; micro-CT = 800 pm.
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Figure 2. Tmem107 expression during eye development.

(A, B, C, D, E, F) Representation of RNAScope signal for Tmem107 (shown in red) at low magnification in the whole eye at stages from E10 to E15. (A", A", A, A", B', B”, B,
", C,C",C”,C™ D,D", D", D" E,EE",E" F,F' F” F")Details of Tmem107 expression in lens, (A", B”,C", D", E", F") in ciliary marginal zone region, (A", B"",C", D",
E”, F") in optic stalk/optic nerve region (0S), (A", B"”,C"”, D" E"™, F"") and in the neural retina region. Nuclei are counterstained with DAPI (blue). NR, neural retina; RPE,
retinal pigment epithelium; GCL ganglion cell layer; NCL neuroblast cell layer; CMZ, ciliary marginal zone; * autofluorescent blood cells. Scale bar: lower power =150 pm;
higher power =15 um.
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Figure 3. Key players of eye development are altered in Tmem107~/~ animals at E10.5-E11.5.

(A,A”, A", B, B, B",C,C,C",D,D', D", E, E,E",F, F,F",G,G, G", H, H', H", |, ', 1", ], }, I, K, K, K", L, ', L") Inmunohistochemical detection of PAX6 (A, A", A", B, B',
B”, G, G, G", H, H', H"), PAX2 (C, C’,C", D, D", D", I, I' 1", ),),)""), and SOX1 (E, E', E", F, F', F", K, K', K", L, L', L") proteins in individual eye structures in £10.5 and E11.5
embryos. (A,A”,A”, B, B, B",C,C",C",D,D’, D", E, E,E",F,F,F’,G,G,G", H, H', H", I, ', 1", ), ), )", K, K', K", L, L, L") PAX6 (red) expression in the neural retina, lens,
pigment epithelium, and optic stalkin WT (A, A', A“, G, G’, G*) in comparison with Tmem107~/~ animals (B, B’, B”, H, H', H"). PAX2 (red) expression in optic stalk and
distal partof neural retina in WT (C,C’, C”, 1,1’,1”) in comparison with Tmem107~/~ animals (D, D", D", J, ', J”). SOX1(red) expression in lens vesicle of WT (E, £, E”') was
higher in contrast with Tmem107™/~ (F, F', F”) similar as in E11.5 WT (K, K, K”) in comparison with Tmem107~/~ mutants (L, L, L"). Nuclei are counterstained with DAPI.
NR, neural retina; RPE, retinal pigment epithelium; OS, optic stalk. Scale bar =200 pym.

TMEM107 deficiency leads to the failure of neural retina formation
in human retinal organoids

Given the striking retinal phenotype observed in Tmem107~~ an-
imals, we aimed to further test if the human TMEM107 gene is
essential for the development of the retina. We used retinal
organoids differentiated from hESCs as a model to closely inves-
tigate the roles for TMEM107 in human retinal development.
Moreover, this approach allowed us to evaluate the direct role of
TMEM107 in retinal differentiation without the effects of sur-
rounding or closely associated eye structures and tissues including
the brain or surface ectoderm.

We generated TMEM107™/~ hESCs using CRISPR/Cas9 approach
(Figs S4 and S5) and differentiated them into retinal organoids
using an already published protocol (Kuwahara et al, 2015; Peskova
et al, 2020; Celiker et al, 2023). Retinal organoids were analyzed at
day 30 (D30, early stage) and day 150 (D150, late stage) of the
differentiation process. Early differentiation steps during the retinal
organoid formation include the generation of NR epithelium

TMEM107 in the eye development Dubaic et al.

containing progenitors that give rise to photoreceptors (RAX+),
ganglion cells (VSX2+), and other cell types of the human retina,
whereas the late stage is characterized by photoreceptor matu-
ration (CRX+, RHODOPSIN+) and appearance of inner and outer
photoreceptor segments (Burmeister et al, 1996; Furukawa et al,
1997b; Irie et al, 2015).

At D30 of the differentiation process, WT organoids contained NR
epithelium, whereas TMEM107/~ organoids lacked NR epithelium
and contained cystic structures (Figs 4A and D and S&A-L). RT-
qPCR analysis confirmed that TMEM107/~ organoids failed to
generate NR, as demonstrated by significant down-regulation of
genes that are typically expressed in the developing NR structure
including RAX, PAX6, SOX2, and VSX2 (Fig 4B, top row) (Furukawa
et al, 1997a; Kozmik, 2008; Matsushima et al, 2011; Burmeister et al,
1996).

Interestingly, scanning electron microscopy (SEM) analysis
revealed that TMEM107~/~ organoids at D30 lack primary cilia on
their surface (Fig 4C). In addition, we confirmed the absence of
primary cilia using immunofluorescence staining of primary cilia
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marker ARL13B (Fig 4D). To reveal whether the absence of
TMEM107 leads to the impaired maturation of the retinal orga-
noids and failure to generate photoreceptors and other retinal
cell types, we cultured retinal organoids until D150. TMEM107~/~
retinal organoids at the late stage completely failed to generate
NR demonstrated by: (1) altered organoid morphology (Fig 4A),
(11) lack of photoreceptor outer segments demonstrated by SEM
and immunofluorescence staining for ARL13B (Fig 4C and E), (111)
significant down-regulation of photoreceptor markers (CRX,
RHODOPSIN, RCVRN) and retinal ganglion cell marker (MATHS5), as
demonstrated by RT-qPCR analysis (Fig 4B, bottom row). Inter-
estingly, Hematoxylin/Eosin staining of retinal organoid cross
sections revealed the presence of cysts and Oil Red O lipid
staining identified increased the presence of lipids in TMEM107-
deficient organoids (Fig S4).

To corroborate the phenotype of TMEM107~/~ organoids, we
used a different loss-of-function approach—the shRNA-mediated
knockdown of TMEM107 in human induced pluripotent stem cells
(hiPSCs). We generated lentiviral particles containing mCherry re-
porter and doxycycline (DOX)-inducible expression of shRNA for
TMEM107 down-regulation. Upon transduction, puromycin selec-
tion, and FACS sorting, hiPSCs and the generated retinal organoids
expressed mCherry reporter (Fig S6A and B). DOX was applied from
D2 of the differentiation process, and the retinal organoids were

TMEM107 in the eye development Dubaic et al.

Figure 4. TMEM107 is essential for human
retinal development.

(A) Morphology of retinal organoids at D30
and D150, as demonstrated using brightfield
microscopy. (B) Expression of retinal genes
at early stage (D30—upper row) and late stage
(D150—bottom row) of the differentiation
process in WT and TMEM107™/~ retinal
organoids, as demonstrated using RT-gPCR;
parametric paired, two-tailed t test; n = 3.
(C) Microphotograph of retinal organoid
surface (D30—upper row, D150—bottom row),
as demonstrated using SEM. Scale bars
represent 10 um. (D) Expression of PAX6
(green), ARL13B (red), RAX (green), and VSX2
(red) in WT and TMEM107”/~ retinal organoids
at D30, as demonstrated using
immunofluorescence staining. Nuclei are
counterstained with DAPI. (E) Expression of
ARL13B and CRX in WT and TMEM107~/~
retinal organoids, as demonstrated using
immunofluorescence staining. Nuclei are
counterstained with DAPI.

harvested and analyzed at D25. We found ~50% down-regulation of
TMEM107 gene expression as determined by RT-gPCR in the
presence of DOX (Fig S6C) that led to alterations in primary cilia
formation including extremely elongated or very short cilia with
expanded bulges in their tip (Fig S6D), cyst formation inside of the
organoids (Fig S6B), and failure to form NR structures in retinal
organoids (Fig S6E), thus corroborating the results generated using
the knock-out approach.

Taken together, our results indicate that the absence of TMEM107
leads to the following: (I) absence of primary cilia on early-stage
organoids and outer segments on late stage retinal organoids, (I1)
the down-regulation of retina-specific genes, (lll) the failure to
generate the NR structures and cell types in the human retinal
organoid model, (IV) the generation of organoid with cysts con-
taining lipids.

Tmem107~/~ animals have primary cilia defects in pigment
epithelium and neural retina

Primary cilia defect in different organs in Tmem107~/~ embryos
have been previously reported (Cela et al, 2018; Shylo et al, 2020).
However, the potential ciliary anomalies in the retina of these
animals remain elusive. To test whether Tmem107™/~ eye phe-
notype in the mouse model is associated with primary cilia
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Figure 5. Primary cilia in neural retina (NR) and retinal pigment epithelium (RPE) Labeling of primary cilia using ARL13B (red) ciliary protein.
(A,A",B,B,D,D,EE,G,G, H,H) In comparison with WT animals (A, A", D, D", G, G), reduced number and length of primary cilia in NR of E10.5 (B, B'), E11.5 (E, E'), and E12.5
(H, H) Tmem107”/~ compared with WT embryos. (C, €', F, F', I, I') Graphs representing difference in cilia number in WT (RCG, ratio of ciliated cells) and Tmem107~/~ NR (C, F, 1)
and difference in cilia length (um) in WT and Tmem107/~ NR (C, F, I'). (), J', K, K, M, M", N, N, P, P, Q, Q) Comparison of primary cilia in RPE area between WT (), J'; M, M'; P, P")
and Tmem107~/~ display reduced number and length of primary cilia in RPE of E10.5 (K, K'), E11.5 (N, N'), and E12.5(Q, Q). (L, L', 0, O’, R, R’) Graphs representing difference

in cilia number in WT and Tmem107~/~ RPE (L, O, R) and difference in cilia length in WT and Tmem107/~ RPE (L, ', R’). Nuclei are counterstained with DAPI. Scale bars: lower
magnification = 35 ym; higher magnification =5 ym. n = number of measured cilia; nonparametric unpaired two-tailed t test; ns, nonsignificant; *P < 0.05; **P < 0.01; ****P <

0.0001.

defects, we labeled cilia using anti-ARL13B antibody, counted the
number of ciliated cells, and measured the length of primary
cilia. We analyzed primary cilia in distinct eye structures with a
special focus on RPE and NR at developmental stages E10.5, E11.5
or E12.5. Analysis of the NR region revealed a reduced number of
primary cilia (RCC-ratio of ciliated cells) at stages E10.5 (Fig
5A-C), E11.5 (Fig 5D-F), and E12.5 (Fig 5G-I) associated with

TMEM107 in the eye development Dubaic et al.

significantly reduced cilia length at E10.5 (Fig 5C’) and E12.5 (Fig
5). In addition, the length of cilia was also reduced at E11.5, but
not with the statistical significance (Fig 5F). However, more
profound changes were observed in the RPE region, where we
found a decreased length and cilia number in all analyzed
samples of different developmental stages: E10.5 (Fig 5)-L’), E11.5
(Fig 5M-0’), and E125 (Fig 5P-R’). These data suggest that
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TMEM107 plays a role in cilia biogenesis in vivo and regulation of
ciliary length in the developing eye.

Loss of TMEM107 leads to aberrant SHH signaling in retinal cells

The evident association of primary cilia disruption with eye
phenotypes in all our TMEM107~/~ models prompted us to pro-
ceed with the analysis of the effects of TMEM107 loss at the
molecular level. Because the function of the Shh pathway fully
relies on the formation of primary cilium (Huangfu & Anderson,
2005), we aimed to closely investigate the effects of TMEM107 loss
on this signaling pathway. Retinal organoids do not represent
a suitable model to specifically address affected molecular
pathways in individual cells, because of the heterogeneity of
different cell types they contain, therefore it is challenging to
study signaling pathways using an organoid model. We, therefore,
used the ARPE-19 cell line, derived from retinal pigmented epi-
thelium, to address the effects of TMEM107 loss on the Shh
pathway by generating ARPE-19 TMEM107~/~ and TMEM107*/~ cell
lines, using CRISPR/Cas9 technology.

First, we assessed the expression of the crucial components of
the Shh pathway GLIT and PTCH1 using RT-qPCR. Whereas there
was no significant difference in PTCH1 expression between WT
and mutant cells, we detected ~15-fold up-regulation of GLI1
expression in TMEM107~/~ cells (Fig 6A), indicating an aberrant
activation of the Shh pathway in the absence of TMEM107. To
confirm the activation of the Shh pathway and to reveal whether
ARPE-19 cells possess the functional Shh pathway, we treated
the cells using Shh activator smoothened agonist (SAG). Upon
SAG treatment, WT and TMEM107*/~ cells up-regulated the ex-
pression of GLIT and PTCH1 by ~twofold, but TMEM107/~ cells
failed to up-regulate GLIT and PTCH1 (Fig 6B and C). Therefore,
high GLIT expression and no response to SAG treatment of
TMEM107~~ cells indicate that the Shh pathway is aberrantly
activated in TMEM107™/~ cells and that TMEM107 is critical for Shh
signaling.

The aberrant Shh signaling in TMEM107”/" cells could be
explained by altered primary cilia formation that we, indeed, also
observed in TMEM1077/" retinal organoids. To test this, we stained
ARPE-19 cells for the ciliary marker ARL13B. WT and TMEM107"/~
formed primary cilia, whereas TMEM107~/~ completely failed to form
these structures (Fig 6D and E). To test SHH activation, we used the
SAG treatment approach as described above, and assessed in situ
localization of other critical Shh players SMO and GLI2. Immuno-
fluorescence staining revealed that upon SAG treatment SMO lo-
calizes into the primary cilia and GLI2 becomes up-regulated and
localized into nuclei of WT and TMEM107"/~ cells. TMEM107~/~ failed
to form primary cilia and GLI2 was up-regulated even in the absence
of SAG (Fig 6D and E).

Previous studies showed down-regulated SHH in mice with
Tmem107 mutation (Christopher et al, 2012; Cela et al, 2018; Shylo
et al, 2020). However, because of distinct ciliary transmission
of SHH in different organs, both up-regulation and down-
regulation have been observed in different tissues of the de-
veloping embryo (Burnett et al, 2017). In models that lack primary
cilia, an up-regulation of SHH has been observed in the em-
bryonic retina (Burnett et al, 2017). To test how the altered

TMEM107 in the eye development Dubaic et al.

morphology of primary cilia affected Shh signaling in the mouse
model, we analyzed the expression of SHH protein and Ptch7 RNA
at stage E12.5 (Fig 7). Whereas in WT eyes, SHH localized to
discrete regions in the distal part of the eye (Fig 7A’), Tmem107™/~
animals exhibited higher expression of this ligand in proximal
and distal parts of the NR and in optic stalk (Fig 7B). The dif-
ferences were most prominent in the lens and the optic stalk
regions (Fig 7B and B”). On the contrary, RNAScope analysis of
Ptch1 revealed no distinct changes in its expression in the eyes
of E12.5 mutant animals (Fig 7D-D"), as compared with WT (Fig
7C-C"). These data demonstrate that although the expression of
SHH was elevated, decrease in primary cilia keeps the pathway
dysfunctional in mice mutants.

Taken together, our results indicate that the absence of
TMEM107 leads to the following: (1) failure to form primary cilia in
retinal pigmented epithelial cells, (I1) aberrant up-regulation of
the Shh pathway demonstrated by the up-regulation of GLI7, GLI2,
and GLI3 FL, (I11) incapability of TMEM107~/~ cells to respond to SAG
treatment, because lack of cilia, and (IV) increased level of SHH
ligands in vivo.

Discussion

Ciliopathies are a group of genetic disorders characterized by
defects in the structure and function of cilia, which are hair-like
organelles present on the surface of many cells. Previous research
has shown that ciliopathy proteins are important for a variety of
developmental processes, including eye development (Waters &
Beales, 2011). The protein TMEM107 has been previously implicated
in ciliopathy-associated eye abnormalities (Christopher et al, 2012).
However, the specific mechanisms by which TMEM107 functions in
eye development and the wide range of ocular abnormalities as-
sociated with its deficiency have not been fully elucidated.

Here, we used mouse embryos, retinal organoid, and retinal cell
culture models to closely investigate the role of TMEM107 in eye
development. We found that (I) TMEM107 is specifically and strongly
expressed in NR of the developing eye; (I1) loss of TMEM107 leads to
distinctive ocular phenotypes including anophthalmia and micro-
phthalmia associated with a truncated ON; (Ill) the expression of
crucial genes in eye development is altered in the absence of
TMEM107; (IV) TMEM107 is critical for ciliogenesis and Shh signaling,
and its absence leads to the disruption of primary cilia and aberrant
Shh signaling; and (V) TMEM107 deficiency is associated with the
generation of cysts.

All examined Tmem107”/~ mouse mutants manifested eye mal-
formations including anophthalmia and microphthalmia. Interestingly,
similar phenotypes have been observed in humans. Patients who
appear as homozygotes or compound heterozygotes for TMEM107
mutant allele have been diagnosed with Joubert (JS), Meckel-
Gruber (MKS) or orofaciodigital syndrome (OFD) (Iglesias et al, 2014;
Shaheen et al, 2015; Lambacher et al, 2016; Shylo et al, 2016; Chinen
et al, 2022). All abovementioned syndromes have been recognized
as ciliopathies associated with eye defects like anophthalmia,
microphthalmia, retinal defects, coloboma or lid anomalies (Hartill
et al, 2017; Hartill et al, 2017). Patients with TMEM107 pathological
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Figure 6. Loss of TMEM107 leads to aberrant
Shh signaling in retinal cells.
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variants were diagnosed with a stronger phenotype in case of MKS
with bilateral anophthalmia (Shaheen et al, 2015), and milder
phenotypes with OFD and )BT with oculomotor apraxia and reti-
nopathy (Lambacher et al, 2016), and OFD with strabismus (Chinen
et al, 2022). Severity of exhibited symptoms seems to be correlated
with the type of patients” mutations. In the case of two OFD patients,
the sequencing analysis detected a homozygous missense variant,
whereas in the Joubert syndrome patient, a compound heterozy-
gous mutation containing a frameshift deletion and an in-frame
deletion was discovered (Lambacher et al, 2016). On the other hand,
the patient carrying one intronic base pair insertion causing
frameshift and premature protein truncation developed more
severe defects (Shaheen et al, 2015). Similarly, in ciliopathic mice,
different eye defects have been described (Burnett et al, 2017; Fiore
et al, 2020). Homozygotic hypomorphic Tmem107°"¢" mouse em-
bryos develop milder phenotype-microphthalmia (Christopher
et al, 2012), whereas mutant mice used in this study exhibit more
severe eye defects when compared with those containing hypo-
morphic alleles. We have shown that all of the examined mutants
manifest eye malformations with the most severe form—anophthalmia
(33% mutants). One of the reasons why all of the examined Tmem?107-
deficient embryos develop severe phenotypes whereas milder defects
are observed in humans could be because of differences between
species and the fact that our models exhibit total lack of TMEM107

TMEM107 in the eye development Dubaic et al.

protein. Although mutations occurring in humans could lead to ex-
pression of a truncated version of the protein, which still partially
retains the function, the complete loss of the protein may lead to more
severe consequences. Another fact to be considered is that human
embryos carrying TMEM107 mutations die at early pregnancy and are
not being diagnosed. Interestingly, Tmem107/~ mice display ON hy-
poplasia, which can also occur in patients with Meckel-Gruber syn-
drome (MacRae et al, 1972). Furthermore, these mutants were shown to
have other defects such as exencephaly, polydactyly, and cleft palate,
which are observed in human TMEM107 homozygotic patients and are
also often present in other ciliopathic cases (Waters & Beales, 2011).
Animals carrying only one mutated Tmem107 allele do not exhibit any
obvious phenotype which corresponds to findings on human patients’
parents who do not develop any of the symptoms present in children
(Cela et al, 2018).

Given the striking eye phenotype in Tmem107~/~ mouse embryos
and the lack of current knowledge about in situ Tmem107 ex-
pression in developing eye structures, we aimed to assess Tmem107
expression during eye development. We found an elevated Tmem107
expression in the presumptive NR. High Tmem107 expression in NR
and micro-/anophthalmia phenotypes in the absence of this gene
indicates a critical role for Tmem107 in the development of the NR.
Because eyes develop as brain evaginations, one could note that the
observed eye phenotypes could be a consequence of not properly
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Figure 7. Expression of HH pathway members in E12.5 Tmem107~/~ animals.

Ptch1/DAPI

(A, A", A", B, B, B") Immunostaining of WT embryos (A, A, A”) and Tmem107~/~ (B, B', B”) revealed higher expression of SHH (red) protein in neural retina of Tmem107-
deficientanimals. (C, €', €”, D, D, D) WT embryos (C, C, C") exhibits revealed higher expression of Ptch1(green) mRNA in lens and neural retina in Tmem107”/~(D, D', D”) as

analyzed by RNAScope. Nuclei are counterstained with DAPI. Scale bar = 100 ym.

developed brain rather than “stand alone” phenomena. To address
this question, we performed 3D in vitro experiments using a human
retinal organoid model. The retinal organoid system provided us
not only the opportunity to examine the effects of TMEM107 loss on
retinal development without any possible influence of other tissues
and structures, but also to study the role of this gene in humans.
Similarly, as in the mouse model, retinal organoids generated from
TMEM107 knock-out hESCs were unable to form the NR.

Early morphogenesis of the eye is characterized by distinctive
spatial and structure specific expression of different transcription
factors. SOX2 expression is detected in presumptive eyes from the
early developmental stages (Kamachi et al, 1998) and has multiple
roles during eye maturation. Importantly, it has been demon-
strated that retinal progenitor cells with conditionally ablated SOX2
lose competence to both proliferate and terminally differentiate
(Taranova et al, 2006). Interestingly, we found profound differences of
SOX2 expression between anophthalmic and microphthalmic mu-
tants at E11.5 (Fig S3). This could be explained by the different
molecular mechanisms driving the expression of SOX2 at different
stages of eye development and as a consequence of losing SOX2
expression in the optical cup leading to inability of retinal cells to
proliferate and differentiate in the absence of TMEM107 protein. SOX1
is a transcription factor that plays an important role in eye devel-
opment. During early stages, SOX1 is expressed in the optic stalk,
presumptive retina, and lens, whereas at later stages, its expression
is restricted to lenses where it plays a critical role in y-crystallin
production (Nishiguchi et al, 1998). In Tmem107”/~ mutants, we ob-
served a loss of SOX1 in the lens area, whereas presumptive retina
and optic stalk remain positive at E10.5 (Fig 3). TMEM107-deficient
human retinal organoids largely support this scenario and do not
express all these transcription factors or in different extents (Fig S6).

Previous analysis of Tmem107~~ animals revealed reduced cil-
jogenesis in mesenchymal cells associated with altered morphology
of primary cilia (Cela et al, 2018; Shylo et al, 2020). These findings
corroborated the results previously reported in Tmem107°"€' mice

TMEM107 in the eye development Dubaic et al.

and in fibroblasts derived from human patients (Christopher et al,
2012; Shaheen et al, 2015; Shylo et al, 2016). Similar to already
published studies, our data revealed profoundly reduced cilio-
genesis in NR and RPE cells in mice mutants. However, the length of
primary cilia was significantly reduced in all eye regions examined,
which is in agreement with our observations in the nodal cilia of
Tmem107 null animals (Shylo et al, 2020), however in contrast with
the previous findings showing elongation of some primary cilia
in fibroblasts of both Tmem107"“!" and Tmem107°¢"¢' mutants
(Christopher et al, 2012; Cela et al, 2018) and on fibroblasts
derived from patients (Shaheen et al, 2015; Shylo et al, 2016).
The distinct ciliary phenotype in different tissues indicates
tissue-specific requirements of TMEM107 for ciliogenesis. This
might be even more specific for the eye area with the elevated
TMEM107 expression.

Importantly, TMEM107~~ organoids form cysts containing lipids
and accumulated liquid inside. Cysts are typically formed in nu-
merous organs of ciliopathic patients, including polycystic kidneys
(Wilson, 2004). Liquid accumulation during the cyst initiation is
usually caused by the altered function of gated channels, com-
monly presentin ciliary membrane and at the ciliary base bordering
with the TZ, where TMEM107 is localized (Gallagher et al, 2006; Slaats
et al, 2015). For example, in the retinoschisis organoid model, a
protein NPHP5 that typically localizes to the TZ was down-regulated
resulting in reduced ciliogenesis and generation of congenital
retinal cysts by splitting of inner layers of the peripheral retina
(Tantri et al, 2004; Huang et al, 2019). Importantly, the loss of ad-
hesion in the cystic retinal organoid model also represents a
common mechanism of renal cyst development (van Adelsberg,
2000; Roitbak et al, 2004; Huang et al, 2019). Interestingly, despite
the fact that neural retina is not properly developed in Tmem107-
deficientanimals and retinal organoids, small pigment residues are
still formed in both models. This is fully in line with the current
understanding of eye development, as RPE differentiation is reg-
ulated by Wnt signaling that does not fully rely on a functional
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primary cilium (Eiraku et al, 2011), although some crosstalk between
Wnt and SHH pathways has been documented (Wiegering et al,
2019).

SHH pathway is known to regulate ocular development in humans
and mice (Cavodeassi et al, 2019). Anophthalmic and microphthalmic
eye phenotypes and other defects in Tmem107~~ mice suggest an
altered activation of the SHH pathway. In fact, we found elevated
expression of SHH ligand despite a reduced number of primary cilia
in Tmem107-deficient animals. This implies the possibility of ciliary
involvement in the negative regulation of Shh gene expression or
altered functionality of the remaining primary cilia. Indeed, the role
of SHH in the regulation of dorso-ventral patterning of an optic cup
has been also described (Zhao et al, 2010). SHH induces Pax2 ex-
pression, PAX2 then binds the a-enhancer to antagonize Pax6 ex-
pression in the ventral optic vesicle (Chiang et al, 1996; Heavner &
Pevny, 2012). Here, we have shown down-regulated PAX6 in proximal
optic cup regions at early developmental stages (E10.5 and E11.5),
which is probably a consequence of elevated SHH levels in the
absence of primary cilia. Moreover, it points to the fact that
microphthalmia in Tmem107”/~ animals is likely caused by down-
regulated Pax6, whereas anophthalmia is rather caused by altered
expression of Sox2. Nevertheless, our analyses of differentiation
stages revealed a strong down-regulation of Pax6 in the retina, which
might be the consequence of partially restored function of remaining
cilia in the retina or as a result of interrupted communication be-
tween developing tissues in the eye.

Recent studies have determined the association between pri-
mary cilia and early eye development. Mouse models lacking crucial
ciliary proteins have aberrant or no primary cilia, exhibit patterning
defects, and abnormal eye morphology induced by ectopic acti-
vation of SHH signaling (Burnett et al, 2017). Furthermore, loss of
ciliary gene Arl13b in mice produced a distinct eye phenotype
characterized by an inverted optic cup (Fiore et al, 2020). These eye
phenotypes were associated with aberrant SHH signaling and were
rescued by Gli2 deletion (Burnett et al, 2017; Fiore et al, 2020). We
observed aberrantly activated Shh pathway with up-regulated SHH
in mice and up-regulated GLI1/2 in human ARPE-19 cells. In ad-
dition, because of the aberrantly activated Shh pathway, TMEM107~/~
human cells are not able to further up-regulate Shh downstream
molecules. These data suggest a mechanism for Shh signaling in
eye development, whereby eye development is probably driven by
the repressive Gli transcription factor signaling, rather than their
transcription-activating roles.

Thus far, all described stem cells were found to have primary
cilia (Yanardag & Pugacheva, 2021). The primary cilium displays a
critical role in regulating stemness and primary cilia-dependent
signaling is required for MSCs' proliferation and pluripotency
(Yanardag & Pugacheva, 2021). Previous research has shown
correlation between high doses of Sox2 and repression of pro-
liferative genes in slow-cycling stem cells (Hagey & Muhr, 2014)
and the expression of stem cell marker Sox2 is down-regulated
after the deciliation (Ma et al, 2020). In contrast, upon differen-
tiation, reduction of Sox2 levels is needed for cyclin D1-dependent
entrance of rapidly dividing states (Hagey & Muhr, 2014). Fur-
thermore, ciliary disassembly is needed to release brakes on G1/S
transition for cells to enter into a fast proliferating state (Izawa
et al, 2015). Our data reveal overlapping expression patterns of
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Tmem107 and Sox2 genes in NR (Figs S2 and S3). Both of them are
abundantly present in pluripotent neuroepithelial cells and
down-regulated in differentiating GCL cells (Taranova et al, 2006;
Zhang & Cui 2014). Furthermore, we have shown positive corre-
lation between Tmem107 absence and SOX2 down-regulation,
suggesting that SOX2 role in maintaining pluripotency could be
directly regulated by TMEM107. Interestingly, CMZ exhibits no
expression of SOX2 together with very low expression of Tmem107
(Fig S2). This area generates new neurons that are incorporated
intothe retina as it enlarges continually throughout the lifetime of
an animal (Harris & Perron, 1998; Reh & Levine, 1998). This pe-
ripheral area of the adult eye may also contain retinal stem cell
pools (Ahmad et al, 2000; Tropepe et al, 2000; Coles et al, 2006).
These findings further confirm a key role of TMEM107 in differ-
entiation of neural retina and also suggest that SOX2 regulation
specifically requires TMEM107.

In conclusion, our results enhance the understanding of de-
velopmental processes in ciliopathies where ocular phenotypes
occur and help us gain deeper knowledge into the mechanisms
involved in primary cilia function during morphogenesis of eye
structures. Our findings give insight into the relationship between
primary cilia-mediated signaling and eye development, revealing
reduced ciliogenesis and aberrant Shh signaling as the cause of
anophthalmic and microphthalmic phenotypes and could expand
diagnostic tools for these diseases in humans by classifying
Tmem107 as one of the diagnostic markers. Furthermore, we in-
troduce retinal organoids as a useful tool to study mechanisms of
primary cilia disruption and for the testing of potential therapeutic
approaches to treat ciliopathy-related diseases.

Materials and Methods

Animals

Embryos of mice containing Tmem107™! allele were generated as
described previously (Tang et al, 2010; Christopher et al, 2012). The
details on the generation of the mutant can be found via the
MMRRC strain information page (https://www.mmrrc.org/catalog/
sds.php?mmrrc_id=32632). Targeted or gene trap mutations were
generated in strain 129/SvEvBrd-derived embryonic stem (ES) cells.
The chimeric mice are bred to C57BL/6J albino mice to generate F1
heterozygous animals. All of the mouse husbandry was performed
in accordance with Yale's Institutional Animal Care and Use Com-
mittee guidelines.

Immunofluorescent staining on paraffin-embedded sections
of mice

Embryonic mouse samples were collected (Table S2) and fixed in
4% paraformaldehyde overnight and then processed for paraffin
embedding and sectioned in transversal planes. Before immuno-
fluorescent analysis, sections underwent the xylene/ethanol series
for deparaffinization and rehydration. For antigen retrieval, 0.1 M
sodium-citrate buffer pH6 with 0.04% Tween was used. Retrieval
was performed under 98°C for 25 min.
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Sections were incubated with primary antibodies (Table S3) for
1 h at room temperature and subsequently with the following
secondary antibodies for 1 h at room temperature: anti-mouse
Alexa Fluor 488 (1:200, cat. No. A11001), anti-mouse Alexa Fluor 568
(1:200, cat. No. A11004), anti-rabbit Alexa Fluor 488 (1:200, cat. No.
A11008), and anti-rabbit Alexa Fluor 594 (1:200, cat. No. A11037; all
Thermo Fisher Scientific). Sections were washed in PBS and cov-
erslipped in Fluoroshield with DAPI (cat. No. F6057; Sigma-Aldrich,
Merck). The pictures were taken under a fluorescence microscope
Leica DM LB2 (Leica) and the Leica SP8 confocal microscope (Leica).
Individual images were assembled into Figures in Adobe Photoshop
5.0. Pictures of wild-type and mutant specimens were taken under
the same microscope settings.

Immunofluorescent staining of organoids

For frozen sections staining, organoids were fixed in 4% parafor-
maldehyde for 30 min at room temperature, washed with PBS,
cryopreserved in 30% sucrose (16104; Sigma-Aldrich) in PBS over-
night at 4°C, embedded in Tissue-Tek O.C.T. Compound medium
(Sakura) and sectioned on a cryostat (CM1850; Leica) with thickness
of slides ~10 um. For cells grown on coverslips, cells were fixed in 4%
paraformaldehyde for 15 min at room temperature. Samples were
washed with PBS and blocked in a blocking buffer (PBS with 0.3%
Triton X-100 [T8787; Sigma-Aldrich] and 5% normal goat serum
[G9023; Sigma-Aldrich]) for 1 h at room temperature in a humidified
chamber. The primary antibodies were diluted in antibody diluent
(PBS with 0.3% Triton X-100 and 1% bovine serum albumin [A9647;
Sigma-Aldrich]) and applied to the sections overnight at 4°C in a
humidified chamber. List of primary antibodies is provided in Table
S3. The sections were washed with antibody diluent and a sec-
ondary antibody (anti-Mouse AlexaFluor 488; Thermo Fisher Sci-
entific, 1:1,000 and anti-rabbit AlexaFluor 594; Thermo Fisher
Scientific, 1:1,000) was applied for 1 h at room temperature in a
humidified chamber. The nuclei were stained with 1 ug/ml DAPI in
PBS for 4 min at room temperature and the sections were mounted
using Fluoromount Aqueous Mounting Medium (F4680; Sigma-
Aldrich). Sections were scanned using Zeiss LSM 880 confocal
microscope and files were processed using ZEN Blue Edition
software (Zeiss).

In situ gene expression analysis using RNAScope technique

The embryos were fixed in 4% PFA for 24-36 h and proceeded for
dehydration in an ethanol series. After embedding in paraffin, 5-um
transverse sections were obtained. The sections were deparaffi-
nized in xylene and dehydrated in 100% ethanol. To detect mRNA
expression of Tmem107 (805841; ACD Bio) and Ptch1 (476231; ACD
Bio) in mouse embryos, we used the RNAScope R Multiplex Fluo-
rescent v2 Assay kit (Cat. No. 323 110; ACD Bio) for formalin-fixed
paraffin-embedded tissues according to the manufacturer's in-
structions. All reactions were performed at 40°C in the HybEZTM Il
Oven (ACD Bio). Visualization of hybridized probes was done using
the TSA-Plus Cyanine 3 system (NEL744001KT; Perkin-Elmer),
according to the manufacturer's protocol. DAPI (cat. n. 323 108;
ACD Bio) was used for nuclear staining. Pictures were taken with a
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fluorescence microscope Leica DM LB2 (Leica) and the Leica SP8
confocal microscope (Leica).

CRISPR/Cas9-mediated gene editing

Cells were transfected with a PX458 vector containing gRNA se-
quences for TMEM107 knockout. The pSpCas9(BB)-2A-GFP (PX458)
was a gift from Feng Zhang (Plasmid #48138; Addgene; http://
n2t.net/addgene:48138; RRID:Addgene_48138). gRNA was designed
using Benchling [Biology Software] (2021), retrieved from https://
benchling.com, to target the Ncol restriction site (Fig S7A) in the
first exon of TMEM107 (FWD: CACCGAAGCCCTGAGACCCGGCCCA, REV:
2aacTGGGCCGGGTCTCAGGGCTTC). 48 h after transfection, GFP-positive
cells were bulk FACS-sorted using BD FACS Aria. Then, the cells were
transfected for the second time and individual clones were gen-
erated using single-cell FACS sorting. Selected clones were screened
by PCR using the following primers flanking the first TMEM107 exon
(FWD: CTAGATTTGTCGGCTTGCGG, REV: GCAGGGTAGGACTAGGACCA). PCR
products were digested using the Ncol restriction enzyme (Fig S7B
and Q). Clones that lacked the Ncol restriction site were selected for
the final next-generation sequencing screen using the Illumina
platform (Malcikova et al, 2015) and compared with the wild-type
sequence (Figs S8 and S9).

shRNA-mediated gene knockdown

DNA sequences for shRNA-mediated TMEM107 down-regulation
were designed using a web tool (Gu et al, 2014). Generated sequences:
ShRNA-TMEM107-F: CCGGGACATTAAGACTTATATAAtaacctgacccattaTTA-
TATAAGTCTTAATGTCTTTTTG, ShRNA-TMEM107-R: AATTCAAAAAGA-
CATTAAGACTTATATAAtaatgggtcaggttaTTATATAAGTCTTAATGTC  were
cloned into a lentiviral vector containing DOX-inducible U6 pro-
moter and TetRep-P2A-Puro-P2A-mCherry (Eshtad et al, 2016)
(vector kindly provided by Mikael Altun). Lentiviral particles were
generated as described previously (Barta et al, 2016; Peskova et al,
2019, 2020) using pMD2.G (#12259; Addgene) and psPAX2 (#12260;
Addgene) (gift from Didier Trono, Ecole Polytechnique Fédérale de
Lausanne, Lausanne, Switzerland). We generated non-clonal hiPSC
lines using fluorescent activated cell sorting of mCherry-positive
hiPSCs. After transduction, at least 5,000 mCherry-positive hiPSCs
were sorted using BD FACSAria (BD Biosciences). Generated cell lines
were then propagated in the presence of puromycin (1 ug/ml). DOX
0.5 pg/ml was applied from day (D)2 to D25 of the differentiation of
retinal organoids.

Analysis of primary cilia length

Ciliary axonemes were visualized using ARL13B immunostaining as
described above. Imaging was performed with a Leica SP8 laser
scanning microscope using the 63xoil objective, and image ac-
quisition was performed using LAS X software (Leica). Image data
were acquired as Z-stacks of images and a 0.3-ym distance sep-
arated neighboring Z-sections. Cilia length measurements were
done using the Imaris Cell module (Imaris v9.5; Oxford Instruments)
using the methodology of fitting an ellipsoid into the surface
analysis to obtain ellipsoid axis length. Statistical analyses were
performed using a two-tailed t test.
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Generation of retinal organoids

Retinal organoids were generated from human embryonic stem
cells (hESCs) (H9 cell line, WiCell Bank) or hiPSCs (M8 cell line,
[Peskova et al, 2020]), according to the protocol described
elsewhere (Kuwahara et al, 2015; Peskova et al, 2020) with small
modifications. Briefly, cells in E8 medium were seeded into a
U-shaped, cell-repellent 96-well plate (5,000 cells/well) (Item
No: 650970; Cellstar, Greiner) in the presence of 20 uM ROCK
inhibitor (Y-27632; STEMCELL Technologies). After 48 h (Day 0 of
the differentiation process) the culture medium was changed to
gfCDM (Kuwahara et al, 2015) (45% IMDM [Item No: 21980-032;
Gibcol], 45% Hams F12 [F12, Item No: 21765-029; Gibco], 10%
KnockOut Serum Replacement [Item No: 10828-028; Gibco], 1%
chemically defined lipid concentrate [Cat. No. 11905-031; Gibco],
1x penicillin-streptomycin solution [Item No: XC-A4122; Biosera],
10 uM B-mercaptoethanol [Item No: M3148; Sigma-Aldrich]). On
day 6, recombinant human BMP4 (Peprotech) was added to the
culture to the final concentration 2.2 nM and then the medium
was changed every third day. On day 18 of the differentiation
process, gfCDM was changed to a NR medium (DMEM/F12 [Item
No: 21331-020; Gibco], 1% N-2 supplement [Item No: 17502007;
Gibcol, 1% GlutaMAX supplement [Item No: 35050061; Gibco], 10%
FBS [Item No: FB-1101; Biosera], 0.5 M retinoic acid [Item No:
R2625; Sigma-Aldrich], 0.1 mM taurine [Item No: T8691; Sigma-
Aldrich], 1x penicillin-streptomycin solution [Item No: XC-A4122;
Biosera]).

Cell cultures and their treatments

ARPE-19 (ATCC - American Type Culture Collection) cells were
cultured in media Knockout DMEM (Invitrogen, Life Technologies
Ltd.), containing 10% FBS, 1x GlutaMAX (Invitrogen, Life Technologies
Ltd.), 1x MEM nonessential amino acid solution (Invitrogen, Life
Technologies Ltd.), 1x penicillin/streptomycin (PAA), and 10 uM
B-mercaptoethanol (Sigma-Aldrich). The cells were incubated at
37°C/5% CO, and regularly passaged using trypsin (Sigma-Aldrich).
For the small-molecule agonist of the Shh-Smo pathway (SAG)
treatment, confluent ARPE-19 cells were cultured 24 h in the
presence of 1 uM SAG (Tocris) without FBS and harvested or fixed for
downstream processing. H9 hESCs and M8 hiPSCs were cultured in
Essential 8 Medium (Invitrogen, Life Technologies Ltd.) on cell
culture dishes coated with vitronectin and regularly passaged using
0.5 mM EDTA in PBS.

Gene expression analyses by RT-qPCR

ARPE-19 cells were washed with PBS and harvested into 1 ml of RNA
Blue Reagent (an analog of Trizol) (Top-Bio). For retinal organoid
analysis, at least eight organoids were washed with PBS and ho-
mogenized using a 1 ml insulin syringe in 1 ml RNA Blue Reagent.
RNA was isolated using chloroform extraction, and then reverse-
transcribed using a High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). The RT product was amplified by real-time
PCR (Roche LightCycler 480 PCR instrument) using PowerUp SYBR
Green Master Mix (Applied Biosystems TM). Primer sequences are
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shown in Table S4. All experiments were performed using at least
three independent replicates.

Micro-CT analyses

Before micro-CT scan the samples of E15.5 mouse embryos were
dehydrated in the alcohol grades (30%, 50%, 70%, 80%, and 90%).
The samples were then stained in the solution of 1% iodine in 90%
MeOH to enhance the contrast of soft tissue. For the purpose of
motion stabilization during the scan, the embryos were embedded
in 1% agarose gel in a 2-ml Eppendorf tube.

The micro-CT scanning was performed using laboratory system
GE phoenix v|tome|x L 240 (Waygate Technologies), equipped with a
180 kV/15W maximum power nanofocus X-ray tube and high-
contrast flat panel detector dynamic 41100 (dimension - 4,048 x
4,048 pixels, with pixel size of 100 ym). The measurements were
carried out in an air-conditioned cabinet (21°C). The tomographic
reconstruction was performed using the software GE phoenix
datos|x 2.0 (Waygate Technologies, Germany). The measurements
were acquired with the following settings: acceleration voltage 60
kV, X-ray tube current 200 pA, exposition time was 900 ms, 2,200
images were taken over the 360° rotation, and voxel resolution of
3.6 ym.

The manual segmentation of the eyes was carried out using Avizo
9.5 software (Thermo Fisher Scientific). All 3D visualizations, mea-
surements, and specialized analyses were performed in VG Studio
MAX 2022 software (Volume Graphics GmbH).

The wall thickness analysis was performed in the VG Studio
software. The analysis is based on fitting the spheres in the 3D
space into the defined object of the eye. The larger the space in
between the walls of the object in 3D can fit a larger sphere. The
quantification of this analysis is showing the count of the voxels
(voxel = 3D pixel) with the appointed wall thickness.

The optic stalk length was measured with the polyline tool. This
tool enables the length measurement of the not-straight objects by
placing the individual points defining the line alongside the shape
of the measured object. The volumes of the segmented eyes were
measured in the VG Studio software.

SEM

SEM was performed as described previously (Peskova et al, 2020).
Briefly, the organoids were fixed with 3% glutaraldehyde ina 0.1 M
cacodylate buffer, then washed three times with 0.1 M cacodylate
buffer, dehydrated using ascending ethanol grade (30, 50, 70, 80, 90,
96, and 100%), and dried in a critical point dryer (CPD 030; BAL-TEC
Inc.) using liquid carbon dioxide. The dried organoids were sput-
tered with gold in a sputter coater (SCD 040; Balzers Union Limited)
and observed in a scanning electron microscope (VEGA TS 5136 XM;
Tescan Orsay Holding) using a secondary emission detector and a
20-kV acceleration voltage.

Statistical analysis
All results are expressed as means + SD of three replicates for each

condition. For the testing of normal distribution, Shapiro-Wilk test
was used and data were further compared by either paired in case
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of RT-qPCR and micro-CT analysis or nonparametric unpaired two-
tailed t test in case of primary cilia length measurements and
Western blot analyses. Differences were considered to be signifi-
cant at P < 0.05.

Data Availability

Materials described in the article, including all relevant raw
data, will be freely available to any researcher wishing to use
them for noncommercial purposes, without breaching partici-
pant confidentiality.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
202302073.
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Abstract

A broad spectrum of human diseases called ciliopathies is caused by defective primary cilia morphology or signal transduction. The
primary cilium is a solitary organelle that responds to mechanical and chemical stimuli from extracellular and intracellular environments.
Transmembrane protein 107 (TMEMI07) is localized in the primary cilium and is enriched at the transition zone where it acts to
regulate protein content of the cilium. Mutations in TMEM[07 were previously connected with oral-facial-digital syndrome, Meckel-
Gruber syndrome, and Joubert syndrome exhibiting a range of ciliopathic defects. Here, we analyze a role of Tmem/07 in craniofacial
development with special focus on palate formation, using mouse embryos with a complete knockout of Tmem107. Tmem 07"~ mice
were affected by a broad spectrum of craniofacial defects, including shorter snout, expansion of the facial midline, cleft lip, extensive
exencephaly, and microphthalmia or anophthalmia. External abnormalities were accompanied by defects in skeletal structures, including
ossification delay in several membranous bones and enlargement of the nasal septum or defects in vomeronasal cartilage. Alteration in
palatal shelves growth resulted in clefting of the secondary palate. Palatal defects were caused by increased mesenchymal proliferation
leading to early overgrowth of palatal shelves followed by defects in their horizontalization. Moreover, the expression of epithelial
stemness marker SOX2 was altered in the palatal shelves of Tmem /07~ animals, and differences in mesenchymal SOX9 expression
demonstrated the enhancement of neural crest migration. Detailed analysis of primary cilia revealed region-specific changes in ciliary
morphology accompanied by alteration of acetylated tubulin and IFT88 expression. Moreover, Shh and Glil expression was increased in
Tmem 1077 animals as shown by in situ hybridization. Thus, TMEMI07 is essential for proper head development, and defective TMEM|07
function leads to ciliary morphology disruptions in a region-specific manner, which may explain the complex mutant phenotype.

Keywords: craniofacial anomalies, growth/development, mineralized tissue/development, orofacial clefts, cell signaling, oral pathology

A primary cilium is composed of 9 pairs of microtubules,
covered by a membrane and separated from the cytoplasm by
transition fibers (Sorokin 1962). The transition zone in the
proximal part of the cilium, distal to transition fibers, functions
as a selective barrier, which regulates the movements of spe-
cific proteins between cilium and the cell body and therefore
controls the signaling intensity (Hu and Nelson 2011).

Introduction

A defect in primary cilium morphology or function was revealed
as one cause of cleft lip/palate formation (Tian et al. 2017).
Primary cilia are small, microtubule-based projections from the
cellular surface, covered by membrane with unique receptor
and other signaling protein composition. Primary cilia were
shown to be key organelles for the coordination of SHH, WNT,
and PDGF signaling pathways (Haycraft et al. 2005; Schneider
et al. 2005; Veland et al. 2009; Lee and Gleeson 2011). They
play important roles in many developmental processes, such as
neurulation, skeleton formation, and neural crest cell (NCC)
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migration (Chang et al. 2015), suggesting a key role for cilia
during craniofacial development (Hu and Nelson 2011).

Mutations in genes encoding proteins important for cilia
formation, structure, and function cause diseases called ciliop-
athies (Badano et al. 2006; Lee and Gleeson 2011). The num-
ber of syndromes classified as ciliopathies is still increasing,
and it is estimated that one in a thousand children is born with
a ciliary defect (Brugmann, Cordero, et al. 2010). Therefore,
the identification of new ciliopathy genes is at the forefront of
craniofacial research.
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ABsTrACT: The biomedically focused brain research is largely performed on laboratory mice con-
sidering a high homology between the human and mouse genomes. A brain has an intricate and
highly complex geometrical structure that is hard to display and analyse using only 2D methods.
Applying some fast and efficient methods of brain visualization in 3D will be crucial for the neu-
robiology in the future. A post-mortem analysis of experimental animals’ brains usually involves
techniques such as magnetic resonance and computed tomography. These techniques are employed
to visualize abnormalities in the brains’ morphology or reparation processes. The X-ray computed
microtomography (micro CT) plays an important role in the 3D imaging of internal structures of
a large variety of soft and hard tissues. This non-destructive technique is applied in biological
studies because the lab-based CT devices enable to obtain a several-micrometer resolution. How-
ever, this technique is always used along with some visualization methods, which are based on the
tissue staining and thus differentiate soft tissues in biological samples. Here, a modified chemical
contrasting protocol of tissues for a micro CT usage is introduced as the best tool for ex vivo 3D
imaging of a post-mortem mouse brain. This way, the micro CT provides a high spatial resolution
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Ablation of CNTN2+ Pyramidal
Neurons During Development
Results in Defects in Neocortical Size

and Axonal Tract Formation
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Corticothalamic axons express Contactin-2 (CNTN2/TAG-1), a neuronal recognition
molecule of the immunoglobulin superfamily involved in neurogenesis, neurite outgrowth,
and fasciculation. TAG-1, which is expressed transiently by cortical pyramidal neurons
during embryonic development, has been shown to be fundamental for axonal
recognition, cellular migration, and neuronal proliferation in the developing cortex.
Although Tag-7~/~ mice do not exhibit any obvious defects in the corticofugal system,
the role of TAG-1+ neurons during the development of the cortex remains elusive.
We have generated a mouse model expressing EGFP under the Tag-7 promoter and
encompassing the coding sequence of Diptheria Toxin subunit A (DTA) under quiescence
with no effect on the expression of endogenous Tag-7. We show that while the line
recapitulates the expression pattern of the molecule, it highlights an extended expression
in the forebrain, including multiple axonal tracts and neuronal populations, both spatially
and temporally. Crossing these mice to the Emx7-Cre strain, we ablated the vast majority
of TAG-1+ cortical neurons. Among the observed defects were a significantly smaller
cortex, a reduction of corticothalamic axons as well as callosal and commissural defects.
Such defects are common in neurodevelopmental disorders, thus this mouse could serve
as a useful model to study physiological and pathophysiological cortical development.

Keywords: CNTN2/TAG-1, corticofugal system, corticothalamic axons, anterior commissure, corpus callosum,
central nervous system

INTRODUCTION

The multilayered neocortex evolved in mammals and is responsible for a variety of higher
functions, seen for the first time in this phylum. Among these higher cognitive functions is the
integration of stimuli from different sensory modalities such as vision and olfaction, the control of
motor commands, consciousness, decision-making, and particularly in humans, speech.
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Abstract

Background: In mammals, odontogenesis is regulated by transient signaling
centers known as enamel knots (EKs), which drive the dental epithelium shap-
ing. However, the developmental mechanisms contributing to formation of
complex tooth shape in reptiles are not fully understood. Here, we aim to eluci-
date whether signaling organizers similar to EKs appear during reptilian
odontogenesis and how enamel ridges are formed.

Results: Morphological structures resembling the mammalian EK were found
during reptile odontogenesis. Similar to mammalian primary EKs, they exhibit
the presence of apoptotic cells and no proliferating cells. Moreover, expression
of mammalian EK-specific molecules (SHH, FGF4, and ST14) and
GLI2-negative cells were found in reptilian EK-like areas. 3D analysis of the
nucleus shape revealed distinct rearrangement of the cells associated with
enamel groove formation. This process was associated with ultrastructural
changes and lipid droplet accumulation in the cells directly above the for-
ming ridge, accompanied by alteration of membranous molecule expression
(Na/K-ATPase) and cytoskeletal rearrangement (F-actin).

Conclusions: The final complex shape of reptilian teeth is orchestrated by a
combination of changes in cell signaling, cell shape, and cell rearrangement.
All these factors contribute to asymmetry in the inner enamel epithelium
development, enamel deposition, ultimately leading to the formation of charac-
teristic enamel ridges.

Developmental Dynamics. 2020;249:441-464.
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Secondary palate development is characterized by the formation of two palatal shelves
on the maxillary prominences, which fuse in the midline in mammalian embryos.
However, in reptilian species, such as turtles, crocodilians, and lizards, the palatal
shelves of the secondary palate develop to a variable extent and morphology. While
in most Squamates, the palate is widely open, crocodilians develop a fully closed
secondary palate. Here, we analyzed developmental processes that underlie secondary
palate formation in chameleons, where large palatal shelves extend horizontally toward
the midline. The growth of the palatal shelves continued during post-hatching stages
and closure of the secondary palate can be observed in several adult animals.
The massive proliferation of a multilayered oral epithelium and mesenchymal cells
in the dorsal part of the palatal shelves underlined the initiation of their horizontal
outgrowth, and was decreased later in development. The polarized cellular localization
of primary cilia and Sonic hedgehog protein was associated with horizontal growth of
the palatal shelves. Moreover, the development of large palatal shelves, supported by
the pterygoid and palatine bones, was coupled with the shift in Meox2, Msx1, and
Pax9 gene expression along the rostro-caudal axis. In conclusion, our results revealed
distinctive developmental processes that contribute to the expansion and closure of the
secondary palate in chameleons and highlighted divergences in palate formation across
amniote species.

Keywords: secondary palate, SHH, primary cilia, skeletogenesis, chameleon, reptile
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Abstract

The main goal of this study was to assess the progress of vertebral stability after lumbar
interbody fusion related to microcomputed tomography (micro CT), biomechanical analysis, and
histological assessment towards spine fusion. Twelve male pigs were used; each underwent L2-3
discectomy and implantation of an iliac crest bone graft in two groups; six spines were harvested
eight weeks (A1) and six spines 16 weeks (A2) after surgery (7 native spines for biomechanical
analysis). The CT was performed by GE phoenix datos|x 2.0 with a sample drift correction. The
samples were divided according to fusion quality. Biomechanical evaluation was carried out on
the MTS Mini Bionix testing system. In the nondestructive mode, three cycles of pure bending
moments were applied (5 Nm load limit) at a rate of 20 °/min in flexion (+40 °) and extension (-40
°). Two representative histological sections from four samples were obtained (Al,n=2;A2,n=2);
areas of mature bone were quantified. In micro CT, better results were achieved in group A2
(not significant). Eight weeks after the operation, flexural stiffness decreased to 48% of its
initial value for native cadavers (P < 0.05); after 16 weeks it was comparable to native cadavers,
demonstrating the suitability of the implanted graft (P < 0.05). The newly formed bone tissue
occupied an average area of 94.205 mm? (A1) and 26.240 mm? (A2). It was confirmed that micro
CT, biomechanical analysis, and histological assessment are technically feasible and suitable for
the evaluation of results of other methods of large bone defect treatment.

Bone replacement, spine, injury

The use of lumbar fusion procedures has rapidly increased in the USA and Europe over
the last decade (Deyo et al. 2004; Resnick 2007). A large number of these procedures
involve the use of bone grafts (Boden 2002). The most frequent indications for lumbar
fusion involve degenerative spinal diseases leading to chronic pain, comminuted fractures
of the vertebral body, congenital spine malformations, and bone defects after tumour
resection. Despite the technical progress of spinal surgery and operative materials, the
risk of vertebral fusion failure occurs in 5-35% of cases (Boden 1998). Successful
fusion depends on a number of surgical and host factors including the selection of a bone
graft or bone substitute with adequate osteoconductive, osteoinductive and osteogenic
properties (Aebi 2007). Autografting has been considered the gold standard for bone graft
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Abstract Organ function depends on tissues adopting the correct architecture. However,
insights into organ architecture are currently hampered by an absence of standardized quantitative
3D analysis. We aimed to develop a robust technology to visualize, digitalize, and segment the
architecture of two tubular systems in 3D: double resin casting micro computed tomography
(DUCT). As proof of principle, we applied DUCT to a mouse model for Alagille syndrome (Jag
Ndr mice), characterized by intrahepatic bile duct paucity, that can spontaneously generate a biliary
system in adulthood. DUCT identified increased central biliary branching and peripheral bile duct
tortuosity as two compensatory processes occurring in distinct regions of Jag1™V“”Ne |iver, leading
to full reconstitution of wild-type biliary volume and phenotypic recovery. DUCT is thus a powerful
new technology for 3D analysis, which can reveal novel phenotypes and provide a standardized
method of defining liver architecture in mouse models.

1Ndr/

Introduction

The correct three-dimensional (3D) architecture of lumenized structures in our bodies is essential for
function and health. The cardiovascular system, lungs, kidneys, liver, and other organs depend on
precisely patterned tubular networks. Several diseases are caused by, or result in, alterations in the
3D architecture of lumenized structures. Vascular architecture defects contribute to Alzheimer's dis-
ease (Klohs et al., 2014), opportunistic infections cause narrowing of bile ducts in liver (De Angelis
et al., 2009), and branching morphogenesis defects in the renal urinary system cause hypertension
(Short and Smyth, 2016). In some pathologies, several lumenized structures are affected at once.
Visualizing multiple tubular systems in tandem in 3D, in animal disease models, is necessary to allow
investigation of how these systems interact in vivo in development, homeostasis, and disease.

Hankeova, Salplachta, Zikmund, et al. eLife 2021;10:e60916. DOI: https://doi.org/10.7554/eLife.60916
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Achondroplasia is the most prevalent genetic form of dwarfism in humans and is caused by activating mutations in
FGFR3 tyrosine kinase. The clinical need for a safe and effective inhibitor of FGFR3 is unmet, leaving achondroplasia
currently incurable. Here, we evaluated RBM-007, an RNA aptamer previously developed to neutralize the FGFR3
ligand FGF2, for its activity against FGFR3. In cultured rat chondrocytes or mouse embryonal tibia organ culture,
RBM-007 rescued the proliferation arrest, degradation of cartilaginous extracellular matrix, premature senescence,
and impaired hypertrophic differentiation induced by FGFR3 signaling. In cartilage xenografts derived from induced
pluripotent stem cells from individuals with achondroplasia, RBM-007 rescued impaired chondrocyte differentiation
and maturation. When delivered by subcutaneous injection, RBM-007 restored defective skeletal growth in a
mouse model of achondroplasia. We thus demonstrate a ligand-trap concept of targeting the cartilage FGFR3 and
delineate a potential therapeutic approach for achondroplasia and other FGFR3-related skeletal dysplasias.

INTRODUCTION

Achondroplasia (ACH) is the most common dwarfism in humans,
occurring in between 1:15,000 and 1:40,000 live births (1). ACH is
caused by mutations in the FGFR3 gene, which encodes a transmem-
brane receptor tyrosine kinase. Fibroblast growth factor receptor 3
(FGFR3) transduces the communication signals delivered by fibro-
blast growth factors (FGFs) (2). In addition to ACH, activating
mutations in FGFR3 cause hypochondroplasia, SADDAN (severe
achondroplasia with developmental delay and acanthosis nigricans),
and lethal thanatophoric dysplasia. These conditions are collectively
termed FGFR3-related skeletal dysplasias. In addition, many cases
of idiopathic short stature may also be associated with mutations in
FGFR3, identifying FGFR3 as a major cause of genetic dwarfism in
humans (3).

In ACH, most patients carry the p.G380R substitution in the
transmembrane domain of FGFR3 that activates FGFR3 signaling
by increasing dimerization and phosphorylation of mutant FGFR3
dimers (4). Aberrant activation of FGFR3 alters several signaling
systems necessary for proper chondrocyte proliferation and differ-
entiation such as wingless-related integration site (WNT) pathway,
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cytokine/signal transducer and activator of transcription (STAT)
signaling, and bone morphogenetic protein (BMP) and Hedgehog
signaling (5-7). The complex molecular phenotypes induced by
FGFR3 affect chondrocyte behavior, inducing proliferation arrest,
degradation of cartilaginous extracellular matrix, and premature
senescence. Collectively, these changes lead to disruption of the
growth plate cartilage and defective endochondral ossification (8).

No therapy exists for ACH except for growth hormone, which is
approved for ACH in Japan and shows limited effect (9). Several
experimental approaches for targeting FGFR3 are being tested, in-
cluding small chemical inhibitors of FGFR3 catalytic activity or bio-
molecules targeting downstream pathways of FGFR3 signaling (10).
The clinical implementation of these inhibitors in ACH is compli-
cated because the disease affects skeletal growth rather than develop-
ment and, therefore, defects accumulate gradually during a growth
period lasting 12 to 14 years. Because of this gradual effect, the pro-
spective FGFR3 inhibitor must remain active during the entire period
of the treatment. Toxicity of the FGFR3 therapy is unlikely to be
tolerated in ACH, complicating application of chemical FGFR in-
hibitors (11). Alternative approaches must therefore be developed
to target FGFR3 and its signaling, either alone or in combination
with drugs currently in clinical evaluation for ACH.

When overexpressed in vitro, the FGFR3-G380R has a higher
propensity for ligand-independent activation compared to wild-type
FGFR3 (4). However, the FGFR3 is produced in low quantities in
chondrocytes in vivo and thus the FGF ligand is necessary to acti-
vate both wild-type and FGFR3-G380R or their heterodimers exist-
ing in chondrocytes (12). Neutralization of FGF may therefore be a
viable option to treat ACH. An RNA aptamer RBM-007, designed
to neutralize the cognate FGFR3 ligand, FGF2, was recently devel-
oped. RBM-007 is composed of 36 nucleotides and binds stably and
specifically to FGF2 but not to the other FGFs (13, 14). The Ky (dis-
sociation constant) values of RBM-007 for FGF2s from human, rat,
and mouse ranged between 2 and 7 pM, indicating high-affinity bind-
ing. RBM-007 blocked FGF2 interaction with FGFR1 to FGFR4,
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Abstract: Many growth factors have been studied as additives accelerating lumbar fusion rates in
different animal models. However, their low hydrolytic and thermal stability both in vitro and in vivo
limits their workability and use. In the proposed work, a stabilized vasculogenic and prohealing
fibroblast growth factor-2 (FGF2-STAB®) exhibiting a functional half-life in vitro at 37 °C more
than 20 days was applied for lumbar fusion in combination with a bioresorbable scaffold on porcine
models. An experimental animal study was designed to investigate the intervertebral fusion efficiency
and safety of a bioresorbable ceramic/biopolymer hybrid implant enriched with FGF2-STAB® in
comparison with a tricortical bone autograft used as a gold standard. Twenty-four experimental pigs
underwent L2 /3 discectomy with implantation of either the tricortical iliac crest bone autograft or
the bioresorbable hybrid implant (BHI) followed by lateral intervertebral fixation. The quality of
spinal fusion was assessed by micro-computed tomography (micro-CT), biomechanical testing, and
histological examination at both 8 and 16 weeks after the surgery. While 8 weeks after implantation,
micro-CT analysis demonstrated similar fusion quality in both groups, in contrast, spines with BHI
involving inorganic hydroxyapatite and tricalcium phosphate along with organic collagen, oxidized
cellulose, and FGF2- STAB® showed a significant increase in a fusion quality in comparison to the
autograft group 16 weeks post-surgery (p = 0.023). Biomechanical testing revealed significantly higher
stiffness of spines treated with the bioresorbable hybrid implant group compared to the autograft
group (p < 0.05). Whilst histomorphological evaluation showed significant progression of new bone
formation in the BHI group besides non-union and fibrocartilage tissue formed in the autograft
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Nerve-associated Schwann cell precursors contribute extracutaneous
melanocytes to the heart, inner ear, supraorbital locations and brain
meninges
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Abstract

Melanocytes are pigmented cells residing mostly in the skin and hair follicles of vertebrates, where they contribute to
colouration and protection against UV-B radiation. However, the spectrum of their functions reaches far beyond that. For
instance, these pigment-producing cells are found inside the inner ear, where they contribute to the hearing function, and in
the heart, where they are involved in the electrical conductivity and support the stiffness of cardiac valves. The embryonic
origin of such extracutaneous melanocytes is not clear. We took advantage of lineage-tracing experiments combined with 3D
visualizations and gene knockout strategies to address this long-standing question. We revealed that Schwann cell precursors
are recruited from the local innervation during embryonic development and give rise to extracutaneous melanocytes in the
heart, brain meninges, inner ear, and other locations. In embryos with a knockout of the EdnrB receptor, a condition imitat-
ing Waardenburg syndrome, we observed only nerve-associated melanoblasts, which failed to detach from the nerves and to
enter the inner ear. Finally, we looked into the evolutionary aspects of extracutaneous melanocytes and found that pigment
cells are associated mainly with nerves and blood vessels in amphibians and fish. This new knowledge of the nerve-dependent
origin of extracutaneous pigment cells might be directly relevant to the formation of extracutaneous melanoma in humans.

Keywords Extracutaneous pigment cell - Targeted recruitment - Endothelin 3 and endothelin receptor B - Glial precursor -
Peripheral nerves - Hypopigmentation-associated deafness
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tection from UV radiation damage and provide colour to
the skin or fur, which is crucial for various aspects of the
animal’s life, including display and camouflage [4-7].
However, melanocytes are also present in locations deep
inside the body that are not directly exposed to UV radia-
tion. These extracutaneous pigment cells are found in the
stria vascularis of the inner ear, in the leptomeninges,

@ Springer



W) Check for updates

JBMR

ORIGINAL ARTICLE

Loss of Sprouty Produces a Ciliopathic Skeletal
Phenotype in Mice Through Upregulation of
Hedgehog Signaling
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ABSTRACT

The Sprouty family is a highly conserved group of intracellular modulators of receptor tyrosine kinase (RTK)-signaling pathways,
which have been recently linked to primary cilia. Disruptions in the structure and function of primary cilia cause inherited disorders
called ciliopathies. We aimed to evaluate Sprouty2 and Sprouty4 gene-dependent alterations of ciliary structure and to focus on the
determination of its association with Hedgehog signaling defects in chondrocytes. Analysis of the transgenic mice phenotype with
Sprouty2 and Sprouty4 deficiency revealed several defects, including improper endochondral bone formation and digit patterning, or
craniofacial and dental abnormalities. Moreover, reduced bone thickness and trabecular bone mass, skull deformities, or chondroma-
like lesions were revealed. All these pathologies might be attributed to ciliopathies. Elongation of the ciliary axonemes in embryonic
and postnatal growth plate chondrocytes was observed in Sprouty2™~ and Sprouty2~/Sprouty4™'~ mutants compared with corre-
sponding littermate controls. Also, cilia-dependent Hedgehog signaling was upregulated in Sprouty2/4 mutant animals. Ptch1 and Ihh
expression were upregulated in the autopodium and the proximal tibia of SproutyZ’/’/Sprouty4’/’ mutants. Increased levels of the
GLI3 repressor (GLI3R) form were detected in Sprouty2/4 mutant primary fibroblast embryonic cell cultures and tissues. These findings
demonstrate that mouse lines deficient in Sprouty proteins manifest phenotypic features resembling ciliopathic phenotypes in mul-
tiple aspects and may serve as valuable models to study the association between overactivation of RTK and dysfunction of primary
cilia during skeletogenesis. © 2021 American Society for Bone and Mineral Research (ASBMR).
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Introduction

prouty protein was first identified in Drosophila as an inhibi-

tor of breathless, the fly equivalent of the human fibroblast
growth factor receptor that functions throughout the develop-
ment in tracheal branching.”” Based on sequence similarity, sub-
sequent research identified four orthologues (Sproutyl-
Sprouty4) of Drosophila Sprouty (dSprouty) in mammals. Among
these, Sprouty2 exhibits the highest degree of homology with
dSprouty.?) Expression patterns for mammalian Sprouty isoforms
were found to exhibit a strictly local expression pattern in verte-
brate embryos. In some cases, expression placement appeared

to be remarkably coincident with known sites of receptor tyro-
sine kinase (RTK) signaling, which includes fibroblast growth fac-
tor (FGF) signaling.®™> However, some Sprouty isoforms such as
Sprouty?2 are expressed more ubiquitously.e"é) Sprouty genes are
expressed in several organs throughout development such as
craniofacial structures including the brain, nasal epithelium,
cochlea, vibrissal follicles, teeth, salivary glands, lungs, digestive
tract, kidneys, and limb buds.”” At later developmental stages,
mouse Sprouty2 and Sprouty4 mRNA transcripts were detected
in cartilage and bone tissues.”” Notably, the distributions of dif-
ferent Sprouty isoforms vary in particular compartments of
organs, including the epithelium and mesenchyme. Such
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Introduction

The liver is the biggest internal organ in humans and mice, and high auto-fluorescence
presents a significant challenge for assessing the three-dimensional (3D) architecture
of the organ at the whole-organ level. Liver architecture is characterized by multiple
branching lumenized structures, which can be filled with resin, including vascular and
biliary trees, establishing a highly stereotyped pattern in the otherwise hepatocyte-rich
parenchyma. This protocol describes the pipeline for performing double resin casting
micro-computed tomography, or "DUCT". DUCT entails injecting the portal vein and
common bile duct with two different radiopaque synthetic resins, followed by tissue
fixation. Quality control by clearing one lobe, or the entire liver, with an optical clearing
agent, allows for pre-screening of suitably injected samples. In the second part of the
DUCT pipeline, a lobe or the whole liver can be used for micro-computed tomography
(microCT) scanning, (semi-)automated segmentation, and 3D rendering of the portal
venous and biliary networks. MicroCT results in 3D coordinate data for the two resins
allowing for qualitative as well as quantitative analysis of the two systems and their
spatial relationship. DUCT can be applied to postnatal and adult mouse liver and can
be further extended to other tubular networks, for example, vascular networks and

airways in the lungs.

Organ resin casting is a technique that dates back to the
q7th century1. One of the first examples of modern resin
casting was performed on the human liver from an autopsy.
Intrahepatic bile ducts were filled with a contrast agent mixed

with gelatin, followed by imaging with an x-ray CT scan?.

The aim of the DUCT technique is to visualize, digitalize and

analyze two tubular resin-casted networks, in tandem, in 3D.

DUCT is based on the extensive existing knowledge of

3,4,5,6,7,8

single-system liver resin casting and extends to

simultaneous 3D visualization and analysis of two systemsg.

Copyright © 2021 JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported jove.com
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Sex differences and risk factors for bleeding in

Alagille syndrome
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Abstract

Spontaneous bleeds are a leading cause of death in the pediatric
JAG1-related liver disease Alagille syndrome (ALGS). We asked
whether there are sex differences in bleeding events in patients,
whether Jag1"¥/N" mice display bleeds or vascular defects, and
whether discovered vascular pathology can be confirmed in
patients non-invasively. We performed a systematic review of
patients with ALGS and vascular events following PRISMA guideli-
nes, in the context of patient sex, and found significantly more
girls than boys reported with spontaneous intracranial hemor-
rhage. We investigated vascular development, homeostasis, and
bleeding in Jag1V¥/N?" mice, using retina as a model. Jag1"Ver’Ndr
mice displayed sporadic brain bleeds, a thin skull, tortuous blood
vessels, sparse arterial smooth muscle cell coverage in multiple
organs, which could be aggravated by hypertension, and sex-specific
venous defects. Importantly, we demonstrated that retinographs
from patients display similar characteristics with significantly
increased vascular tortuosity. In conclusion, there are clinically impor-
tant sex differences in vascular disease in ALGS, and retinography
allows non-invasive vascular analysis in patients. Finally, Jag1Ve/Ner
mice represent a new model for vascular compromise in ALGS.

Keywords Alagille syndrome; Bleeding; Jaggedl; Notch; Vasculature
Subject Categories Cardiovascular System; Vascular Biology & Angiogenesis
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DOI 10.15252/emmm.202215809 | Received 1 February 2022 | Revised 27
September 2022 | Accepted 5 October 2022 | Published online 8 November 2022
EMBO Mol Med (2022) 14: 15809

Introduction

Alagille syndrome (ALGS) is a pediatric disorder characterized by liver
and heart defects, vertebral abnormalities, distinctive facial features,
and posterior embryotoxon (Alagille et al, 1975; Emerick et al, 1999).
However, up to 25% of deaths in these patients are attributed to
intracranial hemorrhage (Emerick et al, 1999; Quiros-Tejeira et al,
1999; Kamath et al, 2004). Vascular defects in ALGS represent a signif-
icant burden of the disease (Hoffenberg et al, 1995; Emerick et al,
1999; Lykavieris et al, 2003; Kamath et al, 2004) and lead to
transplant-associated complications (Kamath et al, 2004). It is cur-
rently not well understood why some patients experience spontaneous
bleeds. No animal model has been reported for ALGS bleeding, and
risk factors for bleeding have not been systematically addressed. Fur-
thermore, vascular disease is currently assessed in patients using com-
puted tomography (CT) or magnetic resonance imaging which
necessitates exposure to radiation and can require sedation, making
analysis in pediatric patients medically and ethically challenging.
Alagille syndrome is caused by mutations in the Notch ligand
JAGGED]I or the receptor NOTCH2 (Li et al, 1997; Oda et al, 1997;
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Altered developmental programs and orien-
ted cell divisions lead to bulky bones during
salamander limb regeneration
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There are major differences in duration and scale at which limb development
and regeneration proceed, raising the question to what extent regeneration is
a recapitulation of development. We address this by analyzing skeletal ele-
ments using a combination of micro-CT imaging, molecular profiling and
clonal cell tracing. We find that, in contrast to development, regenerative
skeletal growth is accomplished based entirely on cartilage expansion prior to
ossification, not limiting the transversal cartilage expansion and resulting in
bulkier skeletal parts. The oriented extension of salamander cartilage and
bone appear similar to the development of basicranial synchondroses in
mammals, as we found no evidence for cartilage stem cell niches or growth
plate-like structures during neither development nor regeneration. Both
regenerative and developmental ossification in salamanders start from the
cortical bone and proceeds inwards, showing the diversity of schemes for the
synchrony of cortical and endochondral ossification among vertebrates.

Salamanders (such as newts and the axolotl) are the only tetrapods showed that a majority of blastema cells are funneled through a tran-
that regenerate entire limbs during their lifespan’. Limb regeneration  sient embryonic limb bud-like state before re-differentiation to various
starts with scarless wound healing and proceeds with the subsequent tissues"*. Although this transient cell state indicates that limb regen-
formation of a blastema that gives rise to lost limb elements distal to  eration is a recapitulation of embryonic development, regeneration
the plane of amputation*’. Single-cell sequencing data in axolotl has distinctive features. One such process is reversing the terminally
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A previously uncharacterized Factor
Associated with Metabolism and Energy
(FAME/C140rf105/CCDC198/1700011H14Rik)
is related to evolutionary adaptation, energy
balance, and kidney physiology
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In this study we use comparative genomics to uncover a gene with unchar-
acterized function (1700011H14Rik/C140rf105/CCDC198), which we hereby
name FAME (Factor Associated with Metabolism and Energy). We observe that

FAME shows an unusually high evolutionary divergence in birds and mammals.
Through the comparison of single nucleotide polymorphisms, we identify
gene flow of FAME from Neandertals into modern humans. We conduct
knockout experiments on animals and observe altered body weight and
decreased energy expenditure in Fame knockout animals, corresponding to
genome-wide association studies linking FAME with higher body mass index in
humans. Gene expression and subcellular localization analyses reveal that
FAME is a membrane-bound protein enriched in the kidneys. Although the
gene knockout results in structurally normal kidneys, we detect higher albu-
min in urine and lowered ferritin in the blood. Through experimental valida-
tion, we confirm interactions between FAME and ferritin and show co-
localization in vesicular and plasma membranes.

Through natural selection, major animal groups have developed
unique mechanisms for adaptations to the environment. The genetic
landscape corresponds to developmental, morphological, and phy-
siological adaptations'. Gene regulatory regions undergo rapid evolu-
tionary change to tune the production of mRNAs encoding the actual
effectors of adaptation, the proteins. The gene products also undergo
natural selection, which shapes them according to various benefits
derived from their functions®. Importantly, not all such products,
including mainly proteins, are essential for basic embryonic develop-
ment and the mere survival of animals. Numerous gene knockout
experiments in mice have highlighted a cohort of proteins that are
functionally important to some extent, and yet the animals can live
perfectly without them under beneficial circumstances’. These non-
essential proteins convey an adaptive advantage to their hosts when

the animals are exposed to the diversity of challenging natural
environments®*.

Furthermore, these seemingly non-essential genes might become
a basis for diverse pathologies or loss of fitness*. Finally, similar to
essential genes, non-essential genes might be a perfect substrate for
evolution, especially for tuning metabolic, stress- and energy-related
features. Being non-essential, such genes can evolve much faster to
provide the necessary evolvability under intense selective pressure. In
extreme cases, the evolution of proteins (especially when it comes to a
non-essential group) might result in a complete change of function’®
or a pseudogenization, which occurs in genes involved in dental gen-
esis in birds, turtles, and toothless mammals’.

The comparative genomics approach’ is perfectly designed to
elucidate genomic protein-coding and non-coding regions responsible

e-mail: julian.petersen@medizin.uni-leipzig.de; igor.adameyko@meduniwien.ac.at
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Spatiotemporal monitoring of hard tissue development
reveals unknown features of tooth and bone
development
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Mineralized tissues, such as bones or teeth, are essential structures of all vertebrates. They enable rapid move-
ment, protection, and food processing, in addition to providing physiological functions. Although the develop-
ment, regeneration, and pathogenesis of teeth and bones have been intensely studied, there is currently no tool
to accurately follow the dynamics of growth and healing of these vital tissues in space and time. Here, we
present the BEE-ST (Bones and tEEth Spatio-Temporal growth monitoring) approach, which allows precise quan-
tification of development, regeneration, remodeling, and healing in any type of calcified tissue across different
species. Using mouse teeth as model the turnover rate of continuously growing incisors was quantified, and role
of hard/soft diet on molar root growth was shown. Furthermore, the dynamics of bones and teeth growth in
lizards, frogs, birds, and zebrafish was uncovered. This approach represents an effective, highly reproducible,
and versatile tool that opens up diverse possibilities in developmental biology, bone and tooth healing, tissue

engineering, and disease modeling.

INTRODUCTION

Most of hard tissues in vertebrate bodies are centered on the gener-
ation of calcium-based crystalline compounds. This calcium-based
biomineralization provides hard tissues, such as bones and teeth,
with essential mechanical properties. Therefore, these tissues are re-
sponsible for providing a strong supporting body structure, which
allows for efficient movement, protects the body surface and inter-
nal organs, or, in the case of teeth, ensures hard food processing or
predation (1, 2).

Having precise information about growth, regeneration, and bi-
omineralization dynamics in teeth and bones, is one of the basic re-
quirements for research in many fields including developmental
biology, tissue healing, bone remodeling, tissue engineering, and
disease modeling. One of the major obstacles in current studies is
the absence of methodological approaches that enable observation
of these dynamic processes, which require high-resolution three-di-
mensional imaging and temporal information. Current techniques
such as micro—computed tomography (microCT), magnetic
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resonance, or ground sectioning provide only limited end-point in-
formation, missing the spatiotemporal dynamics occurring during
the growth, regeneration, and remodeling of calcified structures (3—
6).Thus, these approaches do not provide the information uncover-
ing the hard tissue dynamics.

Here, we have developed an approach that enables monitoring of
the dynamics of development, growth, healing, and remodeling of
any calcified hard tissues in a three-dimensional context and over
long periods of time (Fig. 1) This technique was adapted for selected
model species across the vertebrates (Mus musculus representing
mammals, Chamaeleo calyptratus representing reptiles, Gallus
gallus representing birds, Danio rerio representing fish, and
Xenopus laevis representing amphibians) (Fig. 2A).

Our approach is based on the sequential controlled administra-
tion of dyes with the natural ability to incorporate into any currently
calcifying tissues at designated time points, followed by the clearing
of the nondecalcified hard tissue and high-resolution three-dimen-
sional imaging. The ability of substances to incorporate into
forming calcified tissues has been known for more than 50 years,
first observed in tetracycline antibiotics (7, 8). These substances
not only incorporate into newly forming bone tissues but also in-
corporate into dentin, enamel, and cementum, if administered
during their formation (9, 10). Their fluorescence enables the track-
ing of the exact site of matrix deposition during the period of their
presence after in vivo administration. Dozens of these compounds
with different binding efficiencies and fluorescence parameters have
been described (10). The most commonly used include calcein
(green), alizarin (red), xylenol orange, calcein blue, or oxytetracy-
cline (11). In contrast to tetracycline antibiotics, these substances
have been reported to be harmless in different animal species,
such as mice, guinea pigs, amphibians, rabbits, or dogs at effective
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SUMMARY

Motor neuron (MN) development and nerve regeneration requires orchestrated action of a vast number of
molecules. Here, we identify SorCS2 as a progranulin (PGRN) receptor that is required for MN diversification
and axon outgrowth in zebrafish and mice. In zebrafish, SorCS2 knockdown also affects neuromuscular junc-
tion morphology and fish motility. In mice, SorCS2 and PGRN are co-expressed by newborn MNs from em-
bryonic day 9.5 until adulthood. Using cell-fate tracing and nerve segmentation, we find that SorCS2 defi-
ciency perturbs cell-fate decisions of brachial MNs accompanied by innervation deficits of posterior
nerves. Additionally, adult SorCS2 knockout mice display slower motor nerve regeneration. Interestingly,
primitive macrophages express high levels of PGRN, and their interaction with SorCS2-positive motor
axon is required during axon pathfinding. We further show that SorCS2 binds PGRN to control its secretion,
signaling, and conversion into granulins. We propose that PGRN-SorCS2 signaling controls MN development

and regeneration in vertebrates.

INTRODUCTION

Motor neurons (MNs) are the final relay transmitting signals from
the central nervous system (CNS) to skeletal muscles, thereby
enabling muscle contraction and movement. Their complex
development requires a concerted action of trophic factors
and guidance cues that determine cell-fate decisions, survival,
axonal outgrowth, muscle targeting, and formation of functional
neuromuscular junctions (NMJs)."> These processes rely on
fine-tuned, spatiotemporal distribution of ligands, receptors,
and transcription factors expressed by MNs themselves and
by cells in close proximity, including macrophages or microglia.
The same processes are often reactivated during axonal regen-
eration after nerve injury, supporting neuronal survival and
axonal regrowth.>® Although MN diversification and motor
axon outgrowth have been extensively studied, the cell commu-
nication and molecular mechanisms involved are not fully
understood.

Murine spinal cord MNs develop from proliferating Olig2* pro-
genitors already found in the ventricular zone of ventral neural
tube at embryonic day 9.5 (E9.5). They differentiate into postmi-
totic neurons by E10.5 and migrate laterally to initiate the ante-
rior-posterior patterning. MNs mature in a stepwise manner. '+
From E11, MNs start establishing six distinct anatomical struc-
tures called motor columns. While the lateral motor column
(LMC) in brachial spinal cord innervates the forelimb, the neigh-
boring medial motor column (MMC) innervates the epaxial mus-
cle of the trunk."*>® Nascent motor axons start innervating their
target muscles between E11 and E13.5.">" Once they establish
major axonal trajectories, MNs within each motor column initiate
more refined differentiating and branching programs. They form
diverse, muscle-specific clusters called motor pools, which is
accompanied by terminal arborization.’> MN subclasses are
distinguished by specific expression of transcription factors
including Islet1/2, Foxp1, Pea3, and Homeobox proteins. Motor
circuits fully mature between postnatal day 4 (P4) and P21."-%8

Cell Reports 42, 113333, November 28, 2023 © 2023 The Authors. 1
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