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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.

f9-2<2/* embryos and

stomach, compared to littermate controls (Figure 2B). In contrast, heterozygous Fg
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), EJU 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 ConsensusPathDB on genes differentially expressed between E14.5 control
and null pancreata. In the control pancreas, pathways relating to Calcium Signaling, RA biosynthesis, and
cAMP signaling were annotated as enriched, while in the null pancreata, pathways relating to extracel-
lular matrix organization and striated muscle contraction were annotated as enriched (Figure S4E). Not
surprisingly, given the abnormal morphogenesis of the foregut structures, expression levels of several
homeobox genes were dysregulated in the Fgf9 null pancreata (Figures S6A-S6D). Notably, the expres-
sion levels of several transcription factors known to be essential for normal spleen and pancreatic devel-
opment were downregulated, including T Cell Leukemia Homeobox 1 (TIx1), BARX Homeobox 1 (BarxT),
NK2 Homeobox 5 (Nkx2.5), and Nkx3.2 (Figures S6A-S6D; Table S1). TIx1 is normally expressed in the
spleno-pancreatic mesenchyme.””>" Tix1 knockout mice lack a spleen because of failed expansion of
spleen primordium; whereas the region of the dorsal mesogastrium where the spleen normally forms re-
mains fused with the stomach, animals do form a pancreas.”®™? Barx1 is expressed in the SMP at E9.5-
E10.5, later in the mesogastrium in which the pancreas and spleen form, and eventually in the mesothe-
lium surrounding both of these organs, and is important for proper positioning and expansion of the
spleen.'”>*>* Barx1 knockout mice have a markedly hypoplastic spleen that lacks a normal WT1-express-
ing mesothelial capsule and is abnormally located within the dorsal pancreas.” In addition, the dorsal
and ventral pancreatic buds do not fuse, which is thought to be because of abnormal rotation of the
gut.”® In our bulk RNA-Seq dataset, Barx1 showed reduced expression in the Fgf9 null pancreata at
both E13.5 and E14.5 (Figures S6A-S6D, Table S1). Our scRNA-Seq data further revealed that Fgf9
knockout results in the diminished expression of Barx1 specifically in the mesenchymal populations, a
finding that was validated in tissue sections with ISH (Figure 7F).

Nkx2.5 and Nkx3.2 mark the two lineages that make up the majority of the pancreatic mesenchyme
(Landsman et al., 2011; Cozzitorto et al. 2020) and were both down-regulated at E13.5 (Table S1).
Nkx2.5 null embryos die around E10, thus insights into pancreatic development using this model are
limited. Nevertheless, there is clear Nkx2.5 expression in the early spleno-pancreatic mesenchyme at
E10.5, after which point expression remains in the spleen but is reduced in the pancreas, and becomes

8 iScience 26, 106500, April 21, 2023

iScience



iScience

restricted to expression in mesenchyme surrounding the left side of the dorsal pancreas.”®”>>¢ Nkx3.2 is
also expressed in early splenopancreatic mesenchyme, and Nkx3.2 lineage-traced cells make up the ma-
jority of pancreatic mesenchyme.”’“® Nkx3.2 is an essential transcription factor for proper formation of
the SMP and lateralization of the spleen and pancreas.'”’ Taken together, these data demonstrate
that FGF? functions as a secreted factor that is an essential mediator of gut patterning.

LIM Homeobox 9 (Lhx9) expression was also decreased in the Fgf9null pancreata atboth E13.5 (Figure S4C,
Table S1)and E14.5 (Figures S6B and S6D; Table S1). Lhx?is a member of the LIM-homeodomain gene fam-
ily, and is necessary for the proper development of many organs, including gonads, limbs, heart, and the
nervous system.”®? Initiation and maintenance of Lhx9 expression is dependent on Fgf signaling in limbs
and the brain,®*** and based on our results, in the pancreas it appears to also be dependent on Fgf9. The
expression of the transcription factor Paired-related homeobox 1 (Prrx1) was reduced in the Fgf9 null pan-
creata (Figures S6C and Sé6D; Table S1). Prrx1 has been previously characterized as a marker of a mesen-
chymal subpopulation in mouse dermis,®” and as an important transcription factor regulating the matura-
tion of cranial neural crest to a more mature mesenchymal state.®®

There were several genes up-regulated in Fgf9 null pancreata at E13.5 (Figures S6A and S6C; Table S1) and
E14.5 (Figures S6B and Sé6D; Table S1). For example, Early growth response protein 1 (Egr1), a gene re-
ported to regulate transcription of Insulin, was up-regulated at both timepoints. Insulinoma-associated
2 (Insm2) was upregulated at E13.5 (Figures S6A and S6C; Table S1), and targeted deletion of Insm2 in
mouse pancreas leads to reduced insulin secretion.®”*® Onecut2 (OC-2) was another up-regulated tran-
scription factor at E14.5 (Figure S6D; Table S1). OC-2 is a paralog of HNF-6 and has been previously shown
to be important in expansion of the dorsal pancreas and the number of Neurog3+ cells, potentially through
direct binding of the Neurog3 promoter.®”

Single-cell RNA-Seq reveals that all major cell lineages are generated in Fgf9 null embryos

Results of the bulk RNA-Seq experiments were informative regarding alterations in global gene expres-
sion profiles of control versus Fgf? null embryonic pancreata, particularly with respect to the expression
of genes such as transcription factors that may be relatively lowly expressed. Still, this bulk technique
does not provide information about relative changes in cell populations between the two conditions.
To gain single-cell resolution with respect to gene expression and to determine whether shifts in
cell populations occurred in the pancreas as a result of Fgf9 loss, we next performed scRNA-Seq on
control and null pancreatic tissue at E14.5. E14.5 represents a dynamic timepoint in development at
which the processes of proliferation, cell fate determination, and maturation are occurring simulta-
neously in the pancreas, and it corresponds to the timepoint of greatest focus in our previous scRNA-
Seq study.”’

Eight control and six Fgf9 null pancreata from three litters were pooled separately and subjected to the 10x
Genomics Chromium Single Cell 3’ v3.1 sequencing platform. After computational filtering, we obtained
12,467 quality cells in the control group and 7,249 in the Fgf9 null group, and merged them into a single
integrated dataset for clustering and annotation of cell populations based on expression of key marker
genes (Figures 4A and 4B). By assessing the contribution of cells from both control and Fgf? null pancreata
to the merged dataset, we determined that both genotypes contained all of the main pancreatic cell lin-
eages, including ductal (Sox%+), acinar (Cpal+), endocrine progenitor (Neurog3+), hormone-producing
(Chromogranin A (Chga)+), mesothelial (Wt1+), mesenchymal (Col1al+), endothelial (Pecam1+), immune
(Rac2+), and proliferating (Top2a+) cells (Figures 4A and 4B; Table S2), indicating that deletion of Fgf9in
the pancreas did not prevent fate specification of any broad cell type. This observation further confirmed
our observations previously made through IF staining in vivo (Figure S4).

Although the Fgf9 null tissue contained all of the same broad pancreatic lineages as the control tissue,
some lineages were computationally predicted to be shifted in relative abundance. Specifically, compared
to control pancreata, the proportions of acinar and hormone-expressing endocrine populations (alpha,
beta, delta, and epsilon) were computationally predicted to be increased in the null pancreata, whereas
the relative proportion of mesenchymal populations was predicted to be decreased (Figure 4C). The
reduced abundance of mesenchyme (representing 17.3% versus 9.7% of total cells in control versus Fgf9
null, respectively) is consistent with the mesenchymal developmental defect observed in the null tissues
(Figures 3F and 3G).
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Figure 4. Single-cell RNA-Sequencing data reveal that all major pancreatic cell lineages are generated despite loss of Fgf9
(A) Split UMAP plot reveals the broad cellular groups present in E14.5 control (left) and Fgf9 null (right) mouse pancreas detected by single-cell RNA-
Sequencing (scRNA-Seq), as well as the relative contribution of control and null samples to each cell population. Data are derived from eight pooled control

pancreata, and six pooled Fgf? null pancreata, from three litters.

(B) Feature plots show expression of marker genes in the merged control and null scRNA-Seq dataset. Expression of Sox9, Cpal, Neurog3, Chga, Wt1,
Collal, Pecam1, Rac2, and Top2a marks ductal, acinar, endocrine progenitor, differentiated endocrine, mesothelial, mesenchymal, endothelial, immune,

and proliferating cells, respectively.

(C) Analysis of cellular composition between the scRNA-Seq datasets suggests a potential increase in the relative proportion of acinar cells and in
differentiated hormone+ endocrine cells, as well as a potential decrease in mesenchymal lineages, in Fgf9 null pancreata compared to control tissue.
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Figure 5. Mesothelial cells are predicted to communicate with multiple other cell types through Fgf9 signaling

(A) Higher resolution clustering of scRNA-Seq data reveals the full panoply of cell populations present in wildtype E14.5 mouse pancreatic tissue. Merged
UMAP of control and Fgf9 null tissue reveals further sub-clustering of cellular populations present in Figure 4A, as annotated by the CellFindR algorithm.
(B) Violin plots show the expression levels of Fgf9, along with Fgf9 receptors Fgfr1, Fgfr2, and Fgfr3, in each of the cellular populations identified by CellFindR
in (A).

(C) Heatmap designates whether each subpopulation is predicted by CellChat analysis to act as a “Sender” or “Receiver” of Fgf signaling in the E14.5 control
dataset.
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Figure 5. Continued

(D) CellChat analysis predicts the relative contribution of each FGF9-FGFR signaling pair to overall Fgf9 signaling active within the pancreas at E14.5.

(E) Circle plots show the cell type-specific signaling predicted for each FGF9-FGFR ligand-receptor pair, across all populations in which signaling is
predicted to occur for that pair. Line thickness is proportional to signaling strength, and line colors represent which population is annotated as the “Sender”
of FGF9. Mes, mesenchymal; Meso, mesothelial; EC, endothelial cell; Endo, endocrine; Exo, exocrine; Prolif., proliferating.

Mesothelial cells are predicted to communicate through Fgf9 signaling with multiple other
cell types

FGF9 activates downstream signaling by binding to FGFR1, FGFR2, and FGFR3 receptors on the cell sur-
face.”” To further investigate the cell types that produce Fgf9 and respond to Fgf9 signal by expressing
cognate receptors, we decided to explore the cellular heterogeneity within the pancreatic tissue. We
applied the clustering algorithm CellFindR, which iteratively increases Louvain clustering resolution based
on the condition that each cluster expresses a minimum of 10 genes with greater than two-fold expression
in comparison to all other clusters.””" Within E14.5 control pancreas, CellFindR identified a total of 36
distinct cell sub-clusters, including six mesenchymal, three mesothelial, four endothelial, four neuronal,
six exocrine, 12 endocrine, and one immune sub-cluster (Figure 5A). Each of these sub-populations iden-
tified by CellFindR was annotated according to genes differentially expressed in one cluster over the rest
(Table S3).

Next, we examined the expression of Fgf? and Fgfrs (Fgfr1-3) in each subpopulation identified by CellFindR
(Figure 5B). At E14.5, Fgfr1 was broadly expressed in mesenchymal, mesothelial, endothelial, neuronal,
acinar, and ductal cells, with enrichment in Neurog3+ and Neurog3+Spp1+ endocrine progenitors
(EPs). In contrast, Fgfr2 was restricted to the Stmn2+Tagln+ mesenchymal cluster, ductal cells, and
Neurog3+Spp1+ early EPs. Fgfr3 was found in Neurog3+ and Neurog3+Spp1+ early EPs and (lowly) in
ductal cells. Fgf9 was highly expressed by the mesothelial cell populations (Meso Ptgds+; Meso Csrp2+;
Meso Prolif.) at E14.5 (Figure 5B), corroborating our ISH staining (Figures 1B and S1G).

We next applied the CellChat algorithm’? to our scRNA-Seq dataset to interpret the aggregated Fgf-Fgfr
signaling network among E14.5 control pancreatic cell populations. CellChat placed mesothelial cells
(Meso Ptgds+; Meso Csrp2+; Meso Prolif.) as the “Senders” of FGF ligands, and ductal cells, Neurog3+
Spp1+ and Neurog3+ EPs, and Sfrp2+Stmn2+ mesenchymal cells as the main “Receivers” of FGF ligands
(Figure 5C). Of the FGF9-FGFR interaction pairs assessed by CellChat, the FGF9-FGFR1 ligand-receptor
pair was predicted to contribute most significantly to the total Fgf signaling network in the dataset (Fig-
ure 5D). The Senders and Receivers of each signaling pair were further illustrated by CellChat Circle Plots
(Figure 5E). Taken together, CellChat analysis suggested that at E14.5 FGF? is secreted by the pancreatic
mesothelial population and signals to a range of populations through FGFR1, and to ductal and EP cells
through FGFR3. The computational predictions generated here warrant validation with future mouse ge-
netic studies.

Loss of Fgf9 does not alter specification of pancreatic endocrine cell fate

Given the observation that the receptors Fgfr1, Fgfr2, and Fgfr3 are expressed in the progenitor popula-
tions of the E14.5 pancreatic endocrine compartment (Figures 5B-5E), we hypothesized that FGF9-FGFR
signaling may play a role in pancreatic endocrine development. We subsetted the endocrine compartment
from the integrated dataset (control and null) and found that CellFindR identified 12 sub-clusters of endo-
crine cells (Figure 6A). We annotated each population according to the expression of marker genes,
including hormones Gcg to mark alpha cells, Ins to mark beta cells, Sst to mark delta cells, and ghrelin
(Ghr) to mark epsilon cells, as well as the EP marker Neurog3 (Ngn3) and the transcription factor Fev, which
we previously discovered marks an EP population downstream of Neurog3 expression and upstream of
hormone acquisition.?” This led to the assignment of three EP clusters (Ngn3*Spp1*; Ngn3*; Fev'") and
seven Chga-expressing differentiated endocrine cell clusters (Chgb+Fev+; Pre-Alpha; Alpha; Beta; Delta,
and Epsilon clusters 1 through 4 (Figures 6A and S7A). Differentially expressed genes between control and
null tissues were calculated for the 12 sub-clusters annotated by CellFindR within the endocrine compart-
ment (Table S4).

Computational analysis revealed the expression patterns of Fgf receptors in the subsetted endocrine data-

set. Fgfr1 and Fgfr3 receptors were enriched in Ngn3+ and Ngn3+Spp1+ EPs, whereas Fgfr2 was more
restricted specifically to the Ngn3+Spp1+ EPs (Figure 6B). We further validated the expression patterns
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Figure 6. Loss of Fgf9 does not alter the relative cellular proportions of endocrine progenitors or the major hormone-producing endocrine
lineages in the pancreas

(A) Split UMAP depicts the cell clusters present within the sub-clustered endocrine compartment from the E14.5 merged control and Fgf9 null dataset, as
well as the contribution to the merged dataset from control (left) and Fgf? null (right) tissue.

(B) Stacked violin plots show the expression of Fgf receptors in the merged (Fgf? null and control) endocrine dataset.

(C) Multiplexed in situ hybridization for Neurog3 (cyan) and Fgfr1/Fgfr2/Fgfr3 transcripts (red) and immunofluorescence for Chga (green) in E14.5 control
pancreatic tissue. Nuclei were counterstained with DAPI (blue). Arrows represent Neurog3+Fgfr+ double-positive cells. Scale bars are 25 um.

(D) Bar graph showing the percent of all counted cells that were Geg+, Neurog3+, Fev+, or Ins+ cells in control pancreata (n = 3 biological samples; 19 ROls;
1,579 cells counted) or Fgf9 null pancreata (n = 2 biological samples; 24 ROIs; 2,711 cells counted). Quantification was performed on images generated by in
situ hybridization/immunofluorescence; representative images are shown in Figure S7C. n.s. not significant. Error bars were calculated using standard
deviation (SD); unpaired t-test was used to calculate p-values.

(E) Volcano plot depicting the differentially expressed genes in the Ngn3+Spp1+ population in control versus Fgf? null tissue.

of Fgfr1-3 using multiplexed ISH/IF staining to detect Fgf receptor expression in differentiated endocrine
(Chga+) cells and in EP cells (Neurog3+). In E14.5 control pancreatic tissue Fgfr1 was expressed broadly
across cellular populations, except in the mature endocrine populations (Figure 6C), which was consistent
with our scRNA-Seq analysis (Figure 5B). Fgfr2and Fgfr3were enriched in Neurog3+Chga-cells (Figure 4C).

To elucidate whether Fgf9-Fgfr signaling indeed plays a role in endocrine cell fate specification, we eval-
uated the relative proportion of each endocrine cell type from the null and the control sample of the endo-
crine datasets. Consistent with IF data in Figure S4, the null pancreata contained all the same endocrine
populations present in the control tissue. The relative proportions of these populations varied, however,
with a predicted decrease in the total proportion of EP populations and a predicted increase in the propor-
tion of alpha and beta populations in the Fgf? null pancreata (Figure S7B). We performed multiplexed ISH
staining to detect the Ngn3+, Fev+, Ins+, or Geg+ cells in independent biological samples of E14.5 control
(n=3;1,579 cells counted) and null (n = 2; 2,711 cells counted) pancreas tissue (Figure S7C). In contrast to
the predictions generated from the scRNA-Seq data, the ratios of EP cell populations (Ngn3+ or Fev+) or
differentiated hormone populations (Gecg+ or Ins+) at E14.5 were not significantly altered between control
and null pancreata (Figure 6D). In addition to measuring changes in relative abundance of each endocrine
subpopulation, we also assessed whether there were transcriptional changes within each endocrine sub-
population in the control versus null tissue. We found very few genes differentially expressed between con-
trol and null tissue, for any of the endocrine sub-populations present (Table S4). Representative data are
shown for the Ngn3+Spp 1+ population, where only a handful of genes show differential expression (Fig-
ure 6E). Together, our findings suggest that the hypoplastic pancreatic phenotype in Fgf? null embryos is
likely not reflective of broad alterations in cell specification or in transcriptional programs within the pancre-
atic endocrine lineage at E14.5.

Loss of Fgf9 does not result in loss of pancreatic mesenchymal populations

The CellChat analysis described above had predicted that at E14.5, all pancreatic mesenchymal cell pop-
ulations receive FGF9 signal through FGFR1 (Figure 5E). Based on this analysis, we sought to evaluate
whether knockout of Fgf? affects mesenchymal fate specification. We subsetted the mesenchymal
compartment from the E14.5 integrated dataset (control and null), and re-clustered with CellFindR, which
identified nine clusters of mesenchymal cells, including mesothelial cells (Figure 7A). The largest mesen-
chymal cluster, Gap43+Lpar1+, was annotated according to the enriched expression of growth associated
protein 43 (Gap43) and lysophosphatidic acid receptor 1 (Lpar1) genes. The second largest cluster, anno-
tated as Sfrp2+Stmn2+, highly expressed chemokine C-X-C motif chemokine ligand 12 (Cxcl12) and Wnt
antagonist secreted frizzled related protein 2 (Sfrp2). The Sfrp2+Tagln+ cluster was enriched in expression
of Sfrp2 and Transgelin (Tagln); the VSM cells highly expressed smooth muscle a-2 actin (Acta2) and Tagln;
Pericytes expressed the characteristic gene Platelet-derived growth factor receptor beta (Pdgfrb); and the
proliferating clusters (Mes_Prolif.) highly expressed proliferation marker Mki67 and Topoisomerase lla.
(Top2a) (Figures 7A, S8A, and S8B). The three mesothelial populations identified by CellFindR algorithm
included a prostaglandin D2 synthase (Ptgds)-expressing population, and a Cysteine and Glycine Rich
Protein 2 (Csrp2)-expressing population, as well as a proliferating (Meso_Prolif.) population.

We compared the mesenchymal cell populations from control and null pancreata and found no evidence
that mesenchymal lineages were either lost or newly appeared on Fgf9 knockout, suggesting that Fgf9 is
not required for mesenchymal cell fate specification (Figures 7A and 7B). That said, in null pancreata the
percentage of Gap43+Lapr1+ mesenchymal cells appeared to decrease, whereas the percentage of
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Figure 7. Mesenchymal cell specification is not affected by loss of Fgf9

(A) Split UMAP depicts the cellular subtypes present within the sub-clustered mesenchymal compartment of E14.5 control (left) and Fgf? null (right) mouse
pancreas. Sub-populations are annotated based on expression of genes as shown in Figure S8.

(B) Quantification of data in (A) suggests changes in cellular proportions within the mesenchyme of Fgf9 null pancreas, including a possible decrease in the
mesenchymal Gap43+Lpar1+ subpopulation, and a possible increase in the mesenchymal Sfrp2+Stmn2+ subpopulation and in the mesothelial Csrp2+
subpopulation, relative to control pancreas.

(C) Pathway analysis reveals signaling pathways that are enriched within selected sub-populations. Selected pathways are shown.
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Figure 7. Continued

(D) Enhanced volcano plot depicting genes differentially expressed between control and Fgf9 null pancreas, within the Sfrp2+Stmn2+ mesenchymal
population.

(E) Feature plots reveal that Barx1 expression is significantly decreased in Fgf? null mesenchyme and mesothelium compared to control at E14.5. Population
annotation is as shown in (A).

(F) Multiplexed in situ hybridization/immunofluorescence staining validates that Barx1 (magenta) is strongly expressed in control pancreatic and stomach
mesenchyme at E14.5. In contrast, no appreciable Barx1 is detected in pancreatic or stomach mesenchyme in Fgf? null embryos. E-cadherin (cyan) marks
epithelial cells. Pan., pancreas; St., stomach. Dashed lines outline the pancreas. Inserts show enlarged representative areas, as outlined by dashed yellow
squares. Scale bars are 100 pm.

Sfrp2+Stmn2+ mesenchymal cells and of Csrp2+ mesothelial cells appeared to increase (Figure 7B). These
two increased populations may be involved in extracellular matrix (ECM) regulation in the mesenchyme, as
the signaling pathways enriched in the Sfrp2+Stmn2+ subpopulation included ECM organization and
collagen formation, whereas the enriched signaling pathways enriched in the Csrp2+ mesothelial popula-
tion included ECM-receptor interaction and collagen chain trimerization (Figure 7C). We next calculated
the changes in gene expression within each mesenchymal cell population between control versus null
tissue (Table S5). Control Sfrp2+Stmn2+ cluster showed higher expressed levels of Barx1, Fgf9, and
Lhx9, whereas Sfrp2+Stmn2+ cells in Fgf? null tissue were enriched in ECM genes such as Col3al,
Col1al, Col1a2, Mgp, and Dcn (Table S5; Figure 7D). The largest mesenchymal population, the Gap43+
Lapr1+ cluster, also showed increased expression of Actin and ECM genes, such as Acta2, Col14al, Fn1,
and Fbn1 in the null versus control (Table S5). Consistent with our observations from bulk RNA-Seq (Fig-
ure S6), the expression of Barx1 was lower in all mesothelium and mesenchyme clusters from null embryos
in the scRNA-Seq dataset as well (Table S5; Figure 7E). We further validated these observations with multi-
plexed ISH/IF staining for BarxT and the epithelial marker E-cadherin on E14.5 embryonic sagittal sections.
In control pancreata, we detected restricted expression of Barx in the mesenchyme and mesothelium
region of the stomach and pancreas, but not in the E-cadherin+ epithelium (Figure 7F). In E14.5 null pan-
creata, Barx1 signal was undetectable in the mesenchyme of pancreas by ISH, corroborating our observa-
tions via bulk RNA-Seq and scRNA-Seq (Figure 7F). We conclude that Fgf9 is required for the normal
composition of mesenchymal populations and ECM-associated gene expression. Fgf? regulates the
expression of Barx1 by pancreatic and gastric mesenchyme, and the molecular mechanisms underlying
Barx1 function in pancreatic development warrants further investigation.

FGF9 signaling in the developing human pancreas

Based on our murine studies described here, we next sought to elucidate whether there was conservation
of mouse Fgf? and Fgfr expression in the developing human pancreas. In other work from our laboratory,
we have generated a scRNA-Seq atlas of eight biological samples of human fetal pancreas ranging from 8
to 20 weeks post conception (wpc), containing transcriptomic information from a total of 114,837 cells.”
We evaluated the expression profiles of FGF? and all of the FGF receptors in this integrated dataset con-
taining endothelial, mesenchymal, exocrine, endocrine, immune, neuronal, and proliferating lineages (Fig-
ure S9A). We found that FGFRT was enriched in endothelial, mesenchymal, exocrine, and proliferating
cells, with mesenchymal cells showing the highest levels (Figures S9B and S9C). FGFR2 and 3 showed rela-
tively low expression across the dataset, mostly within exocrine cells. Lastly, FGFR4 showed strong expres-
sion in exocrine and proliferating (likely also exocrine) cells (Figures S9B and S9C).

At this level of resolution by clustering on broad groups, it was initially challenging to detect FGF9 expres-
sion in the overall merged dataset (Figures S9B and S9C). Given our findings that in murine pancreas Fgf?is
expressed in the mesenchyme and mesothelium, we focused on the expression patterns of FGF9 and
FGFRs in the mesenchymal compartment of the developing human fetal pancreas. Obtaining data on
mesothelial cells from human samples can be challenging as they are a rare cell type and can often be
lost when this outer layer is damaged during tissue dissection, but fortunately we were able to obtain a
small number (265 out of 53,941 mesenchymal cells) of mesothelial cells in this human dataset (Figure 8A).">
Similar to the mouse pancreas, in the annotated human fetal mesenchymal dataset we found that FGF? was
indeed expressed by mesothelial cells, which were annotated according to expression of mesothelial
markers Keratin 19 (KRT19), Mesothelin (MSLN), and WT1 (Figures 8A and 8B). FGFR1 was expressed fairly
broadly across all mesenchymal clusters, whereas FGFR2-4 were barely detected in any of the mesen-
chymal sub-clusters (Figure 8B). Given the relatively low number of mesothelial cells captured by scRNA-
Seq, we used multiplexed ISH/IF staining to validate the expression of FGF9 and receptors in an indepen-
dent biological sample of human fetal pancreas at 9 wpc (Figures 8C-8G and S9D). To highlight the
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Figure 8. Elucidation of FGF9 and FGFR expression, and prediction of ligand-receptor interactions, in the developing human pancreas

(A) UMAP of the sub-clustered mesenchymal compartment of an integrated scRNA-Seq dataset of cells from human fetal pancreas (HFP) comprising 8
individuals across developmental stages 8-20 weeks post conception (wpc). The feature plots inset to the right depict the expression of FGF? and the
mesothelial cell markers KRT19, WT1, and MSLN in the mesothelial population. Dataset, cell clustering, and annotations were adopted from de la O, et al.”?
(B) Stacked violin plot shows the expression levels of FGF? and FGFR1-4 in each mesenchymal sub-subpopulation shown in (A).

(C) In situ hybridization/immunofluorescence staining (ISH/IF) for KRT19 protein (green) to mark duct and mesothelium, WT1 transcript (red) to mark
mesothelium, and FGF9 transcript (magenta). Nuclei were counterstained with DAPI (blue). Dashed yellow lines outline the mesothelial layer. White
rectangles outline regions of interest, magnified in the inset, showing KRT19+/WT1+ mesothelial cells that also express FGF9. Scale bar is 50 um.

(D-G) ISH/IF staining of 9 wpc human fetal pancreas tissue detecting FGFR1-4 transcripts (magenta), Vimentin (VIM; green) to mark mesenchymal cells, and
KRT19 (gray) to mark the ductal trunk epithelium and mesothelium reveals expression of (D) FGFR1 in mesenchyme and duct; (E) FGFR2 in duct; (F) FGFR3in
duct; and (G) FGFR4 in duct. Dashed gray lines outline the KRT19+ ductal trunk. Nuclei were counterstained with DAPI. Scale bars are 50 pm.

(H) CellChat analysis predicts the relative contribution of each FGF9-FGFR signaling pair to the overall FGF9 signaling active within the merged dataset of
human fetal pancreas from 8 to 20 wpc.

(1) Circle plots show the cell type-specific signaling predicted for each FGF9-FGFR ligand-receptor pair, across all populations in which signaling is predicted
to occur for that pair. Line thickness is proportional to signaling strength, and line colors represent which population is annotated as the “Sender” of FGF9
signal.

mesothelial layer, we used WTT1, a known marker of mesothelial cells, with KRT19, which marks both meso-
thelium and ductal cells. We observed co-expression of WT7and FGF?in KRT19+ mesothelium (Figure 8C),
with rare FGF9signal in a small proportion of PDX1+KRT19+ ductal cells (Figure S9D). FGFR1 was enriched
in pancreatic mesenchymal and ductal tissues (Figure 8D), which corroborates the computational analysis
of FGFR1 expression in the human fetal pancreas scRNA-Seq dataset (Figures 8B, S9B, and S9C). In
contrast, FGFR2-4 were detected in KRT19+ ductal cells (Figures 8E-8G). The expression patterns of
FGF9 and FGFRs in the mesenchyme of the developing human pancreas are similar our findings in the
developing mouse pancreas, suggesting that FGF9 may regulate human pancreatic mesenchymal devel-
opment through FGFR1 rather than FGFR2-4.

We applied CellChat to the integrated human fetal pancreas scRNA-Seq dataset to interpret the FGF9-
FGFR signaling networks across 8 to 20 wpc (Figures 8H and 8l). Similar to what we observed in the devel-
oping mouse pancreas, in human tissues, FGF9-FGFR1 was also predicted to have the highest relative
contribution to overall FGF9 signaling compared to FGF9-FGFR2/3/4 ligand-receptor pairs (Figure 8H).
Circle Plots further predicted the specific “Sender” and “Receiver” cell types for each signaling pair (Fig-
ure 8l). Mesothelium was interpreted as the strongest “Sender” of FGF9, with a relatively low contribution
of FGF9 secretion from exocrine populations (Ductal, Exocrine_Prolif.1, Exocrine_Polif.2) (Figure 8). Taken
together, these results predict that in human tissue FGF9 secreted by mesothelium functions signals to a
broad population of cells expressing FGFR1, and to exocrine cells through FGFR2-4.

In summary, our data reveal a similarity in the FGF9-FGFR expression profiles and signaling crosstalk be-
tween mouse and human, suggesting conservation of Fgf9 function in mouse and human pancreatic devel-
opment. The role of FGF? in human pancreatic mesenchymal fate specification warrants future
investigation.

DISCUSSION

A number of studies have advanced our understanding of the role of inductive signaling from mesoderm-
derived tissues in regulating pancreatic endoderm.'#~16:21:23:25:26.29.31.74-78 1 oyr previous work using
scRNA-Seq to study mouse pancreas development, we found that the specialized mesenchymal cell
type called mesothelium expresses multiple secreted factors that may impact pancreatic organogenesis;
among the factors most specific for mesothelial expression at E12.5 was Fgf9.?’ In this study, we report
that Fgf9 is required for proper formation and development of multiple gut organs, including the pancreas,
spleen, and stomach.

There appear to be key distinctions between the phenotypes observed for embryos mutant for Fgf9 versus
Fgf10, another mesenchymally-expressed, secreted factor reported to play a role in pancreatic develop-
ment.>’ Fgf10 null embryos do not display the asplenia we observed in Fgf? null embryos. In both geno-
types, there is a reduction in the number of pancreatic progenitors at E10.5, although in Fgf10 mutants
this is believed to be because of a significant reduction in progenitor proliferation. Conversely, in Fgf9 mu-
tants we did not observe a reduction in proliferation of pancreatic progenitors. Our in situ hybridization
data revealed regions in which expression of Fgf? and Fgf10 are spatially distinct, as well as regions where
they are overlapping, in early pancreatic mesenchyme. Although Fgf10 null pancreata display an almost
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complete loss of islets, in contrast the loss of Fgf9 does not result in loss of any major cell lineage. Future
studies using mouse genetic tools can further clarify which functions of Fgf? and Fgf10 are redundant or
distinct in mouse pancreatic development.

Loss of Fgf9 appears to predominantly affect mesenchymal formation and gene expression programs. By
E11.5, there is an obvious reduction in condensing mesenchyme surrounding the dorsal bud, and this is at
least partially attributable to a reduction in proliferation, initially of mesenchymal cells and then of epithelial
cells. Our findings of reduced mesenchymal area and proliferation on loss of Fgf9 are consistent with previous
observations in Fgf? null lung tissue.**’?*" At E13.5 and E14.5, our bulk and single-cell RNA-Seq studies re-
vealed that loss of Fgf9 led to reduced expression of multiple genes reported to mark spleno-pancreatic
mesenchymal progenitors, including Tix1, Barx1, Nkx3.2, and Nkx2.5.'7:17:°0-5255-57.8283 Eytyre studies
refining the connections between Fgf? and these homeobox transcription factors, for instance by employing
single- and multi-gene knockout studies, will provide valuable insights into the molecular mechanisms down-
stream of Fgf9 signaling in the pancreas. Itis very possible that the initial defects in mesenchymal proliferation
have downstream, compounding locoregional effects on ensuing mesenchymal development. In addition,
initial defects in mesenchymal tissue growth may result in altered contact with other mesenchymal or epithe-
lial populations from which they normally receive important growth cues.

Based on the expression patterns of Fgf? and Fgfrs in our studies, it is likely that in murine pancreas mes-
enchymally-derived FGF9 transduces signals primarily through FGFR1 around E10.5, and then epithelially-
derived FGF9 acts through FGFR3 at later timepoints. This would be consistent with Fgf9 signaling in the
developing lung,”??%%* although further functional studies are needed to confirm this model. Our expres-
sion data presented here are limited by the fact that we did not use probes to differentiate between the
Fgfr lllb and lllc splice variants, which are critical determinants of ligand binding specificity. Teasing out
the role of each Fgf9-Fgfr pair in pancreatic development awaits further experimental validation using
transgenic mouse lines.

In addition to characterizing the expression of Fgf? and its cognate receptors in the developing mouse
pancreas, we have also assessed the expression of FGF9 and the FGF receptors in the developing human
pancreas from 8 to 20 wpc. Our scRNA-Seq data and confirmatory staining in independent tissue sections
revealed that consistent with mouse, mesothelial cells are the major population that robustly expresses
FGF9in the human fetal pancreas. Among the FGFRs, FGFRT is broadly expressed in the human pancreatic
tissue, whereas FGFR2-4 expression is restricted to KRT19+ ductal cells. Our data suggest that our findings
in murine tissue of mesothelial expression of FGF? do extend to human tissue, as well, and that FGF9 may
play a similar role in fetal pancreatic development in humans. Future work employing explant culture of hu-
man fetal tissue at various developmental stages with addition of recombinant human FGF9 protein and/or
small molecule inhibitors or activators of specific FGF receptors could further investigate the function of
FGF signaling in human fetal pancreatic development.

Limitations of the study

We report here that loss of Fgf9 results in changes in pancreatic gene expression at E13.5 and E14.5, but
one caveat of these results is that these changes could be direct or indirect. Although we attempted to
apply bulk- and scRNA-Seq techniques to investigate alterations in cellular composition and identity in
Fgf9 null embryos at early timepoints corresponding to when pancreatic progenitors are reduced (i.e.,
E10.5), these studies proved infeasible because of significant technical challenges relating to extremely
limiting number of cells. Future work to investigate transcriptional and population changes at such early
timepoints will be informative once technical advances render it experimentally feasible.

Given the expression of Fgf9that we observed in mesenchyme in early development and in rare ductal cells
at E14.5 and E17.5, it remains unclear whether the pancreatic phenotype in Fgf9 null embryos is caused
solely by the loss of secreted FGF9 from the mesothelial compartment, the mesenchymal compartment,
the ductal compartment, or a combination of the above. To address this question, cell type-specific knock-
outs using epithelial-, mesenchymal-, and ideally mesothelial-specific Cre lines are warranted. Such an
approach could also address a caveat with our current mouse model, which entails the use of a whole-
body knockout of Fgf9. Pdx1-Cre-mediated excision of Fgf9, for instance, would reveal epithelial mediated
functions of FGF9, if any, in the foregut region (where Pdx1 is expressed in pancreas, stomach, and duo-
denum) as opposed to throughout the body. The field of mesenchyme biology has been relatively
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hampered by the dearth of tissue-specific mesenchyme gene markers or corresponding Cre lines (e.g., a
Cre driver line specific to pancreatic mesothelium versus mesothelia in other organs). Given the dynamic
expression of Fgf? across developmental time in different cell types, it would also be interesting to perform
temporally controlled deletion with inducible Cre-mediated excision of Fgf? as well. Similarly, the under-
lying mechanisms contributing to the spleen and stomach phenotypes in Fgf? null embryos require tissue-
specific investigation in the future.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Guinea Pig Polyclonal Anti-Pdx1 Abcam Cat#ab47308
Rat Monoclonal Anti-Epcam BD Pharmingen Cat#552370
Rabbit Monoclonal Anti-Vimentin Abcam Cat#ab92547
Chicken Polyclonal Anti-Vimentin Abcam Cat#ab24525
Rat Monoclonal Anti-CD31 BD Pharmingen Cat#553370
Guinea Pig Polyclonal Anti-Glucagon MilliporeSigma Cat#4031-01F
Guinea Pig Polyclonal Anti-Insulin Dako Cat#A0564

Goat Polyclonal Anti-Somatostatin

Goat Polyclonal Anti-Ghrelin

Santa Cruz Biotechnology

Santa Cruz Biotechnology

Catitsc-7819
Cati#sc-10368

Goat Polyclonal Anti-Pancreatic polypeptide Abcam Cat#ab77192
Rabbit Polyclonal Anti-Cleaved caspase-3 Cell Signaling Technology Cat#9661
Rabbit Polyclonal Anti-Collagen IV Abcam Cat#ab6586
Rabbit Monoclonal Anti-Wt1 Abcam Cat#ab89901
Rabbit Polyclonal Anti-Laminin MilliporeSigma Cat#lL9393
Anti-Cytokeratin 19 Abcam Cat#ab133496
Goat Polyclonal Anti-Cpal R&D Systems Cat#AF2765
Monoclonal Mouse Anti-Tuj1 R&D Systems Cat#MAB1195
Goat Polyclonal Anti-Sma Abcam Cat#Ab21027
Mouse Monoclonal Anti-E-cadherin BD Biosciences Cat#610182
Rabbit Polyclonal Anti-Chga Abcam Cat#ab15160
Goat Polyclonal Anti-Pdx11 R&D Systems Cat#AF2419
Rabbit Monoclonal Anti-Cytokeratin 19 (KRT19) Abcam Cat#Ab76539
Chemicals, peptides, and recombinant proteins

In situ probe against mouse Gcg Advanced Cell Diagnostics, Inc. Cat#400601
In situ probe against mouse Ins Advanced Cell Diagnostics, Inc. Cat#414661
In situ probe against mouse Ngn3 Advanced Cell Diagnostics, Inc. Cat#422401
In situ probe against mouse Fev Advanced Cell Diagnostics, Inc Cat#413241
In situ probe against mouse Fgf9 Advanced Cell Diagnostics, Inc. Cat#499811
In situ probe against mouse Fgf10 Advanced Cell Diagnostics, Inc. Cat#446371
In situ probe against mouse Fgfr1 Advanced Cell Diagnostics, Inc. Cat#454941
In situ probe against mouse Fgfr2 Advanced Cell Diagnostics, Inc. Cat#443501
In situ probe against mouse Fgfr3 Advanced Cell Diagnostics, Inc. Cat#444101
In situ probe against mouse Barx1 Advanced Cell Diagnostics, Inc. Cat#414681
In situ probe against mouse Mgp Advanced Cell Diagnostics, Inc. Cat#463381
In situ probe against mouse Gap43 Advanced Cell Diagnostics, Inc. Cat#318621
In situ probe against human FGF9 Advanced Cell Diagnostics, Inc. Cat#422421
In situ probe against human FGFR1 Advanced Cell Diagnostics, Inc. Cat#310071
In situ probe against human FGFR2 Advanced Cell Diagnostics, Inc. Cat#311171
In situ probe against human FGFR3 Advanced Cell Diagnostics, Inc. Cat#310791
In situ probe against human FGFR4 Advanced Cell Diagnostics, Inc. Cat#443439
In situ probe against human WT1 Advanced Cell Diagnostics, Inc. Cat#415581

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Critical commercial assays

RNAscope Muliplex Fluorescence Reagent Kit v2 Advanced Cell Diagnostics, Inc. Cat#323110
Direct-zol RNA Microprep Kit Zymo Research Cat#R2060
NEBNext Ultra Il RNA Library Prep Kit for New England Biolabs Cat#E7770S
lllumina version 1.0

Chromium Single Cell 3' Reagent Version 3.1 Kit 10x Genomics Cat#PN-1000128

Click-iT EAU Alexa Fluor 555 Imaging Kit Invitrogen Cat#C10338

Deposited data

Raw and processed single-cell sequencing data This paper GEO: GSE210645
of Fgf? null and control mouse pancreas tissue
Raw and processed bulk RNA-sequencing data This paper GEO: GSE210574

of Fgf? null and control pancreas tissue

Experimental models: Organisms/strains

Mouse: Fgf9/a<? Huh et al.*? N/A
Mouse: C57BL/6J The Jackson Laboratory JAX: 000664

Software and algorithms

https://ccb.jhu.edu/software/tophat/index.shtml

https://bioconductor.org/packages/release/bioc/

TopHat Trapnell et al.®
HTSeq Anders et al.? https://htseq.readthedocs.io/en/master/
ImageJ Schneider et al.?’ https://imagej.nih.gov/ij/
DESeq2 Love et al.”
html/DESeq2.html
ConsensusPathDB Kamburov et al.” http://cpdb.molgen.mpg.de/

CellRanger Count v.6.1.1

10x Genomics

https://support.10xgenomics.com/single-cell-

gene-expression/software/downloads/latest

CellFindR Yuetal.”® https://github.com/kevyu27/CellFindR

CellChat Jinetal.”? https://github.com/sqjin/CellChat

Seurat v3.2.3 Stuart et al.®? https://github.com/satijalab/seurat

Prism 8 software GraphPad https://www.graphpad.com/scientific-software/prism/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to the lead contact and
corresponding author, Julie B. Sneddon (Julie.Sneddon@ucsf.edu).

Materials availability

All unique/stable reagents generated in this study are available from the corresponding author with a
completed Materials Transfer Agreement.

Data and code availability

® Raw and processed single-cell sequencing data of Fgf? null and control mouse pancreas samples have
been deposited at GEO. Accession numbers are listed in the key resources table. These data are publicly
available as of the date of publication.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Fgf9-lacZ mice have been previously described.’” Mice were maintained on a C57BL/6J background. Wild-
type C57BL/6J mice were obtained from Jackson Laboratory. For timed matings, noon of the day of a
vaginal plug was considered embryonic day (E)0.5. All mouse procedures were approved by the University
of California, San Francisco (UCSF) Institutional Animal Care and Use Committee (IACUC). A range of
developmental stages was used, from E10.5 to E17.5, and both male and female embryos were used.

METHOD DETAILS
Histology, immunofluorescence, and imaging of mouse tissue

Entire mouse embryos (for staining at E12.5 and earlier) or individual embryonic pancreata were dissected
inice cold PBS, photographed, weighed, and then fixed in 4% paraformaldehyde (PFA) for 30 to 90 minutes
at room temperature (RT) or overnight at 4°C. After three washes in PBS, tissue was preserved in 30% su-
crose in PBS at 4°C overnight and then embedded in Optimal Cutting Temperature (O.C.T.) compound
(Tissue-Tek) and flash frozen prior to sectioning at 8 um.

For immunofluorescence, cryosections were washed 3 times in PBS, permeabilized in 0.5% triton X-100 in
PBS (PBT) for 10 minutes at RT, and then blocked with 5% normal donkey serum (NDS) in 0.1% PBT for
1 hour. Sections of mouse pancreas were stained overnight at 4°C using primary antibodies against
Pdx1 (1:200, Abcam ab47308), Epcam (1:200, BD Pharmingen 552370), Vimentin (1:200, Abcam ab%92547
or ab24525), CD31 (1:200, BD Pharmingen 553370), Glucagon (1:2000, MilliporeSigma 4031-01F), Insulin
(1:250, Dako A0564), Somatostatin (1:500, Santa Cruz Biotechnology sc-7819), Ghrelin (1:1500, Santa
Cruz Biotechnology sc-10368), Pancreatic Polypeptide (PPY; 1:250, Abcam ab77192), Cleaved Caspase-3
(1:200, Cell Signaling Technology, #9661), Collagen IV (1:200, Abcam, ab6586), Wt1 (1:200, Abcam,
ab89901), Laminin (1:100, MilliporeSigma, L9393), Cytokeratin 19 (1:100, Abcam, ab133496), Cpa1 (1:100,
R&D Systems AF2765), Class Il Beta-Tubulin (Tud1; 1:100, R&D Systems, MAB1195), Sma (1:250, Abcam,
ab21027), E-Cadherin (1:100, BD Biosciences, 610182), and Chga (1:250, Abcam, ab15160).

The next day, sections were washed three times in PBS and then incubated with species-specific Alexa
Fluor 488-, 555-, 594-, or 647-conjugated secondary antibodies and DAPI in 5% NDS in 0.1% PBT for 1
hour at RT. Sections were washed three times in PBS and covered in Fluoromount-G mounting medium.
Images were captured on an SP8 Leica confocal laser scanning microscope. Maximum intensity z-projec-
tions were then prepared using ImageJ software.?” To calculate the mean E11.5 mesenchyme tissue
area as percent of the total area of mesenchyme and epithelium, three to four 20x fields were counted
for each embryo, and sections from three embryos were analyzed for both control and Fgf9 null groups.
Epithelial area was defined as the region stained by antibody against Pdx1. Mesenchymal area was defined
as the region stained by antibody against Vimentin and not stained by antibody against Pdx1. ImageJ soft-
ware was used to measure tissue areas.

Whole-mount staining

Gut tubes were dissected from E11.5 and E13.5 mouse embryos and fixed at 4°C for 45 minutes in 4% PFA.
After three washes in PBS, tissue was incubated in 0.5% PBT overnight, then blocked in 10% NDS in 0.1%
PBT for 3 days at 4°C. E13.5 tissues were stained for four days at 4°C in primary antibody against EpCAM
(1:100, BD Pharmingen 552370), and E11.5 tissues were stained for two days at 4°C in primary antibodies
against EpCAM (1:100, BD Pharmingen 552370) and Pdx1 (1:200, Abcam ab47308). After three washes in
PBS, tissue was incubated in secondary antibodies as above for two days, then washed again in PBS prior
to placing in Ce3D Tissue Clearing Solution (BioLegend, 427703) for three days prior to imaging on an SP8
confocal microscope using a 10x objective.

Histology, immunofluorescence, and staining of human tissue

Informed consent was obtained for all human tissue collection, and protocols were approved by the Human
Research Protection Program Committee at UCSF. Human fetal dorsal pancreas tissue was obtained from
post-mortem fetuses at nine weeks post conception (wpc) through two sources: University of Washington
Birth Defects Research Laboratory and Advanced Bioscience Resources, Inc. Identifiers were maintained at
the source only, and the investigators received only de-identified specimens. After isolation, tissue was
shipped overnight on ice in RPMI medium. Tissue was fixed in 4% PFA overnight at 4°C, washed three times
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with PBS, and cryopreserved in 30% sucrose solution at 4°C overnight in preparation for embedding in
O.C.T. compound. Sections measuring 10 um in thickness were cut using a cryostat and stored at -80°C
for multiplexed immunofluorescence staining and in situ hybridization, as described below.

Immunofluorescence staining on human tissue was performed as described above for mouse tissue, but
using the following antibodies: Pancreatic and duodenal homeobox 1 (PDX1; 1:100, R&D Systems,
AF2419), Cytokeratin 19 (KRT19; 1:100, Abcam, ab76539), Vimentin (VIM; 1:200, Abcam, ab24525), and
E-Cadherin (E-CAD; 1:100, BD Transduction Laboratories, 610182).

In situ hybridization

In situ hybridization was performed on 8 um thick cryosections of mouse embryonic pancreas using RNA-
scope technology (Advanced Cell Diagnostics, Inc.) according to the manufacturer’s instructions. In situ
probes against mouse Gcg (#400601), Ins (#414661), Ngn3 (#422401), Fev (#413241), Fgf9 (#499811),
Fgf10 (#446371), Fgfr1 (#454941), Fgfr2 (#443501), Fgfr3 (#444101), Barx1 (#414681), Mgp (#463381), and
Gap43 (#318621) were used with the RNAscope Multiplex Fluorescent Reagent Kit v2 for target transcript
detection. Following signal amplification of the target probes, sections were washed in PBS three times
prior to proceeding to blocking steps, antibody staining, and imaging as described above.

In situ hybridization was also performed in similar fashion on 10 um thick cryosections of human fetal dorsal
pancreas tissue, using in situ probes against human FGF9 (#422421), FGFR1 (#310071), FGFR2 #311171),
FGFR33 (#310791), FGFR4 (#443439), and WT1 (#415581).

Bulk RNA-Sequencing and analysis

For bulk RNA-Sequencing at E13.5, three independent replicates were performed. For Replicate 1, 12 pan-
creata from control embryos (including Fgfo-*** and Fgf9*/*) were pooled, and seven null pancreata from
Fgf9 null embryos were pooled, from two litters. For Replicate 2, seven control pancreata from one litter
were pooled, and six null pancreata were pooled from two litters. For Replicate 3, 12 control pancreata
were pooled from one litter (and no null embryos were obtained for this third replicate).

For bulk RNA-Sequencing at E14.5, three independent replicates were also performed. For Replicate 1,
eight pancreata from control embryos (including Fgfo“*<**'* and Fgf9*’*) were pooled from one litter,
and four null embryos from two litters were pooled. For Replicate 2, seven control pancreata were pooled
from one litter, and three null pancreata were pooled from two litters. For Replicate 3, six control pancreata
were pooled from one litter (no null embryos were obtained for this third replicate). Classification as null
was initially based on the appearance of a hypoplastic spleen, with later confirmation by genotyping.

Pancreata were dissected in ice cold PBS from E13.5 and E14.5 murine embryos and immediately placed in
TRIzol Reagent (Invitrogen, 15596026). Total RNA was extracted using Direct-zol RNA Microprep Kits (Zymo
Research, R2060) according to the manufacturer’s instructions. Total RNA was submitted to Novogene for
library preparation and sequencing. Library preparation was performed using the NEBNext Ultra || RNA
library Prep Kit for Illumina version 1.0 (NEB), following manufacturer’s instructions for the NEBNext Poly(A)
mRNA Magnetic Isolation Module (NEB, #E7490).

Sequencing was performed on the lllumina NovaSeq 6000 platform. Sequencing reads were then mapped
to the reference genome (mm10) using TopHat® and transcript counts were quantified with HTSeq.®® Dif-
ferential gene expression analysis was performed using DESeq2.%® Pathway analysis was performed using
ConsensusPathDB”® with an overrepresentation test.

Preparation of tissue for single-cell RNA-Sequencing

E14.5 pancreata were dissected and placed in PBS on ice. Pancreata from Fgf? null and control mice were
distinguished by their morphological appearance, and later validated by genotyping. Three Fgf9 null pan-
creata from three litters were pooled, and eight control pancreata from three litters were pooled. Pancreata
were minced into small pieces and dissociated into single cells using TrypLE Express dissociation reagent
at 37°C for 15 min. Dissociations were neutralized with FACS buffer (10% FBS+ 2 mM EDTA in phenol-red
free HBSS), and cell suspensions were passed through 30 um cell strainers. Single cells were stained with
DAPI (10 pg/mL) before loading onto a BD FACSAria Il cell sorter (BD Biosciences). After size selection to
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remove doublets, all DAPI negative (live) cells were collected. The number and viability of sorted cells were
examined using the Countess Il automated cell counter (ThermoFisher).

Mouse single-cell capture and sequencing

For scRNA-Seq of embryonic mouse pancreas, we used the Chromium Single Cell 3’ Reagent Version 3.1
Kit (10x Genomics). 25,000 live cells from pooled control pancreata and 25,000 live cells from pooled Fgf?
null pancreata were loaded onto separate lanes of a single 10x chip. Gel Bead-In EMulsions (GEMs) were
generated and subjected to reverse transcription for RNA barcoding before cleanup and cDNA amplifica-
tion. Libraries were then prepared according to the manufacturer’s instructions (10x Genomics). Each re-
sulting library was sequenced on the Novaseq 6000 platform (Illumina) using the S4 flowcell with the
following parameters: Read 1 - 28 cycles, Index 1i7 — 8 cycles, Index 2 i5 - 0 cycles, Read 2 — 91 cycles.

Analysis of mouse single-cell RNA-Sequencing data

To assemble the transcriptomic profiles of individual cells, we utilized CellRanger Countv.6.1.1 with default
settings to demultiplex, aligned reads to the murine genome (mm10, supplied by 10x Genomics), and
quantified unique molecular identifiers (UMlIs). The resulting gene-barcode matrices were then analyzed
and merged with the R package Seurat v3.2.3.%” High-quality cells were retained by filtering on the number
of expressed genes and mitochondrial content. Each sample was normalized with NormalizeData(), and
variable genes were identified with the FindVariableFeatures() function using 2,000 genes and the "vst” se-
lection method. Integration anchors were found across all samples with the FindIntegrationAnchors() with
30 principal components and 2,000 genes. The samples were then integrated using the IntegrateData()
function. The data was then scaled with ScaleData() function and principal component analysis (PCA)
was performed, with 30 principal components selected based on the ElbowPlot(). Dimensionality reduction
and initial clustering was performed with the FindNeighbors(), FindClusters() and RunUMAP() functions us-
ing 30 principal components and a resolution parameter of 0.2. The resulting clusters were then annotated
into Broad Groups based on expression of known markers for each respective Broad Group (e.g. Col3al+
mesenchymal cells).

To further sub-cluster the Broad Groups, we applied the clustering package CellFindR (https://github.com/
kevyu27/CellFindR).”® Each Broad Group was individually subsetted, PCA and UMAP were recalculated,
and the top level resolution was found with the res() function. Iterative sub-clustering was performed on
each top level cluster with the sub_clustering() function. Clusters that were deemed non-biological were
manually removed. Cell types were then annotated, when possible, based on expression of either known
or novel marker genes.

Differentially expressed genes (DEGs) of each CellFindR cluster in the merged dataset were identified with
Seurat FindAllMarker() function. The DEGs between control and Fgf9 null genotype of a given CellFindR
cluster were calculated by EnhancedVolcano() function. Pathway analysis was performed using
ConsensusPathDB”® with an overrepresentation test.

Analysis of human single-cell RNA-Sequencing data

Generation of the human fetal single-cell RNA-Sequencing dataset, including processing of pancreas tis-
sue, single-cell capture and sequencing, and single-cell RNA-Sequencing analysis, were performed previ-
ously as described.”® Pathway analysis was performed using ConsensusPathDB’® with an overrepresenta-
tion test.

Quantification of pancreatic cellular communication with CellChat

We utilized the R package CellChat’? (https://github.com/sqjin/CellChat) to perform cellular signaling
analysis in the developing murine pancreas and the developing human fetal pancreas.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of PDX1+ cells in dorsal pancreas

Immunofluorescence was performed on E10.5 tissue from control and Fgf9 null pancreata to stain for PDX1
to mark pancreatic progenitor cells at this early developmental stage. The number of PDX1+ cells within
the dorsal pancreas of each 8 um section was manually counted using ImageJ software. A total of 20 control
sections from five embryos and 18 Fgf9 null sections from five embryos were quantified. Each individual
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embryo is represented by a single data point. Error bars represent standard deviation, and significance was
assessed using two-tailed nested t-test.

Analysis of cellular proliferation

Pregnant female mice were injected with 5-Ethynyl-2-deoxyuridine (EdU) at a dose of 50 pg/g of body
weight. Time of incubation prior to sacrifice depended on embryonic age: 30 minutes for E10.5, 1 hour
for E11.5, and 2 hours for E12.5 and older. Embryos were dissected in ice cold PBS, processed, and
sectioned as above. For EJU detection, the Click-iT™ EJU Alexa Fluor™ 555 Imaging Kit (Invitrogen) was
used per manufacturer’s instructions prior to proceeding to blocking steps, antibody staining, and imaging
as described above. Proliferation index was calculated as the fraction of total nuclei that were EdU-labeled
in fields captured by a 20x objective.

The percentage of Pdx1+EdU+ cells within all Pdx1+ pancreatic progenitor cells from control and Fgf9 null
pancreatic tissues were counted manually in ImageJ. A total of 17 control sections from four embryos and
13 Fgf9 null sections from four embryos were used for quantification at E10.5. Each individual embryo is
represented by a single data point. Error bars represent standard deviation, and significance was assessed
using two-tailed nested t-test. Proliferative index of Pdx1+ epithelial cells and Pdx1- mesenchymal cells was
quantified for Fgf9 null and control sections at E11.5 (n = 4 control pancreata, n = 3 null pancreata). Prolif-
erative index of Epcam+ epithelial cells and Epcam- mesenchymal cells was quantified for Fgf9 null and
control sections at E12.5 (n = 3 control pancreata, n = 3 null pancreata) and E14.5 (n = 3 control pancreata,
n = 3 null pancreata), respectively. Each individual embryo is represented by a single data point. Error bars
represent standard deviation, and significance was assessed using two-tailed nested t-test.

Quantification and statistical analysis of endocrine populations

To assess the proportional changes in cell populations within the endocrine compartment, three control
pancreata and two Fgf9 null pancreata from the same E14.5 litter were subjected to multiplexed staining
with RNAscope probes against Ins, Gcg, Fev, or Neurog3 in a single experimental batch. Confocal (Leica
SP8) images were taken for 19 randomly chosen regions of interest in sections of the three control pan-
creata and for 25 randomly chosen regions of interest in sections of the two Fgf? null pancreata. Annotation
of cells as positive for Ins, Geg, Fev, and/or Neurog3 and quantification was performed manually with Im-
ageJ software” using the cell counter plug-in. For each image, the proportion of each cell state present
was then calculated using the sum of cells corresponding to all annotated cell states as the denominator,
and cells that scored positive for a given cell state as the numerator.

Data were presented as mean =+ standard deviation, and differences in cell proportion between control
and Fgf? null tissue were determined with an unpaired t-test using GraphPad software (Prism 8).
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