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SUMMARY

Pancreatic development requires spatially and temporally controlled expression
of growth factors derived from mesenchyme. Here, we report that in mice the
secreted factor Fgf9 is expressed principally by mesenchyme and then mesothe-
lium during early development, then subsequently by both mesothelium and rare
epithelial cells by E12.5 and onwards. Global knockout of the Fgf9 gene resulted
in the reduction of pancreas and stomach size, as well as complete asplenia. The
number of early Pdx1+ pancreatic progenitors was reduced at E10.5, as was pro-
liferation of mesenchyme at E11.5. Although loss of Fgf9 did not interfere with
differentiation of later epithelial lineages, single-cell RNA-Sequencing identified
transcriptional programs perturbed upon loss of Fgf9 during pancreatic develop-
ment, including loss of the transcription factor Barx1. Lastly, we identified
conserved expression patterns of FGF9 and receptors in human fetal pancreas,
suggesting that FGF9 expressed by pancreatic mesenchyme may similarly affect
the development of the human pancreas.

INTRODUCTION

Temporally and spatially coordinated epithelial-mesenchymal interactions are central to the development
of the primitive gut tube endoderm and are necessary for the formation of functional organs of the gastro-
intestinal tract, including the pancreas. A comprehensive identification of the extrinsic signals that regulate
pancreatic morphogenesis is crucial not only for understanding the fundamental mechanisms underlying
developmental biology of the organ in vivo, but also for refining protocols to generate pancreatic tissues
from pluripotent stem cells in vitro for physiology studies, disease modeling, and cell replacement.’'?

The development of the pancreas begins around embryonic day (E) 8 in the mouse, when secreted factors
from the neighboring mesoderm and notochord specify the region of endoderm that will ultimately give
rise to the pancreas.'* ' Around E9, a group of loosely packed, spindle-shaped cells, collectively termed
the mesenchyme, condense around the dorsal gut and facilitate the growth of the budding epithelium. The
transcription factor Pancreatic and duodenal homeobox 1 (Pdx1) marks the earliest pancreatic progenitors
that give rise to the pancreatic epithelium. Pdx1-expressing pancreatic progenitors proliferate from E9.5 to
E12.5, followed by specification of the pancreatic lineages.

Early development of the dorsal pancreas and spleen occurs as a confluence within the dorsolateral mes-
entery of the stomach (or mesogastrium).'’~"” The putative splenic and dorsal pancreatic mesenchyme lies
beneath a specialized, transient portion of the dorsal mesentery, termed the splanchnic mesodermal plate
(SMP), which appears bilaterally around Pdx1+ epithelium and persists on the left side until about
E11.5."7?% Inductive signals from the SMP are important for the appearance and condensation of underly-
ing mesenchymal cells, which will themselves give rise to the spleen as well as the dorsal pancreatic mesen-
chyme around E10.5, and the SMP directs leftward growth of these organs. By E11.5, a primordial spleen is
formed and is attached to the dorsal pancreatic primordium, with these organs lined by a mesothelial
sheath that expresses Wilms' tumor 1 (WT1). Rotation of the stomach and leftward movement of the dorsal
pancreas brings together the dorsal and ventral pancreatic buds, which fuse and grow along an axis
perpendicular to the duodenum. Meanwhile, the spleen remains associated with the lateral stomach
wall. As epithelial proliferation and branching morphogenesis proceeds, the pancreatic epithelium pro-
trudes into the surrounding cap of mesenchymal cells. The rapid growth of the epithelium results in a
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decreasing ratio of mesenchymal to epithelial cells across development, with rare mesenchymal cells pre-
sent in the adult pancreas.”’

Signals from the mesenchyme play a critical role in supporting survival, proliferation, migration, differen-
tiation, and branching morphogenesis of the developing pancreatic epithelium.??* The importance of
mesenchyme in pancreatic development has been demonstrated by both physical and genetic population
ablation approaches,”’”" as well as deletion of mesenchymally-expressed genes such as NK3 Homeobox 2
(Nkx3.2),"” Homeobox Cé (Hoxé),”> and PBX Homeobox 1 (Pbx1).%°

Disruption of various mesenchymal paracrine signaling pathways has identified essential regulators of
pancreatic epithelial growth and function, including Wnt, BMP, and TGFbB.”’~** In particular, FGFs have
been well recognized as important mesenchymally-derived secreted factors essential to pancreatic organ-
ogenesis even before E12.17°%31:33%5 previous work showed that Fgf9 is expressed in the dorsal SMP, a
transient structure that drives the appearance and condensation of the underlying mesenchymal cells to
form the spleen and pancreatic mesenchyme between E9.5 and E11.5."%*® In addition to Fgf9, Fgf10 is ex-
pressed by pancreatic mesenchyme from E9.5 — E11.5 and is required for pancreatic epithelial growth.*!
Fgf10 mutant embryos fail to develop a pancreas because of impaired proliferation of Pdx1+ common
pancreatic progehitors."H

Meanwhile, an emerging area of research concerns the identity and role of mesenchymal sub-populations
in the development of the pancreas,”® and their mediation of mesenchymal-epithelial interactions. In our
previous work, we used single-cell RNA-Sequencing (scRNA-Seq) to reveal a previously unappreciated de-
gree of heterogeneity within the mesenchymal compartment of the developing murine pancreas.”’ In
particular, we annotated one subgroup of mesenchymal cells as mesothelial based on the expression of
genes known to mark serosal mesothelium in other organs: Wt1, Cytokeratin 19 (Krt19), and Uroplakin
3B (Upk3b).>’~*° The mesothelium plays a well-established role of providing a protective, non-adhesive sur-
face to facilitate smooth intracoelomic movement. This cellular membrane has also been linked to other
physiological functions key in serosal homeostasis, such as fluid and particulate transport, immune surveil-
lance, and synthesis of pro-inflammatory extracellular matrix molecules, cytokines, and growth factors.*%~*?
Although the mesothelium has also been shown to secrete factors that regulate organ development, such
as in the lung™ and liver,"" the function of the mesothelium in pancreatic development remains
understudied.

In this study, our timecourse scRNA-Seq analyses and in situ hybridization (ISH) experiments have re-
vealed the spatial and temporal dynamics of Fgf? expression in the developing mouse pancreas. Taken
together, our data demonstrate that Fgf? expression is principally restricted in early development to the
mesenchyme (SMP) and then the mesothelium during early development, then subsequently expressed
by both the mesothelium and rare epithelial cells by E12.5 and onwards. The function of FGF9 in pancre-
atic development was investigated using a Fgf9 global knockout mouse model. Loss of Fgf? led to
decreased pancreas and stomach size, as well as asplenia. scRNA-Seq and ISH at E14.5 revealed that
global loss of Fgf? results in altered transcriptional pathways within the pancreas, specifically dramatic
reduction of Barx1 expression in the pancreatic mesenchyme. Computational analysis of cell-cell interac-
tions predicted that FGF9-FGFR1 acts as the major ligand-receptor pair contributing to Fgf9 signaling
pathway activity in the developing pancreas. By applying scRNA-Seq and ISH to human fetal pancreatic
tissues, we identified conserved expression patterns of Fgf9 and receptors in human fetal pancreas, sug-
gesting that FGF9 expressed by human pancreatic mesenchyme may similarly affect the development of
human pancreas.

RESULTS

Expression pattern of Fgf9 and Fgf receptors throughout pancreatic development

To identify paracrine factors that may mediate epithelial-mesenchymal interactions, we probed our previ-
ously published scRNA-Seq dataset of developing mouse pancreas®’ for the expression of secreted fac-
tors, their receptors, and downstream targets in three pathways known to have roles in pancreatic devel-
opment: the FGF, Wnt, and BMP pathways.’>“> Of the many genes examined, Fgf? expression was highly
enriched in the mesothelium at E12.5, E14.5, and E17.5, with some expression also detected in rare ductal
or endocrine cells (Figures 1A, STA, and S1B). To confirm the findings from the scRNA-Seq data, we per-
formed multiplexed ISH and immunofluorescence (IF) staining of independent samples of embryonic
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Figure 1. Temporal and spatial dynamics of Fgf9 expression in the mesenchyme and mesothelium throughout pancreatic development

(A) Left: Uniform manifold approximation and projection (UMAP) plots of single-cell RNA-Sequencing (scRNA-Seq) data from wildtype murine pancreas at
embryonic day (E)12.5, E14.5, and E17.5, sub-clustered on Mesenchymal (pink) and Mesothelial (blue) populations only. Cellular populations were annotated
based on expression of key marker genes as described in Byrnes et al.”’
E12.5, E14.5, and E17.5.

(B) Immunofluorescence staining of wildtype mouse E12.5, 14.5, and 17.5 pancreatic tissue. EpCAM protein is shown in green and marks cell membranes of

Right: Feature plots reveal that Fgf9is specifically expressed in the mesothelium at

epithelial cells. Fgf9transcript is shown in magenta. Arrows point to mesothelial expression, and arrowheads indicate weak ductal expression. DAPI staining
of nuclei is shown in blue. Scale bars are 100 um.

(C) Schematic depicts the orientation of dorsal pancreas (DP) relative to stomach, liver, and splanchnic mesodermal plate (SMP, arrowheads) at E10.5,
corresponding to panels in (D).

(D) Immunofluorescence of sagittal sections of pancreas tissue at E10.5. Dashed lines outline the DP. Pdx1 protein marks pancreatic epithelium and is shown
in green, Fgf9 transcript is shown in magenta, Fgf10 transcript is shown in yellow, and DAPI staining of nuclei is shown in blue. Arrowheads mark Fgf9
expression in the SMP at E10.5.

(E) Schematic depicts the orientation of the DP relative to the stomach and mesothelium at E11.5, corresponding to panels in (F).

(F) Pdx1 protein staining is shown in green and marks pancreatic epithelium, which is outlined by dashed lines. Arrows mark Fgf? expression (magenta) in the
mesothelium at E11.5. Scale bars in (D and F) are 50 um.

mouse pancreatic tissue. We validated that as predicted, from E12.5to E17.5 Fgf9 expression was enriched
in the Wtl-expressing mesothelium at the edge of the tissue (Figures 1B, STF, and STH), with low expres-
sion in some ductal cells at E14.5 and E17.5 (Figures 1B and S1B).
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Fgf10is expressed by pancreatic mesenchyme from E9.5 to E11.5 and is required for pancreatic epithelial
growth.*! Previously published work did not delineate whether specific sub-populations of mesenchymal
cells co-express Fgf9 and Fgf10, so we analyzed the epithelial and mesenchymal expression patterns of
Fgf9 and Fgf10 in embryonic mouse pancreatic tissue at E10.5 and E11.5. At E10.5, we confirmed that
Fgf9 expression was found primarily in the dorsal SMP, whereas Fgf10 was primarily restricted to the
sub-epithelial mesenchyme (Figures 1C and 1D) and the ventral SMP (data not shown’ previously reported
by Hecksher-Sorensen et al., 2004). We also found an overlap of Fgf? and Fgf10 transcripts in the mesen-
chyme between the dorsal pancreatic epithelium and the primordial stomach (Figures 1C and 1D).

By E11.5, Fgf? was largely restricted to the mesothelium of the dorsal pancreas (Figures 1E and 1F). In
contrast, and consistent with previously published data,***"** Fgf10 expression had started to wane by
this time. Taken together, our data demonstrate that Fgf? expression is principally restricted to the SMP
and then the mesothelium during early development, then subsequently expressed by both the mesothe-
lium and rare epithelial cells by E12.5 and onwards. Expression of both Fgf? and Fgf10is high around E10.5,
when there is co-expression in mesenchyme just rostral to the dorsal pancreatic bud. Subsequently,
although Fgf10 expression declines, Fgf9 persists at E11.5 and onward.

Given the striking pattern of expression of Fgf? in developing pancreas tissue, we next asked which cells
express the cognate receptors. Prior work attempting to define the expression patterns of Fgf receptors
in the developing pancreas has primarily been limited to detection by quantitative real-time polymerase
chain reaction (QRT-PCR), which lacks resolution spatially or within cell type.***" FGF9 is capable of
signaling through FGFR1c and 2c splice variants, which are typically expressed in mesenchymal tissue,
as well as FGFR3b and 3c splice variants, for which tissue-specific regulation of receptor isoform expression
is not as strict.“**® Thus, we analyzed Fgfr1-3 expression using scRNA-Seq and multiplexed ISH at multiple
timepoints across embryonic development. Our scRNA-Seq data indicated that at E12.5, Fgfr1 is ex-
pressed in mesenchymal cells and in rare epithelial cells, and Fgfr2 mostly in epithelial cells (Figures S1C
and S1D). Fgfr3was difficult to detect by scRNA-Seq at this timepoint (Figure S1E). By ISH, we determined
that at E10.5, Fgfr1 was broadly expressed in the dorsal pancreatic mesenchyme, including the mesen-
chyme directly beneath the SMP and the SMP itself; it was also found in the epithelium (Figure S2A).
Fgfr2 was primarily expressed in the epithelium, and Fgfr3 was lowly expressed in the mesenchyme and
epithelium. At E11.5, Fgfr1 was again expressed fairly ubiquitously, whereas there was low expression of
Fgf2 and Fgfr3in Epcam+ epithelial cells (Figure S2A). Both Fgfr1 and Fgfr3were expressed by mesothelial
cells. At E12.5, Fgfr1 was still expressed broadly and Fgfr2 was primarily restricted to epithelial cells (Fig-
ure S2A). Fgfr3was expressed in epithelium and mesenchyme, and enriched in the sub-mesothelial mesen-
chyme. At E14.5, Fgfr1 was ubiquitously expressed, Fgfr2 was expressed in epithelial cells (enriched in
ducts), and Fgfr3was expressed in epithelial cells (enriched in ducts) and lowly expressed in mesenchyme,
including mesothelial cells (Figure S2B). By E17.5, Fgfr1 was expressed in epithelium and mesenchyme at
very low levels, Fgfr2was expressed at very low levels in ductal cells, and Fgfr3was expressed in ductal cells
(Figure S2C).

In summary, we have determined that the pancreatic mesenchymally-secreted factor Fgf? is expressed by
the SMP early in development (E10.5) and then pancreatic mesothelial cells by E12.5. In addition, Fgf9is
expressed by rare ductal and endocrine cells in late embryonic development. We have also characterized
the cell type-specific expression of the various Fgf receptors throughout pancreatic development.

Loss of Fgf9 leads to asplenia and abnormal pancreatic and gastric development

To ascertain the function of Fgf9 in pancreatic development, we utilized a mouse line with a LacZ allele
knocked into the Fgf9 locus, which leads to a functional knockout of the Fgf9 allele.*” As previously
described,” embryos lacking a functional Fgf9 gene (hereinafter referred to as Fgf null) were smaller over-
all than their homozygous wildtype (WT) and heterozygous littermates (hereinafter collectively referred to
as control) (Figure 2A), and Fgf? null mice did not survive postnatally because of hypoplastic lungs leading
to respiratory failure. We found that as with the lung phenotype, pancreata of Fgf? null mice were also hy-
poplastic compared to those of their control littermates (Figures 2B-2D). The average weight of Fgf9 null
embryos at E17.5 was 80% that of control littermates (p < 0.0001; Figure 2E), yet the ratio of pancreas to
whole body weight of Fgf? null embryos was only 51% of the controls (0.801% versus 1.576%; p =
0.0323; Figure 2F). Thus, the extent of pancreatic hypoplasia was not fully accounted for by the smaller over-
all size of mutant embryos. At E17.5, Fgf? null mice also displayed asplenia, and decreased size of the
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Figure 2. Abnormal pancreatic, splenic, and gastric development in Fgf9 null mice

(A) At E17.5, Fgf? null embryos are smaller overall than control littermates. Dashed circle outlines the visible pancreas in
the control embryo. Scale bars are 2 mm.

(B) Representative control and Fgf? null pancreata at E17.5 are shown in situ and outlined with dashed lines. Asterisk
denotes the spleen. In Fgf? null embryos, the spleen is entirely absent, while the pancreas and stomach are both
decreased in size. Scale bars are 3 mm.

(C) Cartoon depicting normal anatomy of the region of the E17.5 gut tube containing the pancreas.

(D) Gross dissections of control and Fgf9? null pancreata further reveal significant reduction in the size of the pancreas in
the mutant. Scale bars are 3 mm.

(E and F) Fgf? null embryos at E17.5 display significantly decreased body weight (E) and pancreatic weight/body weight
ratio (F) compared to littermate controls. Each individual embryo is represented as a single data point. Error bars were
calculated using standard deviation (SD); statistical significance was determined using an unpaired Student's t-test. n = 8
in the control group; n = 11 in the Fgf9 null group, from four different litters.

stomach, compared to littermate controls (Figure 2B). In contrast, heterozygous Fgf9-*** embryos and
gut tube regions were indistinguishable from WT controls (data not shown). To investigate the possibility
that the spleen had been specified earlier but by E17.5 had degraded, we next examined control and null
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Figure 3. Fgf9 null pancreata contain reduced numbers of pancreatic progenitors and display defects in epithelial branching morphogenesis and
mesothelial development

(A) Immunofluorescence (IF) staining for Pdx1 (marking early pancreatic progenitors at this stage; shown in green) and mesenchymal marker Vimentin (Vim;
gray) in E10.5 pancreatic tissue. Nuclei are counterstained with DAPI in blue. Scale bars are 50 pm.

(B) Quantification of Pdx1+ pancreatic progenitor cell number in dorsal pancreata of control (n = 20 sections from 5 embryos) versus Fgf? null (n = 18 sections
from 5 embryos). Each individual embryo is represented by a single data point. Error bars were calculated using standard deviation (SD); two-tail nested
t-test was used to calculate p-value.

(C) E10.5 control and Fgf9 null pancreatic tissues were profiled for Pdx1 (red), Laminin (magenta), EdU incorporation (green), and DAPI (blue). Scale bars are
100 um. Single-color images for regions containing dorsal buds are represented below the merged images.

(D) Ratio of proliferating pancreatic progenitor cells in the dorsal pancreas was assessed by calculating the percentage of Pdx1+ cells that were also EdU+ in
control (n = 17 sections from 4 embryos) versus Fgf? null (n = 13 sections from 4 embryos) dorsal pancreas tissue. Each individual embryo is represented by a
single data point. Error bars were calculated using SD; two-tail nested t-test was used to calculate p-value. ns = not significant.

(E) Whole-mount staining of control and Fgf9 null E11.5 pancreata for Pdx1 (green) and broad epithelial marker EpCAM (Cyan). Both dorsal and ventral
pancreas are formed in control and Fgf? null embryos. Scale bars are 100 um.
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Figure 3. Continued

(F) IF staining for Pdx1 (green) and Vim (magenta) in E11.5 pancreatic tissue. Nuclei are counterstained with DAPI in blue. Dashed lines outline the contour of
the Pdx1+ pancreatic epithelium; solid lines outline the contour of the entire pancreatic gland, including epithelium and mesenchyme. Scale bars are25 pm.
(G) Mean mesenchymal area is represented as a percent of total organ area for Fgf9 null (n = 4) versus control (n = 4) embryonic pancreata at E11.5. Each
individual embryo is represented by a single data point. Error bars were calculated using SD; two-tail nested t-test was used to calculate p-value.

(H) IF performed on E11.5 sagittal pancreatic sections reveals loss of mesothelial marker WT1 (indicated by arrowheads, top) in Fgf9 null tissue. Pancreatic
epithelial marker Pdx1 is shown in green, and nuclei are counterstained with DAPI in blue. Scale bars are100 pm.

(I-J) Morphology of the epithelium over developmental time.

() IF staining of E11.5 tissue for epithelial marker E-Cadherin (E-Cad) (gray) reveals fewer tubular lumens in Fgf? null versus control. Dashed red lines
represent the outer layer of the epithelial sheet. Scale bars are 25 um.

(J) Whole-mount staining of E13.5 control and Fgf9 null pancreata stained with EpCAM (cyan). Dashed white lines outline the DP. Scale bars are 100 um.
St, stomach. DP, dorsal pancreas; VP, ventral pancreas.

tissues across a timecourse (Figure S3). We found that even at E12.5, Fgf9 null embryos were completely
asplenic (Figure S3). In addition, stomach hypoplasia was visible at least as early as E12.5. Taken together,
these data reveal that Fgf9 is required for the proper development of multiple organs of the gastrointes-
tinal tract.

To determine whether the diminished pancreatic size was due to loss of a particular differentiated cell type,
we performed IF on E18.5 pancreata from control and Fgf? null embryos to detect the major cell lineages
(Figures S4A=S4H). In both control and Fgf9 null pancreata, we identified all of the major lineages of the
pancreas, including acinar (Carboxypeptidase A1 (Cpal)+), ductal and mesothelial (Krt19+), endocrine
(Glucagon (Geg)+ alpha cells, Insulin (Ins)+ beta cells, Somatostatin (Sst)+ delta cells), mesenchymal
(Vimentin (Vim)+), nerve (Class lll Beta-Tubulin (Tuj1)+), vascular smooth muscle (Smooth muscle actin
(SMA)+), and endothelial (CD31") cells (Figures S4A-S4H). To exclude the possibility that compensation
had allowed for recovery of lost cell lineages by late developmental stages, we also verified that these ma-
jor pancreatic lineages were all present at E12.5, E13.5, and E14.5 in null and control tissues as well (data not
shown). Taken together, these results indicate that Fgf9 is not required for the specification of broad line-
ages in the developing murine pancreas.

Loss of FGF9 results in dynamic shifts in cellular proliferation

We next assessed cell proliferation within the epithelial and mesenchymal compartments of Fgf? mutant
and control pancreata by calculating rates of incorporation of EJU after exposure in utero (Figures S5A-
S5F). Mesenchymal proliferation was reduced in Fgf? null pancreata relative to controls at E11.5 (30.6%
versus 41.2%, p = 0.048), and although there was a trend for reduced epithelial proliferation (35.2% versus
40.9%), it was not statistically significant (p = 0.068) at this timepoint (Figures S5A and S5B). At E12.5,
epithelial proliferation was reduced in Fgf? null pancreata relative to controls (27.3% versus 38.7%, p =
0.038) but mesenchymal proliferation was unchanged (22.7% versus 22.5%, p = 0.91) (Figures S5C and
S5D). By E14.5, there was no difference in proliferation for epithelial (38.9% in null versus 39.6% in control,
p = 0.85) or mesenchymal (28.4% in null, 27.6% in control, p = 0.84) cells in Fgf? null pancreata relative to
controls (Figures S5E and S5F). To assess apoptosis, we stained sections of Fgf9 null and control pancreatic
tissue at E13.5 for cleaved caspase-3. The number of pancreatic cells staining positive for cleaved
caspase-3 was negligible in the mesenchyme and epithelium in both conditions (Figure S5G), leading us
to conclude that at this timepoint apoptosis is not the primary mechanism underlying pancreatic hypopla-
sia in Fgf9 mutants. Thus, although loss of Fgf? does not appear to affect cell death in the developing
pancreas at later timepoints, it does affect the proliferative capacity of early pancreatic mesenchymal cells
and subsequently epithelial cells, likely contributing to the overall reduction in pancreatic size.

Fgf9 null pancreata contain reduced numbers of early pancreatic progenitors and display
defects in epithelial structure and mesothelial development

To further understand the cellular mechanisms driving the hypoplastic pancreatic phenotype in Fgf9 null
embryos, we assessed the overall epithelial and mesenchymal morphology at early developmental stages.
We validated that both ventral and dorsal buds had formed in control and Fgf9 null embryos by examining
both E10.5 and E11.5 pancreata (Figures 3A and 3E). At E10.5, we quantified the number of epithelial pro-
genitor cells, marked by PDX1 expression at this early developmental stage. We found that the number of
early progenitor cells was reduced in the dorsal pancreata of Fgf9 null compared to control (n = 82 versus
120 per section, respectively; p = 0.0062) (Figures 3A and 3B). That said, we did not observe a reduction in
the fraction of epithelial progenitor cells that were proliferating at E10.5, as judged by incorporation of EAU
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into PDX1+ cells in the dorsal pancreata of Fgf? null (n = 4 embryos, 17 dorsal pancreatic tissue sections)
versus control (n = 4 embryos, 13 dorsal pancreatic tissue sections) (Figures 3C and 3D).

We observed an apparent thinning of distal mesenchyme (Figure 3F), indicated by a reduction in the ratio
of mesenchymal (VIM+) area to total tissue area (combined area of both VIM+ and epithelial (PDX1+) com-
partments) in E11.5 Fgf? null pancreata relative to controls by 13.5% (p = 0.0008; Figure 3G). Because Fgf?
was predominantly expressed in the mesothelial cells of the wildtype developing pancreas at E11.5, we
next sought to assess whether the formation of mesothelial tissue was itself disrupted upon Fgf? knockout.
In control tissue at E11.5, we observed distinct mesothelial layers expressing Wt1 that serve as boundaries
surrounding both the dorsal pancreas and the stomach, providing clear separation of these organs. In Fgf9
null embryos, however, the mesothelial layers at the interface of the stomach and dorsal pancreas had
failed to form, and the dorsal pancreas was instead adhered to the stomach via intervening mesenchyme
(Figure 3H).

Through early gestation, the multi-layered pancreatic epithelium decreases in thickness in a process of de-
stratification as branches form.*? Despite the formation of epithelial branches in both control and Fgf9 null
pancreata, it was apparent this process was delayed in null embryos. Fgf9 derived from mesenchyme or
mesothelium may contribute to this de-stratification process, as the difference in epithelial structure
observed at E11.5 (Figure 31), when Fgf9is almost exclusively expressed in the mesothelium and sub-meso-
thelial mesenchyme, becomes less severe by E13.5 (Figure 3J). In summary, although the Fgf9 null pancreas
does contain both ventral and dorsal buds, it contains fewer early epithelial progenitors, likely at least
partially explaining the hypoplasia phenotype. In addition, Fgf? null pancreatic tissue displays an early
defect in epithelial structure, abnormal specification of mesothelial layers, and decreased mesenchymal
tissue volume.

Bulk RNA-Sequencing reveals the downregulation of transcription factors controlling
mesenchymal development in Fgf9 null pancreata

To identify the molecular mechanisms underlying the developmental defects observed in Fgf9 null pan-
creata, bulk RNA-Seq was performed on dorsal pancreatic tissue from control (including Fgf9** and
Fgf9-2?* pancreata) and null embryos at both E13.5 and E14.5 (Figures S6A-S6D; Table S1). Pathway
analysis was performed using Cons