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ABSTRACT.

Organ architecture is established during development through intricate cell-cell
communication mechanisms, yet the specific signals mediating these communications
often remain elusive. Here we used the anterior pituitary gland that harbors different
interdigitated hormone-secreting homotypic cell networks to dissect cell-cell
communication mechanisms operating during late development. We show that blocking
differentiation of corticotrope cells leads to pituitary hypoplasia with a major effect on
somatotrope cells that directly contact corticotropes. Gene knockout of the corticotrope-
restricted transcription factor Tpit results in fewer somatotropes, with less secretory
granules and a loss of cell polarity, resulting in systemic growth retardation. Single cell
transcriptomic analyses identified FGF1 as a corticotrope-specific Tpit dosage-
dependent target gene responsible for these phenotypes. Consistently, genetic ablation
of FGF1 in mice phenocopies pituitary hypoplasia and growth impairment observed in
Tpit-deficient mice. These findings reveal FGF1 produced by the corticotrope cell
network as an essential paracrine signalling molecule participating in pituitary

architecture and size.
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SIGNIFICANCE.

The development of complex organs relies on cell-cell interactions that are precisely
orchestrated during organogenesis. Although it appears as a random patchwork of
hormone-producing cells, the pituitary gland is constituted of homotypic cell networks in
which cells of the same lineage maintain contacts that are crucial for function. There are
also privileged heterotypic interactions but of unknown significance. Here, we
investigated how the loss of cell identity in one cell lineage impacts function of another
lineage. Using single cell transcriptomics, we thus identified FGF1 expressed in
corticotrope cells as an important signal for somatotrope cell identity and function. The
present work uncovers a pituitary role of FGF1 that was discovered in pituitary extracts,

but without a known function until now.
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The pituitary gland is a crucial component of the neuroendocrine system regulating vital
body functions such as homeostasis, metabolism, reproduction, growth, response to
stress and lactation. Present in all vertebrates, it is also referred to as the body's
“‘master gland” because it controls the activity of most other hormone-secreting glands.
The development of the anterior pituitary (AP) involves a coordinated spatial and
temporal sequence of events that ultimately gives rise to five pituitary endocrine cell
populations (corticotropes, gonadotropes, lactotropes, somatotropes and thyrotropes)
(1), together with support cells, pituitary stem cells (PSC) (2-5) and a vascular network
of endothelial cells wrapped by pericytes (6). The endocrine (glandular) part of the
pituitary derives at embryonic day 9.5 (€9.5 in mice) from a midline invagination of the
oral ectoderm called Rathke’s pouch (1, 7). Different endocrine cell types are
sequentially specified and differentiate from this epithelium starting in mice with
corticotropes (e12.5) (8), followed by the Pitl/Poulfl-dependent lineages (9, 10) —
thyrotropes (e14.5), somatotropes (e15.5), lactotropes (e16,5) - and by gonadotropes
(e17.5) (11). Differentiation occurs in parallel with tissue expansion and this process
continues during the first weeks after birth (12-14). Whereas postnatal pituitary
development is less investigated, embryonic pituitary development is relatively well
characterized, with many signaling pathways and transcription factors involved in early
(including BMP2/4/7, FGF8/10/18, Wnt4/5a, Lhx3/4, Pitx1/2 and Propl) or late (Tpit,
Pax7, Pitl/Poulfl, SF1/NR5A1, GATA2, NeuroD4) steps of fetal development (1, 7,
15). The demand for hormone secretion rises after birth, and this is met by =10-fold
organ growth during the first four weeks after birth (13, 16). Both cell size (17) and

number (12-14, 16, 18, 19) are increased during this period, in parallel with a =100-fold
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increase of hormone gene transcription (19, 20). Bulk proliferation in the late postnatal
pituitary (>2-weeks) comes from Sox2-negative/hormone-negative committed
progenitors. A recent study elegantly showed that this expansion depends on WNT
signaling provided by Sox2-positive PSC (21), and suggested other secreted factors,
such as FGFs, may regulate expansion of progenitors by several paracrine
mechanisms. Interestingly, the founding members of the FGF family, FGF1 and its
closest paralog FGF2, were originally identified in pituitary extracts (22, 23) as factors
stimulating fibroblast proliferation (24, 25). However, no FGF1/2 function was described
in pituitary so far. FGF1 inactivation in mice didn’t reveal any notable phenotype in
standard laboratory conditions and didn’t affect the mild phenotype of FGF2 knockout
mice (26). More recently, FGF1 was shown to play an important role in maintaining
metabolic homeostasis in adipose tissue in response to fluctuations in nutrient
availability (27). Transcriptomic analysis of sorted pituitary Sox2-positive PSCs showed
enrichment for transcripts encoding FGF signaling pathway components (21). However,
the expression and source of FGFs in specific pituitary cells has not been investigated.

Recent seminal studies showed that different pituitary cell populations are organized in
homotypic networks (28-32). While the discovery of pituitary cell networks profoundly
changed our view on how this organ is organized and functions, it opened novel
guestions, namely: are different cell networks communicating with each other, and if yes
- how? Indeed, preferential contacts between pituitary cells of different lineages were
observed, for example between corticotropes and somatotropes (33, 34) and between
corticotropes and gonadotropes (29, 31). These observations suggest preferential

heterotypic communication between developmentally distinct lineages, for example for
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the corticotrope and somatotrope networks. To test this hypothesis, we took advantage
in the present work of mutant mice deficient for the corticotrope differentiation
transcription factor Tpit (Tpit-KO mice) (35). The Tpit-deficient AP appears normal by
the end of embryogenesis, but becomes hypoplastic starting around 3 weeks of age,
with a particular effect on somatotropes and resulting in growth retardation. Single cell
transcriptomics revealed FGF1 as a corticotrope-specific Tpit target gene
downregulated in Tpit mutant mice. Further, mice inactivated for FGF1 phenocopy the
phenotypes observed in Tpit-KO mice, revealing a paracrine cell communication

(corticotrope-somatotrope) mechanism coordinating postnatal pituitary organogenesis.

Results

A smaller anterior pituitary in Tpit” mice. Within the AP, Tpit is only expressed in
corticotropes that represent <10% of cells (1, 29, 36). The Tpit mutation is thus not
expected to significantly affect pituitary size. However, adult Tpit” (Tpit-KO) pituitaries
are smaller than wild-type (WT) sibling controls (Fig. 1A and SI Appendix S1A). To
guantify the cell number contribution to this difference, we measured DNA contents in
adult (3-4 months) pituitaries of WT, Tpit”" (Tpit-HT) and Tpit-KO mice of both sexes.
Surprisingly, the AP is smaller not only in Tpit-KO, but also in Tpit-HT animals, with a
stronger phenotype in females (Fig. 1B). Because Tpit-KO mice fail to produce ACTH
and are in adrenal insufficiency, the reduced pituitary size could be secondary to
glucocorticoid (Gc) deficiency or to other endocrine interactions. However, this is
unlikely because neither heterozygous mice (37) nor human heterozygous carriers of

mutated TPIT alleles show Gc deficiency (38, 39). But to leave no doubt, we assessed
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pituitary size in POMC-KO mice (40), a model that exhibits a similar ACTH deficiency
compared to the Tpit” model. In contrast to Tpit-KO pituitaries, POMC™ pituitaries have
a similar size compared to controls (Fig. 1B and SI Appendix S1B). Therefore, the AP
cell number correlates with Tpit gene dosage.

We next determined when AP hypoplasia appears in Tpit-KO and HT mice. Tpit
expression starts at the embryonic day el2 (1) and at €18.5, the size of Tpit-KO and HT
pituitaries appeared normal (SI Appendix Fig. S1 C and D), indicating AP hypoplasia
develops postnatally. We included HT mice to determine direct roles of Tpit on postnatal
pituitary development as opposed to consequences of Gc deficiency caused by the
absence of Tpit. Similar to previous reports (21), we observed two postnatal phases of
pituitary growth (Fig. 1 C and D). Tpit deficient mice were born with pituitaries of normal
size and did not show any delay in the first (rapid) phase of postnatal growth (3-weeks)
before weaning. However, both Tpit-HT and KO show pituitary growth retardation at the
second (slow) phase of growth (P22-P>90). Evaluation of pituitary cell proliferation by
Ki67 labeling revealed reduced proliferation rates in Tpit-HT animals of both sexes at 3-
weeks, but this was not the case at P5 (Fig. 1 E and F). In summary, Tpit, expressed in
=10% pituitary cells (corticotropes), regulates in a dosage-dependent manner the overall
pituitary size during the second phase of postnatal growth (proliferation) starting at 3

weeks of age.

GH deficiency in Tpit” mice. Previous reports suggested preferential contacts
between corticotropes and somatotropes based on immunolabeling on pituitary sections

(33, 34). Using 2-photon microscopy on thick pituitary slices, we confirmed that ACTH-
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positive corticotropes have frequent intimate contacts with GH cells with the cytoplasm
of corticotropes often surrounding GH cells (Fig. 2A). Since homotypic interactions
between GH cells were shown to involve adherens junctions revealed by presence of §3-
Catenin at these junctions (41), we performed co-labeling for GH and (-Catenin on
sections of e18.5 POMC-eGFP mouse pituitaries (20). Strong B-catenin signals were
indeed observed at contacts between GH cells (Fig. 2B), but also at contacts between
GH and POMC cells (Fig. 2C). In contrast, homotypic contacts between POMC cells do
not present such strong 3-Catenin signal, although weak 3-Catenin may also be present
at these contact points (Fig. 2D). Surfacing and quantification revealed an important
(>80%) colocalization between p-Catenin/POMC and GH signals (Fig. 2E and F). These
observations led us to analyze in detail the activity of GH cells in Tpit-KO mice that fail
to differentiate corticotropes (8, 35). We first assessed the expression of pituitary GH
MRNA by RT-gPCR. Strikingly, GH mRNA levels are decreased by about 50% in Tpit-
KO males and by 70% in females (Fig. 2G). We also confirmed the loss of POMC
expression in Tpit-KO pituitaries and showed that Tpit-HT pituitaries have normal levels
of POMC mRNA (Fig. 2G) as previously noted (37).

We measured pituitary GH contents to correlate the decreases in GH mRNA with
hormone synthesis. Decreased GH contents were observed in both male and female
Tpit-KO pituitaries (Fig. 2H), with dosage sensitivity in males (32% reduction in HT and
58% reduction in KO), and a similar tendency in females with a more dramatic effect in
KO (84% reduction) in agreement with mRNA levels.

Liver IGF1 mRNA provides a measure of effective circulating GH. We found decreased

IGF1 mRNA levels in KO livers in both sexes (Fig. 2I), with a greater Tpit dosage
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dependency and a stronger decrease in females, correlating with the greater loss of GH
contents (Fig. 2 G and H).

We then determined when GH deficiency develops in Tpit-KO and HT animals. GH
staining did not reveal any difference in €18.5 Tpit-HT and KO pituitaries (SI Appendix
Fig. S2 A-D). In contrast, the proportion of GH-positive cells is reduced in Tpit-HT mice
of both sexes at 3-weeks after birth (Fig. 2J-K). In agreement with this, Tpit-KO mice are
growth-retarded (Fig. 2L-M and SI Appendix Fig. S2 E-G).

Altogether, the data suggest that functional interactions between corticotropes and
somatotropes occur postnatally and that the loss of Tpit (which is only expressed in

POMC cells) results in pituitary GH deficiency with resulting systemic manifestations.

Ultrastructural abnormalities and loss of secretory granule polarity in GH cells of
Tpit” pituitaries. We then used electron microscopy to assess whether somatotrope
cell structure is altered in Tpit-KO pituitaries. The basic somatotrope ultrastructural
organization is preserved (Fig. 3 A-l) and specific GH immunogold labeling revealed
secretory granules in all three Tpit genotypes. However, both Tpit-HT and Tpit-KO
pituitaries appear to have less GH granulation than WT. The polarity of secretory
granules (accumulation of granules in the direction of capillaries) is an indication of
coordination between hormone-secreting cells and the microvasculature necessary for
secretory activity. Compared to normal (WT), Tpit-HT and Tpit-KO somatotropes
displayed less polarity of secretory granules towards capillaries, with the null phenotype

being more severe (Fig. 3D, 3E, 3G, 3H). Around 20% of KO somatotropes showed
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increased granule margination (Fig. 3I). A smaller number of HT somatotropes also
showed margination (Fig. 3F). No differences in RER expansion could be observed.

In Tpit-HT and KO mice, somatotrope areas (Fig. 3J) were significantly reduced (P <
0.05) compared with WT, as were granule areas (Fig. 3K) and granule diameters (Fig.
3L, P < 0.01). Therefore, the smaller appearance of Tpit mutant pituitaries reflects both
reduced cell number (hypoplasia) and somatotrope cell size.

In summary, Tpit inactivation affects somatotrope size and their ability to accumulate
secretory granules on the apical/capillary side of the cell. These effects are gene
dosage-dependent. Cell size and granule polarity changes suggest disturbances at the
level of the cytoskeleton and/or protein transport in somatotropes. The underlying
reason is not obvious, as these alterations in somatotrope cell ultrastructure are caused
by inactivation of a regulator of corticotrope cell identity that is only expressed in
corticotropes. The margination of secretory granules together with their decrease in
number and size is likely reducing the efficiency of GH response to secretagogues,

further contributing to GH deficiency in Tpit-KO mice.

Tpit haploinsufficiency causes transcriptomic changes in Tpit-positive and Tpit-
negative pituitary cells. We performed single-cell RNA-sequencing (scRNAseq) on 3-
month-old male pituitaries (two per sample) from WT, Tpit-HT and Tpit-KO mice in order
to assess transcriptomic changes caused by Tpit deficiency in the different pituitary
lineages. A total of 37,474 WT (11,222), Tpit-HT (12,839) and Tpit-KO (13,413) cells
were assayed. Cell clusters identified by Uniform Manifold Approximation and Projection

(UMAP) (42) were annotated based on the expression of key pituitary marker genes (Sl

10
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Appendix Fig. S3 A and B). While 21 similar clusters were identified in WT and HT
samples, KO samples lack the two POMC clusters (corticotropes and melanotropes), in
agreement with the essential role of Tpit for pituitary POMC expression (35) and POMC
cell terminal differentiation (17) (Fig. 4A and 4B). Instead, Tpit-KO pituitaries contain
more cortico/gonado-trope precursors and gonadotropes (Fig. 4 A and B and SI
Appendix Fig. S3 A and B), confirming previous reports suggesting the existence of
common cortico/gonado-trope precursors and showing an antagonism between
corticotrope and gonadotrope fates (29, 35). Strikingly, the absence of Tpit also led to
important perturbations in two somatotrope clusters: cluster #1 shifted position, while
cluster #2 disappeared and a novel cluster (#5) appeared instead (Fig. 4A). Overall,
total somatotrope percentage decreased proportionally to Tpit dosage (Fig. 4B). We
then performed differentially expressed gene (DEG) analysis to identify Tpit-dependent
genes. In agreement with changes observed in cluster analyzes, the absence of Tpit
mostly led to transcriptomic perturbations in cortico/gonado-trope precursors,
gonadotropes and somatotropes (S| Appendix Fig. S3C). Since the absence of Tpit
leads to POMC and consequently Gc deficiencies, we cannot attribute with certitude
gene expression differences observed in Tpit-KO animals directly to Tpit. Therefore, we
focused our analyzes on HT mice that do not show any Gc deficiency (37).As expected,
the biggest changes are observed in Tpit-positive cells, namely corticotropes and
melanotropes (Fig. 4C). In corticotropes, more than half (41/68) of genes downregulated
in Tpit-HT mice (S| Dataset 1) correspond to corticotrope signature genes (Fig. 4D), as
identified by Seurat analyzes (S| Dataset 2), supporting the important role of Tpit in

corticotrope identity. Interestingly, several genes encoding secreted or plasma
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membrane proteins are deregulated in Tpit-HT corticotropes (Fig. 4D). The second most
affected population in Tpit-HT pituitaries are somatotropes (mainly cluster #2: Fig. 4C),
suggesting an important signaling from corticotropes to somatotropes. Transcriptomic
comparison of WT vs HT cluster #2 somatotropes identified 105 DEGs (Fig. 4E and Sl
Dataset 3). The most significantly enriched biological processes associated with these
genes identified by gene ontology (GO) analysis are in the MAPK/Ras and PI3K
signaling pathways (Fig. 4F). In particular, several positive regulators of the MAPK
pathway are upregulated (Hspala, Hspalb, Igfl, Trim5) while a negative regulator
(Efnal) is downregulated (Fig. 4G), suggesting an activation of the MAPK pathway. This
may reflect compensatory feedback to the reduction of GH signaling, or decreased
signaling from corticotropes (e.g. FGF1l, Wnt4, Wnt9a: see Fig. 4D). All these
deregulations are also present in Tpit-KO somatotropes and in most cases, they are
Tpit dosage sensitive (Fig. 4G), suggesting they are direct consequences of Tpit-
dependent deregulations in corticotropes. Complete Tpit inactivation resulted in much
more dramatic changes in somatotropes, leading to major transcriptome changes in
cluster #5 compared to cluster #2, with 781 deregulated genes (S| Appendix Fig. S4A,
S4B and Dataset 4).

This may reflect corticotrope-dependent and systemic (i.e. Gc deficiency)
consequences of Tpit absence. GO analyzes also revealed perturbations of proliferative
pathways in Tpit-KO somatotropes (S| Appendix Fig. S4C).

In summary, Tpit haploinsufficiency leads to transcriptomic changes in both Tpit-positive
and Tpit-negative pituitary cells, suggesting a communication between these cell types,

namely between corticotropes and somatotropes.
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Tpit gene dosage-dependent FGF1 expression for corticotrope-somatotrope
crosstalk. To identify Tpit-dependent genes involved in cell-cell interactions, we used
CellPhoneDB, a software that identifies ligand-receptor pairs between different cell
types present in scRNAseq data (43). This analysis identified several potential (high
statistical significance) ligand-receptor pairs present in different pituitary lineages (Fig.
5A). Corticotropes (C) and gonadotropes (G) form homotypic networks (29) and
accordingly, CellPhone revealed 10 potential C-C and 12 potential G-G ligand-receptor
pairs (Fig. 5A, left). Some of the genes potentially involved in homo-/hetero-typic
interactions were downregulated in HT corticotropes (Fig. 4D and Fig. 5A in red). The
ligand-receptor pairs involving these genes are lost in HT samples (Fig. 5A, right),
validating the analysis. Thus, the interaction pair involving secreted heparin-binding
growth factor Ptn and receptor protein tyrosine phosphatase Ptprz1l, a candidate for
homotypic C-C communication is lost in HT samples because Ptprz1 is downregulated
in HT corticotropes (Fig. 4D). Tpit may thus play a role in homotypic C-C interactions.
CellPhone analyzes also revealed candidates for heterotypic interactions, including
some that are Tpit dosage sensitive. For instance, the interaction between Ptn and the
plexin transmembrane receptor PIxnb2 potentially involved in C-G communication is lost
in HT because PIxnb2 is downregulated in HT corticotropes (Fig. 4D). In agreement with
the observed preferential contacts between corticotropes and somatotropes (S), we
identified 11 C-S/S-C ligand-receptor pairs. While most of these interaction pairs are
conserved in HT mice, the interaction pair involving corticotrope-expressed FGF1 ligand

and somatotrope TGFBR3 co-receptor is lost in HT samples (Fig. 5, red box) because
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FGF1 is downregulated in Tpit-HT corticotropes (Fig. 4D). On the other hand, a novel
interaction pair involving Bdnf-Ntrk2 appeared in HT, suggesting compensatory
feedback. Indeed, both Bdnf and Ntrk2 are upregulated in HT corticotropes (Fig. 4D and
Sl Dataset 1) and Bdnf is also upregulated in HT somatotropes (Fig. 4E and Sl Dataset
3).

While the coreceptor TGFBR3 shows broad expression within the pituitary, with the
highest levels in gonadotropes and somatotropes, FGF1 is only expressed in PSCs and
Tpit-positive cells, corticotropes and melanotropes (Fig. 5B and SI Appendix, S5A). The
expression of FGF1 is low and uniform in early development but increases in the adult,
while TGFBR3 shows progressive increase in expression during development, with an
onset coinciding with differentiation (SI Appendix, S5B). To visualize the effects of Tpit
dosage on FGF1 expression in corticotropes, we aggregated WT and HT clusters.
While cells roughly cluster together, a clear segregation between WT and HT
corticotropes was evident at closer view on the UMAP (Fig. 5C). FGF1 appeared to be
mostly expressed in WT cells (Fig. 5D, upper part) and DEG analysis revealed a 2.6x
reduction in HT corticotropes (SI Appendix, Fig. S5C), which taken with the above,
suggests that FGF1 is a Tpit target gene. Using phospho-ERK1/2 (p-ERK) labeling as a
readout of FGF1 signaling (44), we observed some p-ERK-positive cells (in particular
close to corticotropes) in WT pituitaries and a sharp decrease of labeling in Tpit-HT
pituitaries (Fig. 5E and SI Appendix, Fig. S5D). Tpit ChlPseq data (45) confirmed Tpit
recruitment at the FGF1 locus in AtT-20 corticotrope cells. Three Tpit recruitment peaks
are present within FGF1 intron B (Fig. 5F). These Tpit sites have features of enhancers,

as revealed by H3K4mel and P300 recruitment, as well as chromatin accessibility
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(ATAC) assays (Fig. 5F). Importantly, 2 out of 3 putative FGF1 enhancers are
accessible as assessed by ATACseq in Tpit-positive (corticotropes) cells, but not in
Tpit-negative gonadotropes, suggesting these are Tpit-dependent cell specific
enhancers (Fig. 5F). Finally, a perfect palindromic Tpit response element is present
under the #1 (largest) Tpit peak (Fig. 5F) and Tpit recruitment was confirmed at this
location by ChIP-gPCR (SI Appendix, Fig. S5E). Further, a 500 bp fragment
encompassing this region behaved as a bona fide Tpit-responsive enhancer in a
luciferase reporter assay (S| Appendix, Fig. S5F). Similar observations were made for
several other corticotrope or cortico/melanotrope specific genes (S| Appendix, Fig. S5G
and H).

In summary, Tpit may regulate both homo- and hetero-typic cell-cell interactions in the
pituitary. In particular, FGF1 appears as a direct Tpit target gene putatively involved in

corticotrope-somatotrope communication.

FGF1 knockout phenocopies Tpit-dependent pituitary hypoplasia and GH
deficiency. We generated FGF1 knockout mice to evaluate the putative role of FGF1 in
the pituitary phenotype of Tpit-deficient mice. Since FGF1 transcription is directed by at
least three different promoters (27), we first determined which promoter is active in
pituitary POMC cells. RNAseq analyses of sorted corticotropes showed that the
first FGF1 exon to be transcribed is exon B, indicating the use of promoter B. Therefore,
we deleted by CRISPR a 1031 bp region comprising the FGF1 promoter and exon B (Sl
Appendix, Fig. S6A). Western blot confirmed the loss of FGF1 in knockout mice (Fig.

6A). We observed a weight increase in knockout mice (SI Appendix, Fig. S6B), Iin
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agreement with previous reports on the metabolic role of FGF1 in white adipose tissue
(27, 46).

Interestingly, FGF1 knockout APs appear smaller (Fig. 6B) and DNA content
guantitation confirmed a reduced cell number in knockout AP like in Tpit-KO (Fig. 6C).
We next assessed by Ki67 labelling the pituitary proliferation rate at three weeks, an
age when slower proliferation is observed in Tpit-KO (Fig. 1 E and F), and indeed
observed reduced proliferation index in FGF1 knockouts compared to WT (Fig. 6 D and
E). Further, as in Tpit knockouts, the percentage of GH-positive cells is reduced
in FGF1-KO, (Fig. 6 F and G). Finally, two markers of GH action, hepatic IGF1 levels
and tail length (47), are reduced in FGF1-deficient mice, indicative of reduced GH
activity (Fig. 6 H and [). Collectively, these results show that FGF1 inactivation
phenocopies pituitary hypoplasia and GH-dependent growth retardation observed
in Tpit knockout mice, supporting the idea that Tpit-dependent corticotrope-somatotrope

communication is mediated through FGF1.

Discussion

Although all pituitary endocrine cell types are present at birth, pituitary development
continues during the first postnatal weeks. During this period, a number of quantitative
(proliferation) and qualitative changes (maturation, such as the Tpit-dependent
enhancement of translation and secretory organellogenesis (17)) take place in order to
fulfill the needs for high-capacity hormone production. At the end of fetal life, hormone-
positive cells represent only 30% of AP cells but this proportion increases to 40% at

birth, to 60% at day 5, to 80% at day 10 and to 90% at day 30 (48). During the same
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period, overall pituitary volume increases ten times (13). Postnatal pituitary
development is very dynamic, and the underlying molecular mechanisms are just
beginning to be elucidated. While in early postnatal pituitary cell expansion derives from
Sox2+ cells (49), later (P14) pituitary proliferation comes from committed progenitors
that are negative for the stem cell marker Sox2 and negative for hormones. The first 3
weeks after birth correspond to the fastest pituitary postnatal growth wave (21) that is
characterized by the highest proliferation index and a reduction of the stem cell
population proportion (50). During this period, WNT signaling provided by Sox2-positive
PSC stimulates proliferation of progenitor cells (21). By the age of 3 weeks, pituitary cell
types reach the adult proportions and organize in networks, while the gland continues to
growth but at slower pace. In the present study, we have seized the opportunity
provided by the adult phenotype of Tpit” mice that exhibit hypoplasia and growth delays
to address how different cell networks may communicate with each other during
postnatal pituitary organogenesis. Until 3 weeks of age, the overall AP organization of
Tpit-deficient mice appears normal, but thereafter, Tpit-KO mice show important
perturbations of pituitary architecture and size, with a particular impact on
somatotropes. Tpit mutants have less somatotropes and these somatotropes are
smaller, with less secretory granules, that are marginalized, and lose polarity toward
capillaries. These perturbations are Tpit dosage-sensitive, suggesting they are direct
consequences of Tpit deficiency rather than secondary to systemic Gc deficiency.
Combined with the observation of intimate contacts between corticotropes and
somatotropes, these results suggest corticotropes provide critical signals for

somatotrope expansion and maturation. Single cell transcriptomics identified FGF1,
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specifically expressed in corticotropes, as the best candidate for mediating corticotrope-
somatotrope communication and involvement in the postnatal GH cell phenotype (Fig.
7A). Accordingly, FGF1-KO mice phenocopy AP hypoplasia and growth retardation
observed in Tpit-deficient mice. Current models suggest FGFs could act both at
transcriptional level, through the Ras/MAPK/PI3K/Akt signaling pathways and at the
level of cytoskeleton, through PLCy, to regulate cell morphology, migration, and
adhesion (51-53) (Fig. 7B). FGF1 and its closest paralog FGF2 were originally identified
in pituitary extracts (22, 23) as factors stimulating fibroblast proliferation (24, 25). The
pituitary hypoplasia in Tpit-HT mice may therefore be a consequence of the 2.6x
reduction of FGF1 transcripts in corticotropes. Accordingly, several genes regulating cell
proliferation are deregulated in somatotropes of Tpit-HT and -KO mice (Fig. 4G, Sl
Appendix S4 B and C). FGF1 produced by PSC could also participate to the postnatal
pituitary expansion. In agreement with that hypothesis, PSC FGF1 level are slightly
reduced in Tpit-KO mice (SI Appendix S5C). Consistently, the TGFBR3 coreceptor is
broadly expressed in pituitary cells (Fig. 5B). The major effect of FGF1 on somatotropes
may reflect their intimate contacts with corticotropes as FGF1 is known to diffuse poorly
and act locally (54).

Cell size (55, 56) and secretory granule trafficking/transport (57-59) may be modulated
by the cytoskeleton. FGF1 could act on the cytoskeleton both at the transcriptional level,
and directly. Several genes encoding components of the cytoskeleton are indeed
deregulated, mostly downregulated, in somatotropes of Tpit-HT mice (SI Dataset 3).
These include a major constituent of microtubules Tubb6 (2x down), and myosins

Myold (3x down), Myo5b (2.3x down) and Myo3b (3x up). In addition, tubulin Tuba8
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(6.8x down), as well as genes encoding actin binding proteins Actnl (4x down), Actn2
(2x up), Abliml (2.6x up), Ablim3 (3x down), Fscnl (3.5x down), Phactrl (2.6x up),
Phactr3 (3.4x down), other components or regulators of cytoskeleton (Arhgefl0l: 2.9x
down, FmnlI3: 2.3x up, Pxn: 2.8x down) or components of trafficking and vesicle-
mediated transport (Rab3c/Rab3d: 2.2x down, Rab6b: 8x down, Rab7b: 3x down,
Rabl5: 2.3x down, Rabl7: 14.6x down) are deregulated in somatotropes of Tpit-KO
mice (Sl Dataset 4). Collectively, these gene expression changes may contribute to cell
size reduction and abnormal distribution of GH granules in somatotropes of Tpit mutant
mice. GH dimerization is the first step of GH aggregation in granules and it requires Zn?*
ions (60). Hence, regulation of cellular zinc transport plays an important role for the
regulated GH secretory pathway. Interestingly, the zinc transporter Slc39al4/Zipl4 is
downregulated in GH cells of Tpit-KO mice (x4 down: and Sl Appendix Fig. S4B and
Dataset 4). This could contribute to smaller and fewer GH granules in Tpit-KO mice.
Besides its role in GH aggregation, Slc39c14 is also involved in signaling through the
GHRHR receptor (61). The reduced levels of Slc39al4 may therefore decrease the
sensitivity of somatotropes to GHRH. As a result, the regulated GH secretory pathway
would be affected at two levels: GH aggregation and GH secretion in response to
GHRH.

Another well-known mitogen for GH cells is the hypothalamic factor GH releasing
hormone (GHRH) (62). Indeed, transgenic mice expressing the human GHRH gene
display a dramatic pituitary hyperplasia (63) while homozygous little (lit/lit) mice mutant
for the GHRH receptor display postnatal GH cell hypoplasia (64). Moreover, GH cell

maturation is also affected in little mice that have a severe reduction in GH granule size
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and mislocalization to the cell periphery (margination) (65), resembling that observed in
Tpit mutant mice (Fig. 3 E, F, H and I). While the corticotrope network mostly occupies
the ventral part of the developing pituitary, GHRH mitogenic action is mostly exerted on
the caudomedial region. Lin et al. proposed the existence of spatially distinct
proliferating zones of GH cells, each regulated by a different factor (64). Therefore, it is
tempting to speculate that there might be at least two populations of GH cells, sensitive
to two different mitogens: FGF1 produced by corticotropes in the ventral part and GHRH
released by hypothalamus in the caudomedian zone. It is interesting to note that
scRNAseq indeed revealed two somatotrope populations (#1 and #2) with cluster #1
expressing 2.2x more GHRH receptor (GHRHR) mRNA and cluster #2 being more
sensitive to the Tpit mutation (Fig. 5C). Notably, GHRHR is 2.8x downregulated in
somatotropes of Tpit-KO mice (SI Appendix Fig. S4B and Dataset 4), which may reduce
their response to GHRH mitogenic and secretagogue action and further contribute to
the GH-deficiency phenotype.

In summary, our results demonstrate the importance of cell-cell communications for
postnatal pituitary development and establish the corticotrope cell network as a pivotal

source of FGFL1 for regulation of pituitary architecture and size.

Materials and Methods

Mice. The generation and genotyping of Tpit-KO and POMC-eGFP reporter mice were

described elsewhere (20, 35). POMC-KO mice originally generated by Yaswen et al.

(40) were purchased from Jackson laboratory (B6.129X1-Pomc™?*®/J strain, stock
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number 008115). FGF1 knockout mouse line featuring a 1031 bp deletion spanning the
transcription start site (TSS) was generated using CRISPR-Cas9 system via the i-
GONAD procedure (66). Briefly, recombinant Cas9 nuclease (IDT cat# 1081060) and
two gRNA (crRNA and tracrRNA from IDT cat# 1072532) were pre-assembled into
ribonucleoprotein (RNP) complexes and injected into ampulla of CD1 pregnant females
at 0.7 days post conception, followed by electroporation. CRISPR-Cas9 guide RNA
design tool from IDT were used to select gRNA. Genotyping primer and gRNA
sequences are given in SI Appendix, Table S1. Tpit-KO mice were maintained in Balb/c
genetic background, POMC-KO and POMC-eGFP mice in C57BI/6 background and
FGF1-KO mice in CD1 background. Each experiment was performed with control mice
of the same genetic background as the mutants. Animal experimentations were
approved by the IRCM Animal Care and Use Committee (protocol numbers 2021-13 JD
and 2021-04 MK) in conformity with regulations of the Canadian Council on Animal

Care.

Extraction of pituitary genomic DNA. Whole pituitaries, or anterior pituitaries, were
first incubated in 1.5 ml tubes with proteinase K (PK, 60 pg/well) in 400 ul of PK-lysis
buffer (0.5% SDS - 100 mM NacCl, 50 mM Tris, pH 7.5 - 1 mM EDTA) at 55°C,
overnight. After a brief RNase treatment (10 pg/tube, RT, 15 min), samples were
retreated with PK (20 pg/tube, 55°C, 1 h). Genomic DNA was then precipitated with 0.4
volumes of 7 M ammonium acetate (to reach a final concentration of 200 mM) — 0.7
volume of isopropanol (500 pl), washed with cold 70% ethanol and dissolved in 50-100

pl of 10 mM Tris, pH 8.0 at 55°C overnight. DNA was quantitated using TKO100
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Fluorometer following the manufacturer’s instructions (Hoefer Scientific Instruments).
Pituitary cell number was inferred from the DNA content with the assumption that a

diploid mouse cell contains =6 pg of DNA (=3x10° bp per haploid genome).

Pituitary GH content. Pituitaries were dissected and kept frozen at -80°C in 1xPBS

and GH contents were measured as previously described (67).

See also Supplementary Methods and references in Sl Appendix text
Data availability. Sequencing data have been deposited with Gene Expression

Omnibus (GEO) under accession number GSE227561.
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Figure legends

Fig. 1. Smaller anterior pituitary lobes (AL) in Tpit"' mutant mice. (A) Hematoxylin and
eosin staining of sections from adult (3-month-old) WT and Tpit-KO mouse pituitaries.
Scale bar: 500 pm. IL, intermediate lobe. PL, posterior lobe. (B) AL genomic DNA
contents (means + SEM, n = 3-7 ALs/genotype) from Tpit-heterozygous (HT: blue), Tpit-
knockout (KO: red) and POMC-KO (purple) mice relative to their WT littermate controls.
Data are normalized for body weights. (C-D) Postnatal pituitary growth. Pituitary
genomic DNA contents of WT (black), Tpit-HT (blue) and Tpit-KO (red) male (C) and
female (D) mice. The right Y axis reports total pituitary genomic DNA content (means *
SEM, n = 3-28 mice/group), while the left Y axis corresponds to the deduced total
number of cells per pituitary. The X axis represent the age in days. (E-F) Ki67
immunostaining and quantitation (means + SEM, n = 2-8 mice/group) of P5 and 3-week-
old WT and Tpit-HT pituitary sections from males and females. Scale bars: 200 pm.
Demarcations between pituitary lobes (anterior: AL, intermediate: IL, posterior: PL) are
indicated by white dashed lines. All graphs were done using GraphPad Prism 9 and
statistical significance was determined using bilateral Student’s t-test. *P < 0.05, **P <

0.005, ***P < 0.0005 vs WT.

Fig. 2. Growth hormone (GH) deficiency in Tpit mutant mice. (A-F) Intimate contacts
between corticotrope and somatotrope cells in the adult anterior pituitary. (A)
Visualization of corticotrope and somatotrope contacts using eGFP for visualizing
corticotropes (POMC cells, green) or immunofluorescence against GH (magenta). (B-D)

Homotypic corticotrope (green) interactions do not show strong B-Catenin staining (B,
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arrow 1), whereas tight contacts (< 0.5 um) marked by p-Catenin staining are observed
between somatotropes (C, arrow 2) or between somatotropes (grey) and corticotropes
(D, magenta, arrow 3). Scale bars: 20 um. (E-F) Surfacing of eGFP/ACTH (green), B-
Catenin (yellow), and GH (purple) signals illustrating (E) and quantifying (F) intimate
corticotrope/p-Catenin/somatotrope contacts. (F) Quantification of colocalization of -
Catenin signal with either POMC or GH, and colocalization of p-Catenin within POMC
cells in close contact with GH cells [15 z-stacks of images; 4 animals]. (G-1) Growth
hormone related defects in Tpit mutant mice. (G) Real-time quantitative PCR (RT-
gPCR) assessment of GH and POMC mRNA levels in 3-month-old normal (WT),
heterozygous (HT) and Tpit-deficient (KO) males (left) and females (right). Relative
MRNA levels were normalized to TBP mRNA and represented as fraction of WT levels.
Data represent averages (x SEM) of 5-6 mice per genotype. (H) Tpit dosage-dependent
reduction of pituitary GH content. GH contents in 3-month-old mice were measured as
described (67). Data represent averages (x SEM) of 5 mice per genotype. (I) RT-gPCR
analyzes of GH-dependent liver IGF1 mRNA levels (normalized relative to TBP mRNA)
in males (left) and females (right) of indicated Tpit genotypes. Data represent averages
+ SEM of 5-6 mice per genotype. (J) GH immunostaining on 3-week-old WT and Tpit-
HT pituitary sections. Scale bars: 150 um. (K) Percentage of GH-positive cells (means +
SEM, n = 2-8 mice/group) in WT and Tpit-HT male and female pituitaries. (L-M) Mouse
length measurements (body and tail means + SEM, n = 7-15 mice/group) indicate
shorter size in Tpit-KO males and females. Statistical significance was determined using
RM one-way ANOVA in Prism (GraphPap) or bilateral Student’s t-test in Microsoft

Excel. *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001 vs WT.
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Fig. 3. Somatotrope ultrastructural abnormalities in Tpit mutant mice. (A-1) Electron
micrographs of somatotropes. (A-C) WT somatotropes exhibiting secretory granule
polarity towards blood vessels (Cap), as shown by the blue arrow in (A). (D-F) Tpit™"
somatotropes showing less granule polarity with an example (F) of secretory granules
margination. (G-I) Tpit” somatotropes showing loss of secretory granule polarity
towards capillaries, whilst (I) shows two somatotropes with granule margination. Scale
bars: 2 um. S = somatotrope, Cap = capillary. (J-L) Quantification of cytoplasmic area
(J) granule area (K) and granule diameter (L) in Tpit WT, HT and KO somatotropes.

Data are means + SEM (n = 4 for all groups) *P < 0.05, **P < 0.01 vs WT.

Fig. 4. ScRNAseq analyzes of WT, Tpit-HT and Tpit-KO pituitaries. (A) UMAP
representation of different pituitary cell clusters. Detailed identification of clusters is
reported in Sl Appendix Fig. S3A-B. (B) Cell type proportions (%) per genotype
determined in scRNAseq. (C) Number of differentially expressed genes (DEG) for each
cell cluster of Tpit-HT compared to WT cells. Bars represent the number of genes
downregulated (yellow) or upregulated (blue) in Tpit-HT vs WT cells using the following
criteria: 1 < log,FC < -1, -logioP > 4. (D) Volcano plot showing DEG analysis between
WT and Tpit-HT corticotrope cells. Examples of genes encoding ligands/receptors up-
(left) or down- (right) regulated in HT corticotropes are shown on the graph. 41 out of 68
downregulated genes correspond to corticotrope-signature genes as determined by
Seurat (S| Dataset 2). (E-G) Deregulation of the MAPK/Ras and PI3K-Akt pathways in
Tpit-HT somatotropes. (E) Volcano plot showing DEG analysis of WT and Tpit-HT
somatotrope cells (cluster #2). Examples of genes of the Ras/MAPK pathway are

shown on the graph by arrows. (F) Gene ontology analysis of DEG in Tpit-HT
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somatotropes (cluster #2) showing deregulation of the MAPK/Ras and PI3K pathways.
The size and color of the dots are proportional to the size of the category. (G) Dot plot
showing expression of select genes of the MAPK/Ras and PI3K pathways in WT, Tpit-
HT and Tpit-KO somatotropes (WT and HT cluster #2, KO cluster #5). The dot
diameters reflect the number of cells expressing a given gene, while the intensity of its

color is proportional to the mean expression level of the gene within the cluster.

Fig. 5. FGF1 is a cortico/melanotrope-specific, Tpit-dependent gene for corticotrope-
somatotrope communication. (A) Most significant ligand-receptor interactions between
different cell types identified in WT (left) and Tpit-HT (right) sScRNAseq samples using
CellPhoneDB (43). The mean expression and p values of different ligand-receptor pairs
are indicated by circle color and size, respectively. Interacting molecules downregulated
in Tpit-HT are shown in red at left, while those upregulated in Tpit-HT are in blue at
right. The gray vertical boxes show interaction pairs between corticotropes and
somatotropes. Horizontal boxes indicate interactions lost (FGF1, in red) or gained
(BDNF, in blue) in Tpit-HT. Other homotypic (Ptprzl) or heterotypic (PIxnb2)
corticotrope interactions that are lost in Tpit-HT are shown by red arrows. (B-D) FGF1
expression in pituitary cells.

(B) Visualization of FGF1 and TGFBR3 expression in WT pituitary cells. While FGF1 is
expressed in the two POMC lineages (corticotropes and melanotropes) and pituitary
stem cells (PSC), TGFBR3 is broadly expressed in pituitary, with the strongest
expression in gonadotropes and somatotropes. The numbers in parentheses indicate
the normalized expression levels for each cluster. (C, D) UMAP aggregation of WT and

Tpit-HT corticotrope clusters showing spatial segregation of the two clusters. This
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segregation reflects transcriptomic changes, as exemplified by expression of FGF1 (C)
that is mostly expressed on the upper (WT) part of the overlay cluster. (E) P-ERK1/2
staining on WT and Tpit-HT 3-week-old pituitaries and quantifications showing greater
labeling in WT pituitaries. White circles show two examples of p-ERK1/2-positive cells
next to ACTH-positive cells (corticotropes) in WT pituitary. Quantitations of these
occurrences in WT and HT pituitaries is reported below micrographs. Pituitary
overviews of these stainings are presented in SI Appendix S5D. Scale bar: 20 um. (F)
FGF1 is a direct Tpit target gene. RNAseq (top) and ATACseq (bottom) profiles at the
FGF1 locus in FACS-sorted cortico- and gonado-trope mouse cells (68). ChlPseq
profiles (middle) in AtT-20 corticotrope cells (45, 68) showing three Tpit recruitment
peaks (#1-3) exhibiting active enhancer marks, namely bimodal H3K4me1, P300 and
ATAC peaks in FGFL1 intron B. A palindromic Tpit response element sequence (45, 69)

is present under peak #1.

Fig. 6. FGF1 gene inactivation phenocopies pituitary hypoplasia and growth retardation
observed in Tpit-KO mice. (A) Western blot analysis of kidney protein extracts (200 pg)
from two WT and two FGF1-KO mutant mice revealed with an anti-FGF1 monoclonal
antibody. The arrow indicates the expected size of FGF1 migration, the asterisk shows
a nonspecific band used as loading control. (B-C) Smaller anterior pituitary lobes (AL) in
FGF1” mutant mice. (B) Hematoxylin and eosin staining of sections from adult (3-
month-old) WT and FGF1-KO mouse pituitaries. Scale bar: 500 pum. IL, intermediate
lobe. PL, posterior lobe. (C) AL genomic DNA contents (means + SEM, n = 4-12
ALs/genotype) from FGF1-KO (light red) and Tpit-KO (red) mice relative to their WT

littermate controls. Data were normalized for body weights. (D-E) Reduced proliferation
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rate in FGF1-KO pituitaries at 3-weeks. (D) Ki67 immunostaining of 3-weeks old WT
and FGF1-KO pituitary sections. Scale bars: 150 um. Demarcations between pituitary
lobes (anterior: AL, intermediate: IL, posterior: PL) are indicated by white dashed lines.
(E) Percentages (means £ SEM, n = 3-4 mice/group) of Ki67-positive cells in WT and
FGF1-KO male and female pituitaries. (F-1) Reduced GH signaling in FGF1-KO mice.
(F) GH immunostaining on 3-week-old WT and Tpit-HT pituitary sections. Scale bars: 50
pm. (G) Percentage of GH-positive cells (means + SEM, n = 3-4 mice/group) in WT
(grey) and FGF1-KO (light red) male and female pituitaries. (H) RT-gPCR analyzes of
GH-dependent liver IGF1 mRNA levels (normalized relative to TBP mRNA) in FGF1-KO
(light red) mice compared to WT controls (grey). Data represent averages + SEM of 5-6
mice per genotype. (I) Mouse length measurements (tail means + SEM, n = 12-20
mice/group) indicating shorter tail size in FGF1-KO mice (light red) compared to WT
controls (grey). All graphs were done using GraphPad Prism 9 and statistical
significance was determined using bilateral Student’s t-test. *P < 0.05, **P < 0.005, ***P

< 0.0005 vs WT.

Fig. 7. Tpit and FGF1 coordinate late postnatal pituitary organogenesis. (A) Schematic
representation of corticotrope-somatotrope-vasculature unit in WT and Tpit-KO
pituitaries. There are intimate contacts between corticotropes and somatotropes and
between somatotropes and capillaries, while corticotropes are interacting with the
capillaries via cytonemes (29). GH secretory granules in somatotropes accumulate
mainly next to capillaries. In Tpit-KO mice, somatotropes are smaller, with less and
smaller GH granules, that lose polarity. (B) Proposed model on the role of corticotrope

secreted FGF1 in postnatal pituitary development. Ras/MAPK/PI3K/Akt mediated
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785 actions of FGF1 act on somatotrope proliferation (mitogenic effect), growth (cell size),
786  GH granule size and localization through transcriptional regulation of genes involved in
787  corresponding pathways. FGF1 could also directly act on the cytoskeleton of

788  somatotropes via the PLCy pathway.
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