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Abstract

Mutations in the pituitary-specific transcription factor Prophet of Pit-1 (PROP1) are the most common genetic etiology of combined pituitary
hormone deficiency (CPHD). CPHD is associated with short stature, attributable to growth hormone deficiency and/or thyroid-stimulating
hormone deficiency, as well as hypothyroidism and infertility. Pathogenic lesions impair pituitary development and differentiation of
endocrine cells. We performed single-cell RNA sequencing of pituitary cells from a wild-type and a Prop7-mutant P4 female mouse to
elucidate population-specific differential gene expression. We observed a Smoc2+ve population that expressed low Sox2, which trajectory
analyses suggest are a transitional cell state as stem cells differentiate into endocrine cells. We also detected ectopic expression of Sox217 in
these cells in the Prop19%?" mutant. Prop1-mutant mice are known to overexpress Pou3f4, which we now show to be also enriched in this
Smoc2+ve population. We sought to elucidate the role of Pou3f4 during pituitary development and to determine the contributions of Pou3f4
upregulation to pituitary disease by utilizing double-mutant mice lacking both Prop7 and Pou3f4. However, our data showed that Pou3f4 is
not required for normal pituitary development and function. Double mutants further demonstrated that the upregulation of Pou3f4 was not
causative for the overexpression of Sox27. These data indicate loss of Pou3f4 is not a potential cause of CPHD, and further studies may
investigate the functional consequence of upregulation of Pou3f4 and Sox21, if any, in the novel Smoc2+ve cell population.
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The pituitary gland is a neuroendocrine regulator which se-
cretes hormones that are critical for the regulation of many
physiological processes. Situated at the base of the brain, direct-
ly below the hypothalamus, the pituitary is divided into 3 lobes
with dual developmental origins. Pituitary organogenesis be-
gins around week 4 of human development and embryonic
day 8 (E8) in mice, during which the neuroectoderm on the
floor of the diencephalon gives rise to the posterior lobe
[1, 2]. The anterior pituitary houses 5 distinct cell types, includ-
ing somatotropes, lactotropes, gonadotropes, thyrotropes, and
corticotropes. Upon receiving specific hypothalamic signals,
these cell types are responsible for releasing the peptide hor-
mones growth hormone (GH), prolactin (PRL), luteinizing
hormone (LH) and follicle-stimulating hormone (FSH),
thyroid-stimulating hormone (TSH), and adrenocorticotropic
hormone (ACTH), respectively. These hormones, in turn, sig-
nal peripheral organs to regulate processes such as growth, lac-
tation, fertility, metabolism, and stress response. With vital
functions throughout the body, deficiencies in pituitary hor-
mones can be fatal if left untreated.

Combined pituitary hormone deficiency (CPHD) is charac-
terized by a shortage of GH and at least one other pituitary

hormone. Due to these deficiencies, children with CPHD pre-
sent with short stature, hypothyroidism, hypoglycemia, and
hypogonadism [3]. CPHD is relatively common, affecting an
estimated 1 in 8000 newborns worldwide [4]. To date, more
than 60 genes are known to be implicated in the pathogenesis
of CPHD, with mutations often impairing embryonic pituit-
ary development and differentiation of endocrine cells in hu-
mans and mice [5-7]. Loss-of-function mutations in the
pituitary-specific transcription factor Prophet of Pit-1
(Prop1) are the most common genetic etiology, accounting
for 12% to 55% of cases in different cohorts [4, 5]. PROP1
is required to activate another pituitary transcription factor,
POU Domain Class 1, Homeobox 1 (POU1F1, also known
as Pit-1), to drive the differentiation of progenitor cells into
cells that produce TSH, GH, or PRL, and mutations in
POU1F1 also cause CPHD in humans and mice [8]. PROP1
alternatively induces other genes, such as Zinc Finger E-box
Binding Homeobox 2 (Zeb2) and Notch Receptor 2
(Notch2) to regulate the epithelial-to-mesenchymal transition
(EMT)-like process of differentiating stem cells, independent
of POU1F1 [9], suggesting PROP1 has additional down-
stream targets that are necessary for normal pituitary
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development and function. Due to defects in these regulatory
pathways, patients with PROPI mutations typically present
with progressive hormone deficiencies involving TSH, GH,
PRL, and gonadotropins, and sometimes evolving to a life-
threatening loss of ACTH. However, there is phenotypic het-
erogeneity among patients, with variable age of onset, effect
on pituitary size, and the number and type of hormone defi-
ciencies [10].

Prop1-null mice exhibit congenital TSH, GH, and PRL de-
ficiencies, making them a compelling model organism to study
disease pathophysiology and develop potential human therap-
ies. Prop1-mutant mice show elevated expression of several
genes, including Hesx1 and Pou3f4 [11, 12], indicating that
PROP1 functions as an important transcriptional repressor.
In this study, we performed single-cell RNA sequencing
(scRNAseq) of pituitary cells from individual P4 female wild-
type and Prop1¥’¥ mutant mice to gain cell-type-specific
resolution of differential gene expression in the absence of
Prop1 function. We observed gene misexpression, including
upregulated Pou3f4 as well as ectopic Sox21 expression, in a
novel subset of Sox2-lowly expressing cells in the juvenile pi-
tuitary gland. RNA velocity trajectory analysis suggests that
this population, marked by expression of Snoc2, comprises
intermediary cells as stem cells differentiate into endocrine
cells. We generated Pou3f4; Prop1 double-mutant mice but
did not observe reversal of Sox21 ectopic expression or
other changes from Prop1-mutant phenotypes. Therefore,
we have identified that Prop1 is required to maintain proper
gene expression in a novel juvenile Smoc2+ve/Sox2-low cell
population.

Methods

Mouse Strains

The use of mice at the University of Michigan was approved
by the University of Michigan’s Animal Care and Use
Program and the Institutional Animal Care & Use
Committee (IACUC). Husbandry was provided by the Unit
for Laboratory Animal Medicine (ULAM). Mice were housed
under standard light/dark conditions and provided food ad li-
bitum. All mouse strains used in this study have been previous-
ly published. The Prop™5s allele is functionally null and
homozygous mice are mutants with the same phenotypes as
the Prop1¥¥ spontaneous mutants. The Prop™15%¢ allele is
more simply referred to as Prop~. Sox21~"~ knockout mice
were previously generated [13, 14]. Pou3f4del-J(C3HeB/
FeJ-Pou3f497/]), JAX Stock No.: 004406 (RRID:
IMSR_JAX:004406) [15]. Prop1% JAX Stock No.: 001618
[16]. Propl~ MGI: 3521736 [10]. Poulf1% JAX Stock
No.: 000772 [12].

Genotyping

Genotyping for the Prop1% allele was performed as previously
described using PCR and Hinfl restriction digest [17].
Genotyping for the Poulf1% allele was performed by PCR
and Awvall digest as previously described [12]. Genotyping
for Pou3f4 and the sex chromosomes were performed in the
same reaction, using primers for the Pou3f4 CDS and primers
that amplify different products from the homologous genes,
Ubal on the X chromosome, and Ubaly on the Y chromo-
some. The Pou3f4 and Ubaly primers were designed using
the National Center for Biotechnology Information (NCBI)
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Primer-Basic Local Alignment Search Tool (BLAST).
Prop1""153¢ genotyping was performed in 2 separate PCRs, in-
dependently from the Pou3f4 and sex genotyping as previous-
ly described [10]. PCR products were run on a 1.5% agarose
gel and visualized using SYBR Safe. Prop1*¥ F, 5'—
GAGCTGGGGAGACCTAAGCTTTGCC—3'. Prop1™¥ R
5'—GCCCAGATGTCAGGATACTG—S3'. Poulf1** F 5'—
GCTGCTAAGGATGCTCTGG—3'. Poulf1** R 5'—CCT
TGGAAATAGAGAACAGGC -3'. Propl (F) 5—GTGA
GAAAACAGGTATCTAGCT—3'. Propl 1% (R) 5'—CT
TACTTCCACCTACTCACTTCC—3'. Propl WT (R) 5'—
TTCGTTTGCTTTTCCTGTG—3'. Pou3f4 CDS (F) 5’—CCC
CGCACCATAGATGTCAA—3'. Pou3f4 CDS (R) 5'—CCC
CTGTGAAAGAAAAGAGC—3'. Ubaly (F) 5'—TGGATG
GTGTGGCCAATG—3'. Ubaly (R) 5'—CACCTGCACG
TTGCCCTT—3".

Quantitative PCR

mRNA from mouse pituitaries was prepared using the
QIAGEN RNeasy Mini Kit (Catalog No.: 74104). cDNA was
synthesized using the Invitrogen SuperScript First-Strand
Synthesis System for RT-PCR (Catalog No.:1190418). All reac-
tions were prepared as suggested by the manufacturer. The
quantitative polymerase chain reactions (qQPCRs) were per-
formed on an Applied Biosystems 7500 Real-Time PCR
Instrument using TagMan Universal PCR Master Mix
(Catalog  No.: 4304437). Hypoxanthine  Guanine
Phosphoribosyltransferase (Hprt) expression was used as the
housekeeping control. Comparative mRNA expression was
calculated using the 272" method and data were plotted in
GraphPad Prism 9. Statistical tests were performed in R
Studio or Prism and differences between groups were analyzed
by unpaired # test. TagMan Probe mouse assays (Catalog No.:
4331182): Lhb mm00656868_g1; NrSal mm00446826_m1;
Poulfl mm00476852_m1, Smoc2 mm00491553_m1; Sox21
mmO00844350_s1; Sox2 mm03053810_s1; Hprt mmO03
024075_m1.

Single-Cell RNA Library Preparation

ScRNAseq RNA libraries were prepared from one P4 female
Prop1** pituitary gland and one P4 female Prop1%"% pituit-
ary gland from the same litter. Single-cell RNA libraries
were prepared by the University of Michigan’s Advanced
Genomics Core on the 10x Genomics Chromium 3’ Gene
Expression v3 platform following the manufacturer’s instruc-
tions and sequenced on the NovaSeq6000 platform with an S4
chip.

Single-Cell Sequencing Computation Analyses

Samples were analyzed similarly to our previous studies [18].
Samples were demultiplexed and fastq files aligned using
Cellranger Single Cell Software Suite 3.1.0. Sequence reads
were aligned to a modified mm10 containing extended anno-
tation for the Prop1l 3’ untranslated region [19]. Binary se-
quence alignment maps were converted into loom files using
velocyto.py [20] and imported into R for primary analyses us-
ing Seurat 3.1.2 and 5.1.0 [21, 22]. Core Seurat functions
were used to import loom files, integrate samples, generate
uniform manifold approximation and projection (UMAP),
calculate clusters, and calculate differential gene expression.
Expression plots used Nebulosa 1.12.1 [23]. Plots and images
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generated in R or Excel were compiled in Adobe Photoshop
2024. Sequencing data are available on National Center for
Biotechnology Information Gene Expression Omnibus acces-
sion number GSE273683, and web-based expression visual-
ization are viewable on the Broad Single Cell Portal at
SCP2695.

Immunohistochemistry

Mouse postnatal heads were collected, paraffinized and
sectioned on a coronal plane at 5 pm. Immunostaining of
paraffin sections was performed using the Biotium Tyramide
Amplification Kit with horseradish peroxidase-streptavidin
and CF AlexaFluor 594 tyramide (TSA) (Biotium Catalog
No.: 33009). Following dewaxing, epitopes were unmasked
using citric acid. Endogenous peroxidases were quenched in
50% methanol and 3% hydrogen peroxide. Nonspecific reac-
tions were blocked with a TSA block containing 10% donkey
serum and 5% bovine serum albumin (BSA). Sections were
treated with goat anti-human SOX21 antibody (R&D
Systems AF3538 [RRID: AB_2195947, https:/scicrunch.org/
resolver/RRID:AB_2195947], 1:100) overnight at 4 °C fol-
lowed by biotinylated donkey anti-goat secondary antibody
(Invitrogen D-20698 [RRID: AB_2536519, https:/scicrunch.
org/resolver/RRID:AB_2536519], 1:500) for 1 hour at room
temperature. The tertiary reaction with horseradish
peroxidase-streptavidin was applied for 1 hour at room
temperature before treating with the TSA-CF594 at 1:500
for 10 minutes. Slides were mounted using Invitrogen
Molecular Probes ProLong Diamond Antifade Mountant
with DAPI (Catalog No.: P36971, Lot No.: 2384717).
Imaging was conducted using a Leica Leitz DM RP upright
microscope and images were compiled and adjusted for clarity
in Adobe Photoshop 2024.

RNAscope

RNAscope mRNA visualization was performed using the
RNAscope 2.5 HD Duplex Detection Kit (Advanced Cell
Diagnostics 322500) with the Smoc2 probe in red (C1)
(318541) and the Slc16a2 probe in blue (C2) (545291-C2) fol-
lowing manufacturer’s protocol. Target retrieval was per-
formed by boiling in retrieval buffer for 7 minutes, and
protease digestion for 20 minutes.

Results

Single-Cell RNA Sequencing of Prop1-Mutant
Pituitary Cells

We performed scRNAseq on pituitary glands from one P4
Prop1*"* female and one P4 Prop1¥¥ female on the 10x
Genomics Chromium 3’ Gene Expression v3 platform target-
ing 10 000 cells from each sample. After filtering for cells with
> 500 genes/cell, between 2000 and 20 000 transcripts per
cell, and <5% mitochondrial transcripts, we recovered
7893 cells from the wild-type and 5830 cells from the mutant
(Fig. 1A). Computational clustering with Seurat detected 20
clusters (Fig. 1B), which were assigned identities based on ex-
pression of cell-type signature genes (Supplementary Fig. S1
[24]). All expected cell types were detected. Lactotropes
were not detected, which was expected due to low number
of lactotropes and low prolactin expression in juvenile mice.
Two clusters were made up almost solely of cells in G2M/S
phase, representing proliferating Sox2 stem cells and

proliferating Poulf1+ve cells (Fig. 1C). The composition of
the Prop197¥ sample had fewer Pou1f1 lineage cells (somato-
tropes, thyrotropes, proliferating Poulf1 cells) as expected
and proportionally more gonadotropes and corticotropes
(Fig. 1D). A small number of oligodendrocyte precursors ex-
pressing Oligl and Olig2 were detected, with more in the
Prop1%74 sample. This was likely due to accidental inclusion
of neural tissue during the dissection. Accordingly, Pou1f1 ex-
pression is essentially absent from Prop197?f cells (Fig. 1E).
Prop1 transcripts are detected in the Prop1¥’ mutant as
the df mutation causes a missense mutation that inactivates
the homeobox. The majority of Sox2-expressing cells was div-
ided into 3 clusters: proliferating Sox2 cells (Fig. 1F), and par-
enchymal and cleft Sox2 stem cells based on recent description
[25] of higher expression of Agp3 in the parenchymal stem
cells (Fig. 1G) and Ednrb in cleft stem cells (Fig. 1H).
Expression of thyroid hormone transporter Slc16a2 (Mct8)
appears higher in the cleft stem cells (Fig. 11).

Detection of a Transient Juvenile Sox2-Low
Subpopulation in Mouse Pituitary

Several computational clusters expressed Sox2 (Fig. 1F,
Fig. 2A). We examined one cell cluster that expressed lower
Sox2 than the major Sox2 stem cell clusters (Fig. 2A arrow,
cluster 6). This cluster has unique gene expression, the most
significant of which was SPARC-related modular calcium
binding protein 2 (Smoc2) (Fig. 2B and C). This population
was absent from previous scRNAseq data from wild-type
P49 male mouse pituitary cells [19] and present in other juven-
ile samples from P4 and P7 mice [18, 26]. RNA velocity trajec-
tory analysis with Velocyto setting the cleft stem cells as the
root suggested that the Smoc2 population represented an
intermediary cell state as stem cells differentiated into endo-
crine cells (Fig. 2D). Quantitative PCR for Smoc2 from wild-
type pituitaries from embryos, newborn/juvenile, and 2- and
3-week-old mice showed that Smoc2 expression is highest in
the first week of life (Fig. 2E). RNAscope for Smoc2 and
Slc16a2 transcripts in P7 female control pituitary glands
showed diffuse location of Smoc2 expression throughout the
gland, while Slc16a2 expression was enriched along the cleft
(Fig. 2F).

Ectopic Gene Expression in the Smoc2+ve
Population in Prop197¢" Mutants

We examined differential gene expression within the Smoc2+ve
population between the Prop1%’# and the wild-type to explore
how the loss of Prop1 activity impacts this population. We de-
tected expression of Sox21 in the Smoc2+ve population, specif-
ically from Prop1-mutant cells in the Smoc2+ve cluster (Fig. 3A
and 3B). Sox21 is not normally detected in the pituitary gland
[13], so its expression is ectopically activated without Propl.
We validate by qPCR that Sox21 is highly upregulated in
Prop1%7¥ pituitary glands at P7 (Fig. 3C); the very large fold
change is due to comparison to almost zero expression in the
controls. We observed no change in Sox21 expression in
Poulf1%/# mutant mice, another mouse model of CPHD
which lacks GH, PRL and TSH as in the Prop197% but have
normal ACTH and gonadotropins, showing that the ectopic ex-
pression was a specific effect of the loss of Prop1 action. Finally,
we detected SOX21 protein in the Prop1%¥ pituitary gland at
P3 and P7 (Fig. 3D).
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Figure 1. Single-cell sequencing of wild-type and Prop 7-mutant P4 female pituitary cells. (A) UMAP of integrated wild-type and mutant cells. The mutant
lacks cells from certain cell populations (detailed below). (B) Computational clustering and assignment of likely identity (see Supplementary Fig. S1 [24]).
(C) Difference in cell-type proportions in Prop -mutant mice. Prop7-dependent cell types such as somatotropes, thyrotropes, and proliferating

Poulfi-cells are depleted in the Prop7-mutant as expected. As a result, gonadotropes and corticotropes are proportionally enriched. (D) Cell cycle phase
scoring, identifying proliferating stem cells and Pou7f1+ve cells. (E) Absence of PouTf1 expression in the Prop -mutant sample. (F-I) Expression of Sox2

and other markers that differentiate the cleft and parenchymal stem cells.

Known Upregulation of Pou3f4in Prop197?" Mutants
Occurs in the Smoc2+ve Population, Although
Double Deletion of Pou3f4 and Prop1 Does Not
Reverse Prop1-Mutant Phenotypes

We also observed expression of other transcription factors in
the Smoc2+ve population, including Lef1 and Pou3f4 (Brn4)
(Fig. 4A). Upregulation of Pou3f4 in Prop1%’“ mutant mice
has been previously reported [11]. With cell-type resolution
from scRNAseq we determined that the upregulation of
Pou3f4 occurs primarily in the Smoc2+ve population
(Fig. 4B). Pou3f4 is X-linked in mice and hemizygous males
and homozygous females develop deafness, but pituitary
glands in these mice have not been described. Histology of
Pou3f4 mutant was normal at P1 (Fig. 3C, males shown, fe-
males also normal). While deletion of Pou3f4 did not appear
to have any influence on gross pituitary morphology or anter-
ior lobe development, we wanted to determine if there were
transcriptional defects in markers of stem cell maintenance

or differentiation. We applied qPCR to samples from P1 wild-
type (WT) and Pou3f4-mutant pituitaries to detect changes in
expression of the stem cell marker Sox2, and the endocrine
progenitor marker Poulf1 (Fig. 4D). There were no signifi-
cant changes in Sox2 or Poulfl expression between
hemizygous-WT controls and Powu3f4-mutant males,
Pou3f4-mutant females, or Pou3f4 mutants of both sexes.
This suggested that loss of Pou3f4 does not influence Sox2
stem cell maintenance and Poulf1 endocrine progenitor
differentiation.

To determine if Prop1-mutant phenotypes, including ectop-
ic expression of Sox21 in Smoc2+ve cells, are attributable to
Pou3f4 upregulation, we generated Pou3f4~'~; Propl™~
double-knockout (dKO) mice. We obtained slightly fewer
Prop1 mutants and dKOs than expected (chi-square statistic
value, P value =.0225) (Supplementary Fig. S2 [27]). dKO
mice were dwarfed akin to Prop1-mutant mice postnatally,
and we did not observe rescue of pituitary dysmorphology
or hypoplasia of Propl-mutant mice in embryonic and
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Figure 2. Detection of a transient juvenile Sox2-low cell state in mouse pituitary. (A) Violin plot of Sox2 expression across calculated clusters. Cluster 6
cells express Sox2, albeit lower than some other clusters. (B, C) Cluster 6 cells uniquely express Smoc2. (D) RNA velocity trajectory analysis setting the
cleft Sox2+ve stem cells as the root suggests stem cells pass through the Smoc2+ve cluster 6 as they differentiate into endocrine cells. (E) gPCR for
Smoc2 from control pituitary glands at young ages show highest expression at P3. (F) RNAscope detection of diffuse Smoc2 transcripts and Slc76a2 in

cleft cells in female P7 mouse pituitary.

newborn dKOs (Supplementary Fig. S2C and 2D [27]). We
sought to address whether deletion of Pou3f4 would reduce
the overexpression of Sox21 observed in Propl-mutant
mice. We applied qPCR to samples from P21 WT, Pou3f4-
single-mutant, Prop1-single-mutant, and dKO pituitaries to
compare the levels of Sox21 mRNA expression (Fig. 4E).
However, when comparing the dKO mice to the controls,
the elevation of Sox21 expression remains significant (P value
=.028735), and there is not a significant difference in the level
of expression between the Prop1-single-mutant and dKO mice
(P value = .4). Considering levels of Sox21 mRNA expression
were comparable between Prop1-mutant and dKO pituitaries,
the upregulation of Pou3f4 is not required for the overexpres-
sion of Sox21 in Prop1-mutant mice. Upregulation of Smoc2
and Nr5al in the Prop1-mutants were similarly unaffected by
the additional loss of Pou3f4. As a result, it is not clear
whether the upregulation of Pou3f4 in the Prop1-mutant pitu-
itary has a functional effect.

Discussion

Mutations in Prop1 are the most common genetic etiology of
CPHD [4]. Prop1 functions to regulate the EMT-like process
of differentiating stem cells and activate Pou1f1 to drive dif-
ferentiation of progenitors into hormone-producing cells [8,
9]. Consequently, defects in Propl impair the migration of
stem cells and the differentiation of endocrine cells. This leads
to hypoplasia of the anterior lobe, misfolding, and endocrine
defects, which are hallmarks of Propl mutations. Our

scRNAseq of wild-type and Prop1-mutant cells provided the
first cell-type-specific differential gene expression analyses oc-
curring in Propl-mutant pituitary gland. We observed ex-
pected gene expression and cell population changes such as
reduced Poulf1-lineage endocrine cell numbers, as well as dif-
ferentiate between cleft and parenchymal Sox2-expressing pi-
tuitary stem cells based on higher expression of markers such
as Agp3 (parenchyma) and Ednrb (cleft) [25]. We also ob-
served expression of the thyroid hormone transporter
Slc16a2 (also called Mct8) with higher expression in cleft
stem cells, which was also observed by RNAscope (Fig. 1).
SLC16A2 genetic mutations in humans cause Allan
Herndon Dudley Syndrome characterized by neurodevelop-
mental delay, but pituitary phenotypes in these patients are
unclear [28].

We observed a cell population not corresponding to any ex-
pected cell-type in both the wild-type and Prop1-mutant sam-
ples. This population expressed Sox2 albeit at a lower level
than the major clusters representing parenchymal, cleft, and
proliferating Sox2+ve stem cells (Fig. 2). UMAP and RNA vel-
ocity trajectory analyses suggest that this population is an
intermediary or transitional cell state as stem cells differentiate
into endocrine cells (Fig. 2D). The most enriched marker of
this population was Smoc2, an extracellular calcium binding
glycoprotein, which is implicated in a variety of physiological
and pathological processes. It is an intestinal stem cell marker
associated with better survival in colorectal cancers [29],
promotes EMT in renal cell carcinoma [30], regulates bone
formation and healing [31, 32], and human mutations in



A | Sox21
r
-
Sox21
C g dokk
e | .
g 150 i
g 1
o3 < 100+ J_
x
E [ ]
o 50+ .
i 3
kS
T
& ,?\8\ ‘:\" ’Qﬁ
N Q QN &
O o N
< Q¢ Qo“"

Figure 3. Ectopic expression of Sox217 in the Smoc2-expressing population in Prop

o

Prop1+*

Pro p 1 df/df

Journal of the Endocrine Society, 2024, Vol. 8, No. 10

Sox21

w

++

dfidf

i

Expression level

[

7df/df

mice. (A-B) Sox21 is upregulated in Prop7-mutants in cluster 6,

the Sox2/Smoc2 population. (C) Sox21 upregulation occurs in Prop197¢f mutants but not Pou1f19/?" mutants, another model of pituitary hormone
deficiency. (D) SOX21 ectopic expression in Prop 197 pituitary glands in P3 and P7 mice.

SMOC2 can cause dental developmental defects [33] and
growth plate defects [34]. A previous study with functionally
null homozygous Smoc2-GFP-ires-CreERT2 knock-in mice
had no reported gross phenotypes [35], although the
International Mouse Phenotyping Consortium reports bone
defects and weight and length reductions in S#0c2™!-! homo-
zygous null mice, suggesting further studies may be needed to
identify whether these growth reductions are due to bone and/
or pituitary defects. Smoc2-expressing cells are detected in our
previous P7 scRNAseq dataset ('®Single Cell Portal SCP2110)
but not in our P49 postnatal dataset (*’SCP2058), corrobor-
ating qPCR data here that showed Smoc2 expression peaking
in the first week of life in mice (Fig. 2E).

Pou3f4 is highly expressed during pituitary organogenesis
from €10.5 until e14.5 in Rathke’s pouch and the developing
anterior lobe [11]. The endogenous function of Pou3f4 in the
pituitary and the contributions of its upregulation to
Prop1-mutant phenotypes have not been described. However,
we have shown that Pou3f4 is not necessary for normal pituit-
ary morphology, maintenance of Sox2-expressing stem cells, or
differentiation of Poulf1 endocrine progenitors. Consistent
with these results, Pou3f4-mutant mice did not exhibit reduced
growth, craniofacial defects, or infertility, which are indicative
of hormone deficiencies.

Genetic defects in Pou3f4 cause nonsyndromic X-linked
deafness 2 (DFNX2) (also known as conductive deafness
with stapes fixation 3 [DFN3]) in humans and mice, which
is the most common form of X-linked deafness [36, 37]. At
the same time, Sox21-mutant mice also manifested hearing de-
fects, exhibiting a higher decibel threshold for eliciting an
auditory brainstem response [38], although SOX21 variants
have not yet been associated with a human disease. Both the
inner ear and pituitary gland derive from cranial placodes
[39] (otic and adenohypophyseal placodes respectively) and
express some shared transcription factors during develop-
ment, for example Six1 and Eyal [40-42], although loss of
Six1 or Eyal both affect otic placode development, while
loss of both is required to cause pituitary defects [40]. We
speculate whether the loss of Prop1, a pituitary-specific tran-
scription factor, may lead to de-repression of genes normally
expressed in other placodes, although we note that there
does not appear to be transdifferentiation of pituitary cells
into otic cells and we do not observe expression of otic
markers such as Pax8.

Gene overexpression can impair pituitary development, for
example transgenic mice with constitutively expressed
HESX1 have impaired thyrotrope and gonadotrope differenti-
ation [43]. We therefore sought to determine if any
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Figure 4. Pou3f4 overexpression in Prop1-mutants occurs in Smoc2/Sox2 cells but does not appear to drive Sox27 overexpression. (A) Transcription
factors such as LefT and Pou3f4 are also expressed specifically in the Smoc2+ve population. (B) Average Pou3f4 expression per cell per cluster, split by
genotype, is significantly increased in the Smoc2-expressing cluster 6 in Prop7-mutant cells. (C) P1 Pou3f4-mutant mice have normal pituitary
morphology and (D) Sox2and Pou1f1 expression are normal. (E) Double deletion of PropTand Pou3f4 does not reverse Prop 7-mutant phenotypes such as
Sox21 ectopic expression or hypoplasia and dysmorphology (Supplementary Fig. S2 [27]). For D-E, blue points represent male samples and orange points

represent female samples.

Prop1-mutant phenotypes are attributable to Pou3f4 upregula-
tion. However, we found that Pou3f4 upregulation is not neces-
sary for the gross dysmorphology, hypoplastic anterior lobe, or
upregulation of Sox21 in Prop1-mutant mice. This suggested
that Pou3f4 may not be a critical transcriptional regulator in
the Prop1-mutant pituitary. The lack of rescue is not likely to
be related to the age of tissues collected, as we observe generally
no difference between Prop1-mutant and dKOs at e16.5, P3, or
P21 by a combination of histology and qPCR.

An alternative model to the one proposed in this study is
that Prop1 represses Sox21, which regulates Pou3f4. In this
case, the loss of Propl would cause the upregulation of
Sox21, which would lead to the overexpression of Pou3f4.
We were only able to collect pituitary tissue from one
Sox21; Prop1 double-mutant mouse, but growth phenotypes
of the Prop1 and Sox21 mutations were additive. Double mu-
tants were in poor health postnatally and the experiment was
discontinued (Supplementary Fig. S3 [44]). Pituitary dysmor-
phology and hypoplasia was not rescued in one postnatal
3-week-old mutant, suggesting that Sox21 overexpression
does not drive pituitary dysmorphology or hypoplasia in
Prop1-mutant mice, although it does leave the possibility

that ectopic expression of Sox21 is transcriptionally upstream
of Pou3f4 upregulation in Prop1-mutants. Conversely, Prop1
could be independently repressing Pou3f4 and Sox21, leading
to their simultaneous upregulation when Prop1 is lost. We are
not able to generate further Propl; Sox21 double-mutant
mice for study.

Overall, this study has provided insights into population-
specific gene expression changes in the Propl-mutant
pituitary gland including detection of a novel Smoc2+ve,
Sox2-low population as well as how loss of Propl causes
gene misexpression in this population. While we found
that Pou3f4 overexpression did not cause overexpression
of Sox21 or dysmorphology in Propl-mutant mice, future
studies may explore the molecular mechanisms driving
gene dysregulation in Smoc2+ve cells and its functional im-
pact on Prop1 mutant phenotypes.
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