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Abstract

Interkinetic nuclear migration (INM) is an apicobasal (AB) polarity-based regulatory
mechanism of proliferation/differentiation in epithelial stem/progenitor cells. We previously
documented INM in the endoderm-derived tracheal/esophageal epithelia at embryonic day
(E) 11.5 and suggested that INM is involved in the development of both organs. We here
investigated inter-organ (trachea vs. esophagus) and intra-organ regional (ventral vs. dorsal)
differences in the INM mode in the tracheal and esophageal epithelia of the mouse embryo.
We also analyzed convergent extension (CE) and planar cell movement (PCM) in the
epithelia based on cell distribution. The pregnant C57BL/6J mice were intraperitoneally
injected with 5-ethynyl-2’-deoxyuridine at E11.5 and E12.5 and were sacrificed 1, 4, 6, 8 and
12 hr later to obtain the embryos. The distribution of labeled cell nuclei along the AB axis
was chronologically analyzed in the total, ventral and dorsal sides of the epithelia. The
percentage distribution of the nuclei population was represented by histogram and the
chronological change was analyzed statistically using multi-dimensional scaling. The inter-
organ comparison of the INM mode during E11.5-E12.0, but not E12.5-E13.0, showed a
significant difference. During E11.5-E12.0 the trachea, but not the esophagus, showed a
significant difference between ventral and dorsal sides. During E12.5-E13.0 neither organ
showed regional differences. CE appeared to occur in both organs during E11.5-E12.0 while
PCM was unclear in both organs. These findings suggest a difference between the trachea
and esophagus, and a regional difference in the trachea, not in the esophagus, in the INM
mode, which may be related with the later differential organogenesis/histogenesis of these

organs.
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INTRODUCTION

The trachea and esophagus start to develop from the common anterior foregut at embryonic
day (E) 9.5 in mice, and the separation into the ventral trachea and dorsal esophagus is almost
complete before E11.5.1 Epithelial expression of the transcription factors Nkx2.1 and Sox2
and the related signaling molecules has been shown to be essentially involved in the
separation and further development of the trachea and esophagus (for review, see Wong et
al. 2016).2 Experimental disruption of the expression of these transcription factors and the
signaling pathways leads to the formation of esophageal atresia with/without fistula
(EA/TEF) (for review, see Wong et al. 2016),2 which is a relatively common birth defect
with an incidence rate of 1/3500 in humans. In spite of these findings on the final
determination/perturbation of organ identities, the cellular events in these normal and
abnormal processes remain largely unknown.

These previous studies described that the epithelial lining of both the trachea and esophagus
is “simple” columnar when they are separated from each other, and that the tracheal
epithelium remains the same, whereas the esophageal epithelium changes into stratified
squamous during the course of development (for review, see Wong et al. 2016).2 However,
we have recently proved that this classic description of the epithelial structure of the two
organs is not strictly accurate. The epithelia of the trachea and esophagus are not “simple”
columnar but “pseudostratified” columnar, which is a hallmark of the epithelia in which the
interkinetic nuclear migration (INM) works as a regulatory mechanism of epithelial
proliferation and differentiation.> We further reported that transient and dynamic

morphologic changes involving the cytoskeleton and cell-adhesion apparatus occur in the



esophageal epithelium in close relation with the cessation of INM and transition into the
stratified squamous structure.®

INM is the apicobasal (AB) cell polarity-based oscillatory movement of epithelial cell nuclei
that is synchronized with the progression of the cell cycle, i.e., the M-phase at the apical
surface and S-phase at the basal side, and thus generates the pseudostratified structure of the
epithelium.*® It has been suggested that INM maximizes the number of mitoses at the limited
apical surface to allow efficient stem/progenitor cell expansion.®® However, the exact
developmental function of INM remains controversial.}* While INM has been extensively
studied in brain/neuroectoderm development,®!! recent studies including ours have
documented INM in other endoderm- and mesoderm-derived epithelia.**>°> We reported the
INM throughout the entire intestine, trachea and esophagus of endoderm origin, and ureter
of mesoderm origin in mice.'?*> We statistically analyzed the chronological change in the
distribution patterns of labeled proliferating cell nuclei along the AB axis in these epithelia,
proved the existence of INM, and further revealed different modes of INM between the
different organs, different parts of the intestine, and different dates of development of the
same organ.'*!®> Therefore, INM through these differential modes could regulate the total
number and the localized distribution of stem/progenitor and the resultant daughter cells, and
thus the size and shape of the organs.>!® Regarding the trachea and esophagus, we previously
showed the existence of INM during E11.5-E12.0,%2 but detailed analysis of the INM mode
on the inter-organ and intra-organ regional differences has not yet been done. The trachea
has a clear structural difference between the ventral and dorsal sides, while in the esophagus

there is no apparent structural difference between the ventral and dorsal sides. Thus, we



hypothesized that the INM mode may be different between the two organs and between the
ventral and dorsal sides in the trachea.

We also previously showed that a convergent extension (CE) mechanism is involved in the
elongation of the midgut,'”!8 in which epithelial cell nuclei are rearranged to converge
toward the center of the gut, causing extension of the gut along its long (L) axis which is
perpendicular to the epithelial AB axis.*®?® Further, cell movement in planar cell polarity
(PCP) (planar cell movement: PCM) has been documented as a basic cellular event that plays
important roles in the development of tissues and organs (for review, see Davey and Moens
2017; Henderson et al. 2018).2?? Therefore, in addition to INM, CE and PCM should be
simultaneously examined as morphogenic cellular events in the development of tracheal and
esophageal epithelia.

In the present study, we first investigated the existence of INM in the epithelium of the
trachea and esophagus using two consecutive developmental ages of mice during E11.5-
E12.0 and E12.5-E13.0. Then the results were comparatively analyzed to determine whether
similarities or dissimilarities, i.e. inter-organ and intra-organ reginal differences, exist in the
INM mode. We used already established laboratory methods presented in our previous series
of studies (see Methods section).*?*> We concurrently indirectly investigated CE using the
chronological measurement of total cell distribution along the L axis of the epithelial tube
and PCM using the chronological measurement of % distribution of labeled nuclei along the

L axis.



MATERIALS AND METHODS

Animals

C57BL/6J mice (CLEA Japan, Tokyo) between 8 and 20 weeks of age were used. The mice
were housed in the Department of Experimental Animals, Interdisciplinary Center for
Science Research, Organization for Research and Academic Information, Shimane
University. They were kept under conditions of constant temperature and humidity, and a
controlled 12/12 hr light-dark cycle. They were given a standard laboratory diet and water,
both ad libitum. Single potent male and female mice were mated at night around 22:00 in the
same cage, and the presence of a vaginal plug was checked at midnight, which was defined
as E0.0. This study was approved by the Ethics Committee for Animal Experimentation of
Shimane University, and the animals were handled in accordance with the institutional
guidelines.

EdU labeling assay

At E11.5 and E12.5, the pregnant mice received a single intraperitoneal injection of 5-
ethynyl-2'-deoxyuridine (EdU; Invitrogen, Carlsbad, CA; 30 mg/kg). Then, at each of 1, 4,
6, 8, and 12 hr after EAU injection, three of the mice were sacrificed by injecting 0.5 ml of
pentobarbital sodium, which is an overdose for euthanasia, and one embryo was obtained
from each, for a total of 30 embryos. The embryos were fixed in 4% formaldehyde/70%
methanol overnight at 4°C. After dehydration in a graded series of ethanol, the embryos were
embedded in paraffin and sectioned horizontally at 5 pum thickness. The sections were
deparaftinized and rehydrated in a graded series of ethanol. They were then washed with tris-
buffered saline (TBS)/0.03% Triton® X-100 for permeabilization of the cell membrane.

Finally, the EdU-labeled nuclei were stained using a Click-iT™ EdU Cell Proliferation Kit



for Imaging, Alexa Fluor™ 488 dye (Invitrogen, Carlsbad, CA), and the nuclei were stained
with 4', 6-diamidino-2-phenylindole (DAPI; Dojindo, Kumamoto, Japan). The micrographic
images were taken using a Keyence BZ-X700 series all-in-one fluorescence microscopy
(Keyence, Osaka, Japan). We counted the total cell nuclei using ImageJ (National Institutes

of Health, Bethesda, Maryland, USA).

Measurement of nuclear distribution along the AB axis

Sections from the level of separation of the foregut into the trachea and esophagus to the
level proximal to the bifurcation of the trachea were examined in the following analyses, and
therefore the distal (stomach side) part of the esophagus below the level of the tracheal
bifurcation was not involved in the present study. The EdU-positive nuclei distribution
between the apical and basal surfaces in the tracheal and esophageal epithelia were measured
in 5 um thick horizontal serial sections every 30 um for E11.5 and every 50 um for E12.5,
using an image analysis program as reported previously (Fig. 1).'>!*!> The image analysis
program divides the epithelial layer into six equal concentric layers (L1-L6) at interval of
15° segments each (Fig. 1A). We set up the outermost circle at the basal side corresponding
to the basement membrane which faces the mesenchymal tissue (basal side, L1) and the
innermost circle at the apical surface corresponding to the lumen of the epithelium which
faces the free surface (apical side, L6).'%!!> Then, to count the position of the EdU-positive
nuclei applied to six layers, we placed a dot at the center of each nucleus and then determined
the layer to which it belongs (Fig. 1B). The numbers of EdU-positive nuclei counted per
sample per each time point were 847—1300 for E11.5-E12.0 and 1217-2056 for E12.5-E13.0

for the trachea, and 531-1039 for E11.5-E12.0 and 1053-1613 for E12.5-E13.0 for the



esophagus. The EdU-positive nuclei in each layer at each time point were represented using
a % population histogram showing means plus SD values.

Cell number and EdU-positive/negative nuclei number counts

To examine CE and PCM indirectly from the change in the cell number distribution and in
the ratio of EdU-positive nuclei along the L axis of the trachea and esophagus, respectively,
the cell number and number of EdU-positive/negative nuclei in the sections were counted
using Imagel software.

Statistical analysis

We analyzed the patterns of histogram at each time point using multidimensional scaling
(MDS). MDS is a method for the statistical analysis of multidimensional information on a
two-dimensional (2D) graph that mathematically calculates similarities or dissimilarities
among datasets in a large matrix. The EdU-positive nuclear distribution pattern in the
histogram at each time point was plotted on a 2D plane. In the resulting graph, closer
proximity was interpreted as greater similarity, and greater distance was interpreted as greater
dissimilarity between time points.'>?>2 The distance variation of each time point of the MDS
results was further analyzed by using the MorpHoJ software package. MorrnoJ offers
methods for studying morphologically integrated data.?>*° We ran a one-way ANOVA to
perform a canonical variate analysis (CVA), which is used to maximize the variation among
specified groups. In our case, each time point was considered a distance distribution to
compare as a group between the total trachea vs. total esophagus, and between the ventral vs.
the dorsal sides of the two organs. The Procrustes distances among the groups were
determined with the pairwise difference in means using permutation tests (10,000 rounds). A

P-value < 0.05 was considered statistically significant.



RESULTS

We used the EAU assay to label the DNA synthesis phase (S-phase) cell nuclei and to examine
the distribution of labeled nuclei along the AB axis (Fig. 1). The in vivo intraperitoneally
administered EdU was detected on a fixed histological tissue harvested at five different time
points 1, 4, 6, 8, and 12 hr after the injection (Fig. ID-F for E11.5 trachea, Fig. 1G-I for
E11.5 esophagus, 1, 4, 12 hr each). The trachea and esophagus sections were taken at equal
distance in proximal-to-distal fashion, from the separation of the foregut tube to the
bifurcation of the trachea into two main bronchi, because the main goal of the project was to
compare the INM mode between the trachea and esophagus. The distribution of the % of the
EdU-positive nuclei population in layers L1-L6 at each time point was represented by
histograms (Figs. 2—4, left panels) and then each time point was plotted on the 2D graph by
using MDS (Figs. 2—4, right panels) to represent the similarities and dissimilarities among
the histograms.

We comparatively analyzed the INM mode to determine the inter-organ difference between
the trachea and esophagus during E11.5-E12.0 and E12.5-E13.0 (Fig. 2), and then to
determine the intra-organ regional difference (ventral vs. dorsal) in each trachea (Fig. 3) and

esophagus (Fig. 4) during E11.5-E12.0 and E12.5-E13.0.

The inter-organ difference in the INM mode between the trachea and esophagus
During E11.5-E12.0, the population histograms for total trachea vs. total esophagus (Fig. 2A
vs. 2B) both showed a similar general trend in the shift of distribution of the EdU-positive

nuclei along the AB axis. The largest populations of DNA-synthesizing cells were observed
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on the basal side (L1-L3) at 1 hr, and then they gradually shifted toward the apical side (L4—
L5) at 4 hr and 6 hr, and finally shifted back to the basal side at 8 and 12 hr, thereby
confirming the existence of INM. Whereas in the total esophagus the largest % of the EdU-
positive nuclei appeared to remain on the basal side (L1-L3) even at the 4 hr and 6 hr time
points (Fig. 2B), in the total trachea a significant portion of the population shifted to the
apical side so that the size of the apical side population (L4-L6) became nearly identical to
that of the basal side population (L1-L3) at 4 hr and 6 hr (Fig. 2A).

We then analyzed the histograms to determine the similarities and dissimilarities among them
using MDS and plotted time points on the 2D plane. We interpreted the results in the same
manner as in our previously published papers, i.e., on dimension 1, rightward corresponds to
a basal side distribution shift of the nuclei population and leftward corresponds to an apical
side shift.!*!> During E11.5-E12.0, the total trachea (Fig. 2A) and total esophagus (Fig. 2B)
showed generally similar patterns, with the 1 hr and 12 hr time points being located on the
right (basal) side, while the 4 hr and 6 hr time points were on the left (apical) side and the 8
hr time point was in the middle of the 2D graph (Fig. 1A). The cell cycle was thus estimated
to be 12 hr for both the total trachea and total esophagus. The basal-to-apical G2/M phase
spanned 4 hr, and the return phase—i.e., the apical-to-basal G1 phase—took 8 hr for both
organs (Fig. 2A, B). On the other hand, the distances between time points appeared somewhat
different between the trachea and esophagus. To analyze whether this distance variation of
each time point on the 2D graph between the two organs was statistically significant, we used
CVA which discriminates against the variation among the time points (Fig. 5A). The shape
difference in each group on the shape space was scattered on the two canonical variate axes

(CV1 and CV2). The two canonical variates together accounted for 95.56% of the total
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variation (CV1 =84.17%, CV2=11.39%). The E11.5 scatter plot from CV1 and CV2 shows
that each point from the two groups (total trachea vs. total esophagus) was clearly separated
from the other on both the CV1and CV2 axes (Fig. 5A). The Procrustes distance obtained by
pairwise comparison among groups (the difference of means) was 0.4105, and this difference
was highly statistically significant (permutation 10,000 rounds in MorpholJ: P < 0.0001).
Thus, the INM mode was interpreted as differing between the total trachea and total
esophagus during E11.5-E12.0.

During E12.5-E13.0, the % of population histogram distributions for total trachea (Fig. 2C)
vs. total esophagus (Fig. 2D) showed a trend similar to that of E11.5-E12.0 for both organs.
In line with this finding, the 2D plots by MDS also showed a similarity of nuclei distribution
at each time point, such that 1 hr and 12 hr were located on the right side and 4 hr and 6 hr
were located on the left side. The cell cycle was again estimated to be 12 hr for both the total
trachea and total esophagus. The basal-to-apical G2/M phase spanned 4-6 hr, whereas the
return apical-to-basal phase took 6 hr for both the trachea and esophagus (Fig. 2C, D). At
E12.5 the scatter plot from CV1 and CV2 shows that each time point from the two groups
(total trachea vs. total esophagus) was separated from the other in the CV1 direction while
the CV2 direction was overlapped (Fig. 5A). Thus the Procrustes distance obtained by
pairwise comparison among the groups at E12.5 total trachea vs. total esophagus was 0.4325
and this difference was not statistically significant (permutation 10,000 rounds in Morphol:

P < 0.0959).
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The intra-organ regional (ventral vs. dorsal) difference in the INM mode in the trachea
and esophagus

To analyze regional (ventral vs. dorsal) difference, we further divided the trachea and
esophagus by using a ruler into two equal parts, the ventral and dorsal halves (Fig. 1C). The
trachea corresponding to the esophagus side considered as dorsal and the opposite side as
ventral and vice versa for the esophagus.

Trachea

The E11.5-E12.0 and E12.5-E13.0 trachea histograms and MDS 2D graphs showed a
general trend that proved the existence of INM with a cell cycle of 12 hr in both the ventral
and dorsal halves (Fig. 3).

At a glance, the E11.5-E12.0 histograms and MDS 2D graphs exhibited some differences
between the ventral and dorsal trachea (Fig. 3A vs. 3B), while the E12.5-E13.0 histograms
and MDS 2D graphs looked very similar between the ventral and dorsal trachea (Fig. 3C vs.
3D). Together, the two canonical variates accounted for 98.40% of the total variation (CV1
=62.99%, CV2 =35.41%). The scatter plot from CV1 and CV2 shows that the two groups,
ventral vs. dorsal trachea during E11.5-E12.0, were separated from each other on both CV1
and CV2 (Fig. 5B). Procrustes distance obtained by pairwise comparison among groups
during E11.5-E12.0 trachea ventral vs. dorsal was 0.4036 and this difference was statistically
significant (permutation 10,000 rounds in MorphoJ: P < 0.0123). Thus, the INM mode is
different between the ventral and dorsal trachea during E11.5-E12.0.

On the other hand, comparison of the trachea ventral vs. dorsal during E12.5-E13.0 revealed
that the variation of the scatter plot at CV1 was overlapped between the two groups, while at

CV2 the scatter plot variations of the two groups were separate from each other (Fig. 5B).
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The Procrustes distance obtained by pairwise comparison among groups E12.5-E13.0
trachea ventral vs. dorsal was 0.2133, and this difference was not statistically significant
(permutation 10,000 rounds in Morphol: P <0.3025).

Esophagus

In the comparison between the ventral and dorsal portions of the esophagus at E11.5-E12.0,
the distribution of labeled EdU-positive nuclei and mode of INM on MDS 2D graphs
appeared to be quite similar (Fig. 4A, B). The two canonical variates together accounted for
98.81% of the total variation (CV1 =91.07%, CV2 =7.73%). The scatter plot from CV1 and
CV2 shows that the two groups were overlapped during E11.5-E12.0 (Fig. 5C). The
Procrustes distance obtained by pairwise comparison among groups between the ventral and
dorsal portions of the esophagus during E11.5-E12.0 was 0.1501, and this difference was not
statistically significant (permutation 10,000 rounds in Morphol: P > 0.6949).

At E12.5-E13.0, the histograms and MDS 2D graphs again appeared to be quite similar
between the ventral and dorsal regions of the esophagus (Fig. 4C, D). The scatter plot from
CV1 and CV2 showed that two groups were overlapped (Fig. 5C). The Procrustes distance
obtained by pairwise comparison among groups, E12.5-E13.0 esophagus ventral vs. dorsal,
was 0.1568, and this difference was not statistically significant (permutation 10,000 rounds

in Morphol: P > 0.6021).

Convergent extension (CE): Measurement of total cell distributions along the L axis of
the trachea and esophagus
The convergent extension is a basic conserved cellular movement that forms elongated

tissues across different species during embryonic development.'®?° Here, we examined the
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12 hr interval difference in cell distribution along the L axis to investigate whether CE was
involved in the elongation of the trachea and esophagus. We compared the total cell
distribution along the L axis at two time points (1 hr vs. 12 hr after EAU injection) for both
E11.5 and E12.5. We set the cell distribution on the section on the X axis, and the length of
the epithelial tube along the L axis on the Y axis. We then analyzed whether changes occurred
along both axes of the epithelial tube. Between E11.5 and E12.0 (12 hr later), we observed
that the short and thick tracheal and esophageal epithelial tubes became thin and long with a
time course suggesting the existence of CE (Fig. 6A, B). Between E12.5 and E13.0, both
epithelial tubes became slightly thicker and moderately longer, suggesting that CE did not
take place (Fig. 6C, D). Therefore, CE is not likely involved in the elongation of the trachea

or esophagus during E12.5-E13.0.

PCM along the L axis: % of EdU-positive nuclei distributions

Cell movement and cell proliferation are equally important phenomena during the early
embryonic development of organisms.?!***” Thus, to analyze the PCM, i.e. cell movement
along the L axis, we plotted the distribution of EdU-positive nuclei and EdU-negative nuclei
on a graph and examined whether the ratio of the EdU-positive nuclei changes at the relative
same position along the L axis after 12 hr. We assumed that if there is no PCM the distribution
of the ratio of the EdU-positive nuclei along relative 100% length of the L axis would not
change irrespective of the growth. The same embryonic day samples for CE analysis were
used. The vertical Y-value represented the length of the organs in pm and the horizontal X-
value represented the EdU-positive plus EdU-negative nuclei distribution (Fig. 7A, C). Then

we further set up the % relative length vs. the % EdU-positive nuclei distribution graph (100
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X 100) to examine whether there was a distribution change that suggested PCM of EdU (+)
nuclei along the L axis (Fig. 7B, D).

Regarding the trachea, E11.5 (1 hr) vs. E12.0 (12 hr), the % of EdU-positive nuclei were in
general uniformly distributed along the L axis (Fig. 7A). However, whereas the ratio of EAU-
positive nuclei at E11.5 was relatively equal throughout the entire length, at E12.0 the ratio
tended to be higher in the rostral half and lower in the caudal half than at E11.5 (Fig. 7B). In
contrast, whereas the ratio of EdU-positive nuclei at E12.5 (1 hr) was again relatively equal
throughout the entire length, at E13.0 (12 hr) the ratio of labeled EdU nuclei tended to be
lower in the rostral half than at E12.5 (Fig. 7D).

Regarding the esophagus, between E11.5 and E12.0 the % of EdU-positive nuclei overlapped
through the examined length (Fig. 8B). While at E11.5 (1 hr) the ratio tended to gradually
increase from the rostral to caudal part, at E12.0 (12 hr) the ratio became rather irregular,
higher in some parts and lower in the others (Fig. 8B). In the E12.5 (1 hr) esophagus, the %
of EdU-positive nuclei tended to increase from the rostral to caudal part, while at E13.0 (12
hr) the ratio tended to be lower in the middle and higher in the rostral-most and caudal-most
parts than at E12.5 (Fig. 8D). These findings of differences in the distribution of the % of
EdU-positive nuclei along the L axis between the two time points with a 12 hr interval might
suggest that PCM occurred from E11.5 to E13.0 both in the trachea and esophagus. However,
we could not find a statistically significant difference either in the trachea or in the esophagus.

These data are indirect and limited, and the existence of PCM remains to be confirmed.
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DISCUSSION

Developmental significance of the difference in the modes of INM

INM is the AB polarity-based regulatory mechanism of proliferation and differentiation of
the epithelial stem/progenitor cells, and the molecular mechanisms involving the cytoskeletal
elements, albeit variable depending on the cases, have been suggested.>** INM has been
extensively studied in the neural ectoderm-derived epithelium and is considered the hallmark
of neurogenesis; however, recent studies revealed that INM is also the main feature of other
pseudostratified epithelial tubular tissues/organs of all three germ-layer origins in the
embryo.%1628-30 \we also previously proved the existence of INM in endoderm-derived
epithelia of the trachea and esophagus during E11.5-E12.0, in endoderm-derived epithelia
of the entire intestine during E11.5-E14.0, and in the mesoderm-derived epithelium of the
ureter during E11.5-E14.0.12%5

The basal-to-apical nuclear movement in the INM corresponds to G2/M phase and the apical-
to-basal shift corresponds to G1 phase of the cell cycle.5® Previous studies, including ours,
revealed that the duration of the G1 phase nuclear shift varies significantly depending on the
organs as well as on the developmental dates, whereas the G2/M phase shift is within a
narrow time window and almost constant in each organ irrespective of dates.16-3:32

In the neural progenitor cells in the developing neocortex, the total INM cycle number has
been calculated as 11, and the length of the overall cell cycle is approximately doubled over
the interval from E11 to E16 due to the increase in the length of the G1 phase.®! INM
regulates not only proliferation of stem/progenitor cells but also differentiation of different
types of daughter cells.®® Therefore, through regulation of the fraction of the neural

progenitor cell population that exits the cell cycle (Q fraction) at a given point of
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neurogenesis, INM regulates not only the total neuron number/brain size, and thus the overall
functional capacity of the brain, but also the layer distribution of different types of projection
neurons in different regions, and thereby, in theory, differential functions in different
regions of the cerebral cortex.

We also previously documented regionally different INM modes in the intestine.’® In the
proximal intestine that later develops into the small intestine, the basal-to-apical and apical-
to-basal movements of the nuclei take 4 hr and 8 hr, respectively, whereas in the distal
intestine that corresponds to the future large intestine they require 6 hr and 2 hr,
respectively.®®

Thus, differential INM modes have been suggested to play an important role in the
differential organogenesis and histogenesis of organs as well as in different regions of
individual organs, and thereby in the differential structures and functions of organ regions.
We previously showed the existence of INM in the esophagus and trachea during E11.5—
E12.0, and showed that INM ceases at an earlier time point in the esophagus, ranging from
E13.0 to E14.0, while it continues until at least E14.0 in the trachea®'? as well as in other
organs.’*1° In the present study, using statistical analyses of the chronological change in the
distribution pattern along the AB axis of the EdU-labeled epithelial nuclei, a method
established in our previous series of studies,’>® we proved that there is a significant
difference in the INM mode between the trachea and esophagus during E11.5-E12.0, but not
between E12.5-E13.0. We further documented a significant regional difference in the INM
mode between the dorsal and ventral sides of the E11.5-E12.0 trachea, but not in those during
E12.5-E13.0, and not in the esophagus. These findings support our hypothesis on the

existence of different modes of INM between the two organs which derive from the common
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anterior foregut as well as between the dorsal and ventral sides of the trachea. These
differences in the INM mode, albeit during the limited time period immediately after the
separation of the two organs, may be related with the later differential organogenesis and
histogenesis between the two organs as well as between the dorsal and ventral sides of the
trachea.

Given the significance of the determined INM cycle number in the brain for regulating
“normal” brain size, the other epithelial tubular organs with certain variable sizes within
“normal” range are also assumed to have specifically determined INM cycle numbers, a
hypothesis which requires further detailed investigation.

Further, the histograms of the EdU-positive nuclei distribution along the AB axis of the
trachea and esophagus in the present study and those of the intestine 45 and ureter 2 in our
previous studies all suggest that the nuclei are not all actively/continuously involved in the
INM/cell cycle, but rather a significant part of the nuclei remain in the same position along
the AB axis throughout the 12 hr interval. For example, in the present Fig. 2B, layer 2 has
the highest EdU-positive nuclei ratio at all time points, indicating that a significant number
of cell nuclei did not move along the AB axis during this time period, and the different
patterns of histograms in the examined organs suggest that the ratio of the nuclei actively
involved in INM differs depending on the organ/region and developmental date. To elucidate
the actual contribution of INM to the resultant total cell number in the organ/region, the ratios
of the cells that are actively involved in INM must be elucidated, which is currently under

investigation in our laboratory.
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CE and PCM along the L axis

The process of CE, in which the epithelial tissue converges (narrows) toward the central axis
and extends (lengthens) along the perpendicular axis, was first recognized as a
morphogenetic process more than 100 years ago.'® We previously reported that CE plays a
role in elongation of the endoderm-derived midgut epithelium in humans®’ and in mice.*®
We further showed that Ror2, a receptor tyrosine kinase for Wnt5a, is expressed in the midgut
epithelium and that, based on a Ror2-knockout study in mice, Ror2-mediated signaling is
involved in the CE of the epithelium in the midgut elongation in mice.!® Therefore, the
midgut elongation appears to be an epithelium-driven phenomenon. Moreover, since the
midgut epithelium is “single” columnar, CE in the midgut is not a polarized cell
“rearrangement” but a polarized cell “transformation” and must involve cytoskeletal
regulation in order to reduce the cell height along the AB axis of the “pseudostratified single
columnar” epithelial cells, and thus this transformation is strongly suggested to be closely
related with INM, the AB polarity-based cytoskeleton-related regulatory mechanism (Fig.
S1).

In the present study, based on the chronological change over 12 h—i.e., a single cell cycle
interval—in the cell distribution along the L axis, in different individuals, we observed the
elongation and simultaneous narrowing of the epithelial tube of the trachea and esophagus,
suggesting that CE is involved in their elongation. On the other hand, Kishimoto et al. showed
that the diameter of the trachea including the surrounding mesenchyme remains almost the
same from E10.5 to E14.5, and further that Ror2 is not expressed in the epithelia of the
trachea or esophagus and Wnt5a-Ror2 signaling in the mesenchyme actively regulates the

elongation of the tube.>* We observed CE and INM in the epithelia of the trachea and
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esophagus in the present study, as well as in the midgut in our previous study.**® In the
trachea and esophagus, since Ror2 is not expressed in the epithelium, only the primary
mesenchymal Ror2-mediated signal secondarily could mediate and induce CE, the epithelial
cell transformation. This apparent discrepancy in the elongation between the
trachea/esophagus and midgut, different parts of the continuous endoderm-derived gut, give
rise to at least two hypotheses. First, the mechanism involved in the tube elongation may
differ between organs. In this case, the possible regulation of CE/INM is either originated
endogenously in the epithelium or induced secondarily by the signals from the surrounding
mesenchyme. Second, since Ror2 is expressed not only in the midgut epithelium but also the
surrounding mesenchyme, albeit more weakly than in the epithelium,*® the primary signal
might also be generated in the mesenchyme in the midgut (Fig. S2). Intriguingly, even within
the midgut, there are regional and differential differences in the expression patterns of Ror2
and Wnt5a,*® and therefore, further detailed analysis is warranted on the interaction between
the epithelium and mesenchyme via Wnt5a/Ror2 signaling and others.

PCM, the cell movement under PCP, causes a change in the cell distribution along the L axis
and thereby affects the organogenesis of the tubular tissues/organs.?*?? In the present study,
we only examined chronological change over a 12 hr interval in the distribution of the ratio
of the EdU-positive nuclei along the L axis, again based on data from different individuals,
assuming that if there is no PCM this distribution does not change. Although we observed
some changes in the trachea or esophagus, none rose to the level of statistical significance.
PCM causes collective cell migration along the L axis, and thus regional differences in the
PCM mode/magnitude could affect the morphogenesis/organogenesis of the tube.?? The PCP

pathway has also been implicated in the directional movement of individual cells.?! In the

21



developing lung epithelium, pulmonary neuroendocrine (NE) cells, the production of which,
by analogy in the brain to produce neuroblasts, could be related with INM, have been shown
to be generated and to undergo directional migration mostly in the distal direction toward the
bifurcation points.® This PCM may affect the cell distribution along the L axis and thus, at
least in part, the morphogenesis of the tube.

In conclusion, in the present study, we observed an inter-organ difference in the INM mode
between the trachea and esophagus, and an intra-regional (dorsal vs. ventral) difference in
the trachea, both during E11.5-E12.0. We further showed that CE occurs in both organs
during E11.5-E12.0. These cellular events may be involved in the differential normal and

abnormal organogenesis and later histogenesis of these two organs.
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FIGURE LEGENDS

Figure 1: The image processing program (A) which divides the epithelium layer into six equal
concentric circles with 15° segments. We placed a dot at the center of the EQU-positive nuclei
so that they could be assigned to the appropriate layer (L1-L6), with the basal side (basement
membrane) considered as L1 and the apical side as L6 (4 hr esophagus, B). In the E11.5
trachea (D,E,F) and esophagus (G,H,I), EdU staining using a Click-iT EdU Alexa Fluor 488
Kit (Invitrogen) reveals the cyclic movement of the EdU-positive nuclei from basal-to-
apical-to-basal at different time intervals (1, 4, and 12 hr). DNA synthesis nuclei are shown
in green and DAPI nuclei in blue. The EdU-positive nuclei were shifted to the apical side at
4 hr and then returned to the basal side at 12 hr. The micrograph (C) shows the orientation of

the ventral (v) and dorsal (d) sides of these organs at E11.5 plus 4 hr. Scale bars D—I: 20 um.

Figure 2: The histogram of distribution of the percentage (%) of EdU-positive nuclei at each
time point (left panels) and 2D MDS representation (right panels) of the E11.5 total trachea
(A) vs. total esophagus (B), and E12.5 total trachea (C) vs. total esophagus (D). At E11.5 the
numbers of EdU-positive nuclei counted were 5306 for the total trachea and 3679 for the
total esophagus, whereas at E12.5 they were 8798 for the total trachea and 6876 for the total
esophagus (1 hr—12 hr). At E11.5, the EdU-positive nuclei position shifted from the basal
side at 1 hr to the apical side at 4 hr, then returned to the basal side at 12 hr in both organs.
The cell cycle phase was completed at 12 hr for both the total trachea and total esophagus,
whereas the mode of the cyclic pattern differed between the two organs. At E12.5, the EAU-
positive nuclei were located on the basal side at 1 and 12 hr, whereas the time point of the

shift to the apical side was 6 hr for both the total trachea total esophagus. The cell cycle phase
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was completed at 12 hr for both the total trachea and total esophagus, while the mode of the
INM cyclic pattern appeared somewhat different between the two organs. Bars indicate
standard deviations. Beneath each MDS panel, changes in the Dimension 1 value (X-axis)

are shown to represent the basal-to-pical side and apical-to-basal shifts of nuclear distribution.

Figure 3: The histogram of distribution of the percentage (%) of EdU-positive nuclei at each
time point (left panels) and 2D MDS representation (right panels) of the E11.5 ventral trachea
(A) vs. dorsal trachea (B) and E12.5 ventral trachea (C) vs. dorsal trachea (D). At E11.5, the
EdU-positive nuclei shift to the apical side at 4 hr and back to the basal side at 12 hr both on
the ventral and the dorsal side. At E12.5 the labeled nuclei shift to the apical side at 6 hr and
back to the basal side at 12 hr both on the ventral and the dorsal side. The cell cycle phase
was completed at 12 hr in all groups, whereas the mode of the cyclic pattern varied between
the ventral and the dorsal side of the trachea at E11.5 Bars indicate standard deviations.
Beneath each MDS panel, changes in the Dimension 1 value (X-axis) are shown to represent

the basal-to-pical side and apical-to-basal shifts of nuclear distribution.

Figure 4: The histogram of distribution of the percentage (%) of EdU-positive nuclei at each
time point (left panels) and 2D MDS representation (right panels) of E11.5 ventral esophagus
(A) vs. dorsal esophagus (B), and E12.5 ventral esophagus (C) vs. dorsal esophagus (D). At
E11.5, the EdU-labeled nuclei shift to the apical side at 4 hr and then back to the basal side
at 12 hr both on the ventral and the dorsal side. 2D MDS patterns are generally similar
between the ventral and dorsal sides. At E12.5, 2D MDS patterns are again generally similar

between the ventral and dorsal sides, although the apical side shift at 4 hr and 6 hr somewhat
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differs. Bars indicate the standard deviations. Beneath each MDS panel, changes in the
Dimension 1 value (X-axis) are shown to represent the basal-to pical side and apical-to-basal

shifts of nuclear distribution.

Figure 5: Scatter plot (A, B, C) showing the variation in shape of the total trachea vs. total
esophagus at E11.5 and E12.5 (A), ventral vs. dorsal trachea at E11.5 and E12.5 (B), and
ventral vs. dorsal esophagus at E11.5 and E12.5 (C). The first two canonical variate analysis,
CV1 and CV2 axes counted for 95.56%, 98.40%, 98.81% confidence ellipses, respectively.
At E11.5 the shape of the total trachea was separated from that of the total esophagus while
at E12.5 the two shapes were overlapped in the CV2 direction (A). At E11.5 the shape of the
ventral trachea was separate from the shape of the dorsal trachea, whereas at E12.5 the two
shapes overlapped in the CV1 direction (B). The shape of the ventral esophagus overlapped
that of the dorsal esophagus both in the CV1 and CV2 directions, and both at E11. 5 and
E12.5. This indicates that the ventral and the dorsal side of the esophagus appeared to be

similar.

Figure 6: Convergent extension (CE) at the E11.5 trachea (A) and esophagus (B) at 1 hr vs.
12 hr. CE appeared to take place because the short and thick trachea changed into a long and
thin epithelial tube over the period of observation. The comparisons of the E12.5 trachea (C)
and esophagus (D) between 1 hr and 12 hr suggest that the CE did not take place along the

long axis.
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Figure 7: EdU-positive nuclei distribution to examine a possible Planar cell movement
(PCM) inthe E11.5 (A, B) and E12.5 trachea (C, D). Cell numbers along the measured length
(A, C) and % ratio of EdU-positive nuclei along the relative length (B, D) are shown. At
E11.5 (A) and E12.5 (C), the EdU-positive nuclei were in general uniformly distributed. At
both E11.5 and E12.5, distributions of EdU-positive nuclei after 12 hr appeared somewhat
different from those at 1 hr. While this result might suggest that PCM took place in the

development of trachea, we could not find a statistically significant difference.

Figure 8: EdU-positive nuclei distribution to examine a possible Planar cell movement
(PCM) in the E11.5 (A, B) and E12.5 esophagus (C, D). Cell numbers along the measured
length (A, C) and % ratio of EdU-positive nuclei along the relative length (B, D) are shown.
At E11.5 (A), the EdU-positive nuclei were in general uniformly distributed, and at E12.5
(C), EdU-positive nuclei distribution tended to be higher in the distal part. At both E11.5 and
E12.5, distributions of EdU-positive nuclei after 12 hr appeared somewhat different from
those at 1 hr. While this result might suggest that PCM took place in the development of

esophagus, we could not find a statistically significant difference.

Figure S1: Polarized transformation of the epithelia cells causes CE. Pseudostratified single-
layered columnar epithelium changes into simple mono-layered epithelium via the
transformation of epithelial cells driven by the cytoskeleton along the AB axis causing
intercalation of the nuclei and the resultant CE/elongation of the tube. Since this AB polarity-
based transformation involves cytoskeleton, it should be also closely related with and modify

INM, the AB-polarity-based cytoskeleton-related regulatory mechanism of the epithelial
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progenitor cells. The modified INM would lead the change in the progenitor cell number,

and, together with CE, would modify the organ shape and size.

Figure S2: Expression pattern of Ror2 in the epithelia and the surrounding mesenchyme in
the trachea/esophagus (left) and the proximal midgut (right). In the trachea and esophagus,
Whntba-Ror2 signaling in the mesenchyme primarily occurs and secondarily induce the events
in the epithelium, because Ror2 is not expressed in the epithelium. In the midgut, Ror2 is
expressed both in the epithelium and mesenchyme, and the primary Wnt5a-Ror2 signaling
may occur either in the epithelium or in the mesenchyme. The darker shadow indicates the

higher expression (arbitrary).
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Supporting Information
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Figure S1: Polarized transformation of the epithelia cells causes CE. Pseudostratified single-layered columnar epithelium
changes into simple mono-layered epithelium via the transformation of epithelial cells driven by the cytoskeleton along the
AB axis causing intercalation of the nuclei and the resultant CE/elongation of the tube. Since this AB polarity-based
transformation involves cytoskeleton, it should be also closely related with and modify INM, the AB-polarity-based
cytoskeleton-related regulatory mechanism of the epithelial progenitor cells. The modified INM would lead the change in the
progenitor cell number, and, together with CE, would modify the organ shape and size.
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Ror2 expression

Figure S2: Expression pattern of Ror2 in the epithelia and the surrounding mesenchyme in the trachea/esophagus (left) and
the proximal midgut (right). In the trachea and esophagus, Wnt5a-Ror2 signaling in the mesenchyme primarily occurs and
secondarily induce the events in the epithelium, because Ror2 is not expressed in the epithelium. In the midgut, Ror2 is
expressed both in the epithelium and mesenchyme, and the primary Wnt5a-Ror2 signaling may occur either in the epithelium
or in the mesenchyme. The darker shadow indicates the higher expression (arbitrary).



