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Introduction
The pituitary gland forms from an evagination of neural ectoderm 
that forms the posterior lobe and an invagination of oral ectoderm 
called Rathke’s pouch, which gives rise to the anterior and inter-
mediate lobes. A residual cleft remains at the junction between 
the anterior and intermediate lobes in rodents, although this nor-
mally regresses and is less distinct in humans. The cells lining the 
cleft are thought to be the origin of various cystic lesions, including 
Rathke’s cleft cysts (RCC), epidermoid, cysts and craniopharyn-
giomas (reviewed in refs. 1–4). RCCs are common, benign lesions 
that can become enlarged and cause headache, visual disturbances, 
pituitary dysfunction, pituitary apoplexy, and/or diabetes insipidus.

RCCs are frequently asymptomatic and identified inciden-
tally by head-imaging studies. In these cases, imaging may be 
repeated periodically to monitor cyst growth. Symptomatic cysts 
are typically treated by transsphenoidal surgery to drain and/or 
resect the cyst (5, 6). The most common complication is postop-
erative diabetes insipidus, which occurs in direct correlation with 
the aggressiveness of cyst resection. Individuals requiring RCC 
surgery have an 18% recurrence rate within 5 years, and 57% of 
those require repeated surgeries.

RCCs are diagnosed with a combination of radiological and 
histopathological features. Most RCCs are within the region of 
the sella turcica between the anterior and posterior lobes, but 
some extend beyond the sella to the optic chiasm. RCCs are lined 
with ciliated cuboidal or columnar epithelial cells interspersed 

with goblet cells (7). There can be evidence of squamous meta-
plasia, hemorrhage, inflammation, and fibrosis (8). Histological 
overlap among RCCs, craniopharyngiomas, and epithelial cysts 
can confound diagnosis (9).

The origin of RCCs is not clear. There have been no systematic 
genetic studies to investigate pathology in humans. There are a few 
anecdotal reports of genetic lesions with complex phenotypes that 
include RCCs, but it is not clear whether those cysts are incidental, 
given the high rate of cystic lesions found in autopsy cases (33%) 
(10–12). Rodents can also spontaneously develop RCC-like lesions 
in the pars distalis and pars tuberalis, and the incidence is reported 
to range from approximately 1% to 10% (13, 14). Cysts are hypoth-
esized to arise from oral ectoderm cells of the pharyngeal duct that 
fail to degenerate. This idea is supported by the ability of oral epithe-
lium to form cystic structures when transplanted into the brain (15). 
Transgenic mouse models of cystic lesions were generated by driv-
ing very high levels of leukemia inhibitor factor (LIF) expression in 
the developing pituitary gland (16, 17). LIF is an IL-6 class cytokine 
that can either inhibit or promote cell differentiation, depending on 
the organ system (18). The relevance of the LIF transgenic models 
is not clear because LIF expression is not normally detected during 
mouse development and it is expressed in both RCC and cranio-
pharyngiomas (19). Disruption of Hippo signaling during embryon-
ic pituitary development leads to tumor development with charac-
teristics of RCCs and squamous cell carcinomas (20, 21).

Transcription factors play important roles in driving organ 
development and cell fate. Several LIM homeodomain transcrip-
tion factors are expressed early in pituitary development. Mouse 
knockouts of Lhx2, Lhx3, and Lhx4 revealed the importance of 
each gene for pituitary development (22–27). Lhx2 is important 
for development of the infundibulum and pituitary stalk, but it is 
not necessary for specification of hormone-producing cells in the 
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cell types are marked by SOX2 and PROP1, and they reside in the 
marginal zone and in small clusters within the parenchyma of the 
anterior lobe (44–47). Prop1 and Sox2 expression largely coincided 
at E12.5, but Prop1 was enriched in the cells transitioning to differ-
entiate at E14.5. Postnatally, many ISL1-positive cells coexpressed 
PROP1 and SOX2 in the marginal zone and the parenchyma (Fig-
ure 1, E and F). The temporal and spatial expression pattern of ISL1 
was consistent, with the potential to regulate pituitary stem cells 
and cell specification.

Deletion of Isl1 affects growth and morphology of Rathke’s pouch 
and causes cyst formation. To assess the role of ISL1 in the pituitary 
progenitor cells after definitive Rathke’s pouch formation, we 
selected the Prop1-cre transgenic line for conditional deletion of Isl1 
(48, 49). The Prop1-cre line genetically labels a few pituitary cells 
at E11.5 and completely labels cells in the anterior and interme-
diate lobes by E12.5. Prop1-cre; Isl1+/– mice were mated with Isl1fl/fl  
mice, and embryos were collected at various times. To assess the 
efficiency of Prop1-cre–mediated Isl1 deletion, we used PCR anal-
ysis of genomic DNA isolated from pituitary glands at birth (Sup-
plemental Figure 1A; supplemental material available online with 
this article; https://doi.org/10.1172/JCI136745DS1). Only the null 
allele of Isl1 was evident in Prop1-cre; Isl1fl/– samples. The floxed 
allele was not detectable, indicating efficient deletion of Isl1. We 
also conducted immunostaining for ISL1 at E11.5, E16.5, and P3 
(Supplemental Figure 1, B–F). Only a few ISL1-positive cells were 
detected at E11.5 and E16.5, and none were detected at P3. This 
confirmed the robust, efficient deletion of Isl1 in Prop1-cre; Isl1fl/– 
mice, hereafter referred to as Isl1Prop1KO.

Isl1Prop1KO showed Rathke’s pouch dysmorphology early in pitu-
itary organogenesis (Figure 1, G–L). At E11.5, the mutant Rathke’s 
pouch appeared smaller, and dysmorphic regions appeared on 
the pouch surface adjacent to the mesenchyme. It appeared 
as if progenitors were disorganized or were excluded from the 
pouch. At E13.5 and E14.5, the dysmorphology became more pro-
nounced and was present at the outer edges of both the anterior 
and intermediate lobes. We examined the levels of proliferation 
and cell death at E11.5 and quantified the size of Rathke’s pouch 
(Figure 1, M–Q). We analyzed proliferation by immunostaining 
with antibodies against cyclin D1 (CCND1), a cell cycle mark-
er highly expressed in the G1 phase. In control embryos, CCND1 
was expressed in a gradient, with the highest level at the dorsal 
aspect of Rathke’s pouch, and there was no expression at the ven-
tral aspect where cells were beginning to undergo differentiation.  
Isl1Prop1KO mutants expressed CCND1, and proliferating cells 
extended into the ventral region, indicating a loss of the expression 
gradient. Apoptosis, visualized by cleaved caspase-3 immunos-
taining, normally occurs at E11.5 in cells located where Rathke’s 
pouch separates from the oral ectoderm. A few additional apoptot-
ic cells were evident dorsally in Isl1Prop1KO mutant pouches, indicat-
ing an increase in cell death. At E11.5, Rathke’s pouch was approx-
imately 22% smaller in the mutants than controls.

To determine whether earlier deletion of Isl1 would have a 
more profound effect on the growth of Rathke’s pouch, we used 
a Hesx1-cre line that drives cre activity in Rathke’s pouch and 
some of the surrounding oral ectoderm at E10.5 (50). We con-
firmed reduced expression of ISL1 at E11.5 in Hesx1-cre; Isl1fl/fl mice  
(Isl1Hesx1KO) (Supplemental Figure 1G). The Isl1Hesx1KO embryos 

anterior pituitary. Lhx3 and Lhx4 have overlapping and essential 
roles in expansion of Rathke’s pouch and hormone cell specifica-
tion. Loss-of-function mutations in the human LHX3 and LHX4 
genes are associated with multiple pituitary hormone deficiencies. 
Less is known about the role of the LIM homeodomain transcrip-
tion factor ISL1 in pituitary development.

ISL1 was discovered through its ability to bind essential 
cis-acting sequences of the rat insulin gene, and it is required for 
the development of all pancreatic endocrine cells (28, 29). ISL1 
is also an important cell-fate regulator in the development of the 
heart, eye, ear, motor neurons, cholinergic neurons, hypothala-
mus, tooth, hind limb, and pylorus (30–38). In the pituitary gland, 
Isl1 is initially expressed throughout the region of oral ectoderm 
that will become Rathke’s pouch (E9.5–E10.5), preceding Lhx3 and 
Lhx4 expression (39–41). It becomes localized to the differentiat-
ing cells at the ventral aspect of the organ (E11.5), and it is specific 
for thyrotropes and gonadotropes (E16.5–P7) (42). Isl1 transcripts 
are greatly elevated in a mouse model of thyrotrope hypertrophy 
(43). Based on the expression pattern in developing pituitary gland 
and the role of Isl1 in development of other organs, we hypothe-
sized that Isl1 could play an important role in cell specification of 
the pituitary gland. Embryos with a targeted deletion in Isl1 die by 
E10 due to heart defects, and only a thin, rudimentary Rathke’s 
pouch is formed (38, 41). Conditional deletion of Isl1 in committed 
thyrotropes using Tshb-cre produced modest growth insufficiency, 
mild hypothyroidism, and a reduced pituitary response to a hypo-
thyroid challenge (42).

Here, we report that deletion of Isl1 in the pituitary gland before 
cell specification has 3 major effects: (a) Rathke’s pouch dysmor-
phology with modestly reduced growth, (b) substantially reduced 
differentiation of progenitors into thyrotropes and gonadotropes, 
and (c) development of multiple Rathke’s cleft-like cysts (RCC-
like). We analyzed the molecular pathogenesis of cyst formation 
and discovered that abnormal expression of the pioneer transcrip-
tion factor FOXA1 appears to drive expression of FOXJ1 and cilio-
genic and mucinous cell fates. This embryonic analysis of RCC-like 
development accurately predicted markers that distinguish human 
RCC (hRCC) from craniopharyngiomas. Thus, Isl1 has an import-
ant role in driving pituitary organogenesis and suppressing the dif-
ferentiation of oral ectoderm into alternate cell fates.

Results
ISL1 is expressed in pituitary progenitor cells, consistent with a role 
in cell-fate choices. ISL1 is expressed at E8.5–E9.5 in the oral ecto-
derm that will become Rathke’s pouch, and it becomes localized 
to thyrotropes and gonadotropes (39, 42). At E10.5 and E11.5, ISL1 
expression was strongest in the ventral aspect of Rathke’s pouch, 
and it extended slightly beyond the point of separation between 
Rathke’s pouch and the underlying oral ectoderm (Figure 1, A and 
B). At E16.5, the pattern of ISL1 expression in scattered cells in the 
anterior lobe was consistent with previous reports of enrichment 
in developing thyrotropes and gonadotropes (Figure 1C). At this 
time, little or no ISL1 expression was detected in the marginal 
zone, located along the cleft between the intermediate and anteri-
or lobes of the pituitary. After birth, at P3 and P7, ISL1 was clearly 
expressed in the cells within the marginal zone (Figure 1D). Stem 
cells that can self-renew and give rise to all hormone-producing 
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Figure 1. ISL1 expression in pituitary progenitor cells is important for growth and morphology. (A–D) ISL1 immunostaining reveals ventral expression in 
Rathke’s pouch and oral epithelium at E10.5 (n = 2) and E11.5 (n = 7) (arrows), ventral expression at E16.5 (n = 2), and expression in the marginal zone and 
parenchyma at P3 (n = 3). (E and F) ISL1 costains with PROP1 at P3 (n = 2) and SOX2 at P7 (n = 2). Insets show marginal zone (D–F). (G–L) H&E staining 
from control and Isl1Prop1KO pituitaries at E11.5 (control, n = 7; Isl1Prop1KO, n = 10), E13.5 (control, n = 4; Isl1Prop1KO, n = 4), and E14.5 (control, n = 3; Isl1Prop1KO, n = 5) 
reveals dysmorphology in anterior (arrows) and intermediate lobes (arrowheads). (M and N) CCND1 immunostaining of control (n = 4) and Isl1Prop1KO (n = 6) 
pituitaries at E11.5 (bracket denotes negative region). (O and P) Immunostaining for cleaved caspase-3 detected apoptotic cells in E11.5 control (n = 6) and 
Isl1Prop1KO mutants (n = 13) at normal (arrows) and ectopic sites (arrowheads). (Q) Size of Rathke’s pouch (RP) was normalized to head size and displayed as 
percentage. Isl1Prop1KO (M, n = 10; range 0.28%–0.54%) was significantly smaller than controls (C, n = 7; range 0.45%–0.62%) based on Student’s t test, 1-tail 
distribution, 2-sample unequal variance. **P < 0.01. (R and S) H&E staining of control (n = 4) and Isl1Hesx1KO (n = 4) pituitaries at E11.5 confirm dysmorphol-
ogy. (T–W) CCDN1 (control, n = 2; Isl1Hesx1KO, n = 3) and cleaved caspase-3 (control, n = 2; Isl1Hesx1KO, n = 3) expression confirm abnormal growth. (X and Y) H&E 
staining of control (n = 3) and Isl1Prop1KO pituitaries (n = 3) reveals multiple cysts at P3 in mutants (arrows). (Z and AA) H&E staining of control (n = 2) and 
Isl1Hesx1KO pituitaries (n = 2) reveals cyst formation at P0 (arrows). Scale bars: 50 μm (A–P, R–W); 100 μm (X–AA). Original magnification, ×400 (insets).
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itary gland, including the marginal zone where progenitors reside. 
The level of immunostaining varied, as reported in lineage-tracing 
studies for other tissues (51, 52). The cells lining the cysts were also 
YFP labeled, although the intensity range was less than for the hor-
mone-producing cells. As expected, no YFP staining was observed 
in the blood vessels of the anterior pituitary gland, as these are 
derived from the neural crest, not the oral ectoderm (48). There 
was no background YFP immunoreactivity in the posterior lobe of 
the pituitary gland, brain, mesenchyme, or cartilage. There was 
also no background YFP immunoreactivity in the anterior or inter-
mediate lobes of Prop1-cre; Isl1+/fl mice without the R26R-EYFP  
reporter. Thus, the cells lining the cysts are derived from the oral 
ectoderm of Rathke’s pouch.

Isl1Prop1KO pituitaries have Rathke’s cleft-like cysts. We analyzed 
the cysts in the pituitaries of Isl1Prop1KO mice at 7 weeks, 18 weeks, 
and 1 year using histology, immunochemistry, and standard 
pathological stains. The cysts increased in size and number as 
the mice aged, and multiple cysts were observed in 100% of the 
mutants (Figure 2, A–F). We identified 3 types of cysts in Isl1Prop1KO 
mutant pituitaries (Figure 2, G–I). Some cysts were lined with cil-

exhibited extensive dysmorphology, reduced CCND1 expression 
throughout the pouch, and larger patches of apoptotic cells (Figure 
1, R–W) than Isl1Prop1ko at the same time.

ISL1 deficiency is associated with cyst formation in pituitar-
ies of Isl1Prop1KO and Isl1Hesx1KO mice. After birth, numerous cyst-
like structures were present within the anterior lobe in Isl1Prop1KO 
mutants (Figure 1, X and Y). No cysts were observed in association 
with the pituitary stalk. Of the Isl1Prop1KO pituitary glands, 100% had 
multiple cysts. Multiple cysts were present in the Isl1Hesx1KO mutant 
pituitaries at birth (Figure 1, Z and AA).

To identify the origin of the cells within the cysts, we conduct-
ed a lineage-tracing experiment using a Rosa26 cre reporter strain 
that genetically labels cells with yellow fluorescent protein (YFP) 
(Supplemental Figure 1, H–J). R26R-EYFP homozygotes were 
crossed with Isl1fl/fl mice, and the progeny were bred to Isl1fl/fl mice 
to generate Isl1fl/fl; R26REYFP/+ mice. The mice were crossed with 
Prop1-cre; Isl1+/– mice. Neonates were harvested and analyzed for 
YFP expression by immunohistochemistry. In Isl1Prop1KO; R26REYFP/+ 
newborns, we detected YFP immunostaining in the majority of 
cells throughout the anterior and intermediate lobes of the pitu-

Figure 2. Isl1Prop1KO cysts expand with age and have 
characteristics of hRCCs. (A–I) Pituitary gland sec-
tions from control and Isl1Prop1KO mutants collected 
at 7 weeks (control, n = 4; Isl1Prop1KO, n = 10), 18 weeks 
(control, n = 3; Isl1Prop1KO, n = 4), and 1 year (control,  
n = 2; Isl1Prop1KO, n = 2) were stained with H&E. 
Multiple cysts are evident throughout adulthood in 
Isl1Prop1KO mutants. Cysts contain ciliated epithelium 
(C), nonciliated epithelium (NC), or a combination 
of ciliated and nonciliated epithelium (C/NC). (J–L) 
Immunostaining for cytokeratin 8 (KRT8), acetylat-
ed tubulin (TUBA1A), and FOXJ1 at 7 weeks detected 
expression of characteristic markers of hRCCs 
in Isl1Prop1KO mutants (n = 3). (M–O) Alcian blue/
PAS staining detects mucosal cell (arrows) lining 
within the cyst walls from weaning (3 weeks, n = 1) 
through adulthood (7 weeks, n = 7; 18 weeks, n = 3) 
in Isl1Prop1KO mutants. Scale bars: 50 μm (A, D, M–O); 
100 μm (B, C, E–L).
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ification of gonadotrope and thyrotrope lineages because 
it is coexpressed with hormone markers of those lineag-
es early in development (42). We used immunostaining 
to assess expression of pituitary transcription factors and 
hormones. LHX3 is an essential transcription factor for 
expansion of Rathke’s pouch and most pituitary hormone- 
producing cells in mice and humans (62, 63). LHX3 
immunostaining was normal in the Isl1Prop1KO mutants at 
E12.5, indicating commitment to pituitary fate and nor-
mal establishment of a dorsal-to-ventral gradient of LHX3 
expression (Supplemental Figure 3, A and B). FOXL2, an 
early transcription factor marker of gonadotropes and thy-
rotropes, was reduced in Isl1Prop1KO mutants at E13.5 com-
pared with controls, and the common hormone subunit 
CGA was nearly undetectable in mutants (Figure 3, A–D). 
At E16.5, fewer TSHβ immunopositive cells were detected 
in the caudomedial area, and none were detected in the 
POU1F1-independent rostral tip region (Figure 3, E and 
F). Immunostaining for the gonadotrope-specific tran-
scription factor NR5A1 (SF1) revealed only a few positive 
cells in mutants at E16.5 (Figure 3, G and H). These data 
support the hypothesis that Isl1 is necessary for promoting 
differentiation into gonadotropes and thyrotropes.

To investigate the specificity and mechanism of this 
effect, we examined expression of other lineage-specific 
transcription factors and hormone markers. POMC was 

properly expressed in the Isl1Prop1KO mutants at E14.5, indicating nor-
mal commitment to the corticotrope lineage (Supplemental Figure 
3, C and D). Gata2 is an important transcription factor for thyro-
tropes and gonadotropes (64–67). In situ hybridization revealed 
comparable levels of Gata2 transcripts in both the rostral tip and 
caudo-medial area of control and Isl1Prop1KO mutant pituitary glands 
(Figure 3, I and J). POU1F1, the signature transcription factor for the 
somatotrope, lactotrope, and thyrotrope lineages, was also similar-
ly expressed in the Isl1Prop1KO mutants (Supplemental Figure 3, E and 
F). Taken together, these data suggest that ISL1 deficiency caused 
reduced commitment to thyrotrope and gonadotrope lineages by 
influencing expression of Foxl2 and Nr5a1 without affecting expres-
sion of Gata2 or Pou1f1 or commitment to corticotrope fate.

We conducted cell counts and RNA-Seq analysis in newborn 
pituitary glands to quantify the effect of Isl1 deficiency and to 
determine whether reduced lineage-specific commitment could 
be attributed to developmental delay. The numbers of gonado-
trope and thyrotrope cells were reduced in P3 Isl1Prop1KO neonates. 
Immunoreactive LHβ and TSHβ cells were reduced 3-fold and 1.9-
fold, respectively (Figure 3, K–P). RNA-Seq analysis revealed that 
transcripts for Cga, which encodes the common α-subunit of the 
gonadotropins and thyrotropin, were reduced to 0.2 times the lev-
els in normal mice (Table 2). Transcripts for gonadotrope markers 
gonadotropin-releasing hormone receptor gene (Gnrhr), Lhb, and 
Fshb were reduced to 0.12–0.2 times. Transcripts for Nr5a1 and 
Foxl2 were reduced 0.4–0.54 times. Thyrotrope-specific markers 
Rgs4, Tshr, Dio2, and Tshb were reduced 0.52–0.66 times. Mark-
ers of progenitors and other pituitary lineages were unchanged, 
including the corticotrope and melanotrope markers Tbx19 and 
Pomc, the somatotrope markers Gh and Ghrhr, and the markers of 
the somatotrope, lactotrope, and thyrotrope progenitors Prop1 and 

iated epithelial cells interspersed with mucosal cells, some cysts 
were lined with squamous epithelial cells, and some were lined 
with a combination of the two. This is similar to reports of RCCs in 
human patients: cysts are lined with ciliated cuboidal or columnar 
epithelial cells with mucosal cells interspersed, or they are lined 
with squamous epithelial cells (53, 54). Cytokeratins are charac-
teristic markers of hRCCs (55, 56), while craniopharyngiomas are 
marked by BRAF and members of the WNT signaling pathway 
(57–59). The forkhead transcription factor FOXJ1 is a marker of 
the ciliated cuboidal and columnar cells of hRCCs (60). The cells 
lining the cysts in Isl1Prop1KO mutants were positive for cytokeratin 
8, acetylated tubulin (a marker of cilia), and FOXJ1 (Figure 2, J–L). 
Mucosal cells were identified in the cyst walls by Alcian blue/peri-
odic acid–Schiff (PAS) staining (Figure 2, M–O, and ref. 61).

RNA-Seq analysis was performed on whole pituitary glands 
from 6 P0 Isl1Prop1KO mutants and 6 P0 controls. The quality and 
comparability of the individual mutant and control samples were 
characterized by principal component analysis. Approximately 
74% of the variance could be explained by principal components 1 
and 2, and differentially expressed genes segregated with the gen-
otypes (Supplemental Figure 2). Analysis of transcriptional chang-
es revealed increased expression of genes in Isl1Prop1KO pituitaries 
that are associated with hRCCs, such as keratins and Foxj1, but 
not papillary (PCP) or adamantinomatous (ACP) craniopharyngi-
omas, including Braf, β-catenin, and Axin2 (Table 1). Disruption of 
hippo signaling and overexpression of Lif are associated with cyst 
formation in mouse glands (16, 17, 20, 21). There was no change in 
expression of downstream targets of the hippo signaling pathway, 
Cyr61 and Ctgf, or Lif in Isl1Prop1KO pituitaries at birth.

ISL1 regulates early specification of gonadotrope and thyrotrope 
lineages. We hypothesized that ISL1 could have a role in the spec-

Table 1. Isl1PROP1KO mutant pituitaries express markers characteristic of RCCs

Gene family Genes Fold change
Mucinous secretion Regenerating islet-derived 3g (Reg3g) 76×

Mucin5, subtype b (Muc5b) 48×
Cytokeratins Keratin 15 (Krt15) 37×

Keratin 5 (Krt5) 31×
Keratin 13 (Krt13) 14×
Keratin 4 (Krt4) 7×

Keratin 23 (Krt23) 4×
Keratin 19 (Krt19) 4×
Keratin 14 (Krt14) 3×
Keratin 8 (Krt8) 2×

Keratin 17 (Krt17) 2×
Cilia development Apical cilia structure protein (Sntn) 26×

Multiciliate differentiation and  
DNA synthesis (Mcidas)

20×

Forkhead box J1 (Foxj1) 2.5×
Papillary craniopharyngioma Braf transforming gene (Braf) 0.99×
Adamantinomatous craniopharyngioma β-catenin (Ctnnb1) 1×

Axin2 (Axin2) 1×
Cytokine Leukemia inhibitory factor (LIF) 1×
Hippo pathway Cysteine rich protein 61 (Cyr6)1 1×

Connective tissue growth factor (Ctgf) 1×
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Pou1f1. These data document a quantitative, persistent, and spe-
cific diminution of gonadotropes and thyrotropes.

To determine whether Isl1 deletion by other methods would 
produce similar results, we deleted Isl1 using a tamoxifen-induc-
ible cre recombinase system and Hesx1-cre. CAG-Cre-ERT2 mice 
(68) were mated to Isl1fl/fl animals to generate CAG-Cre-ERT2; Isl1fl/fl  
male mice, which were then mated to Isl1fl/fl females. Pregnant 
females were injected with tamoxifen at E12.5, and embryos were 
harvested at E18.5. Analysis of gonadotrope and thyrotrope spec-
ification revealed a 10-fold reduction in FSHβ immunoreactive 
cells and a 7.5-fold reduction in TSHβ immunoreactive cells com-
pared with those of control littermates (Figure 3, Q–V). The spec-
ification of corticotropes was unchanged (Supplemental Figure 3, 
G–I). Consistent with this, Isl1Hesx1KO mutants also had a reduction 
in TSH and LH immunostaining (Supplemental Figure 3, J–O). The 
reduction in thyrotrope and gonadotrope differentiation was vari-

able and tended to be milder than in the other Isl1 deletion models, 
probably because a significant number of ISL1 immunopositive 
cells were detectable in newborn Isl1Hesx1KO pituitaries, consistent 
with less efficient deletion in this model.

We examined the genotype distribution and the physiologi-
cal consequence of reduced Isl1 deficiency at various ages in the 
Isl1Prop1KO mutants. The survival rate was reduced: only 8% of the 
newborn progeny were mutants instead of the expected 25% 
(Supplemental Figure 3P). At weaning, surviving male and female 
mutants had a 23% and a 30% reduction in body weight, respec-
tively (Figure 3W), which is consistent with the persistent reduc-
tion in thyrotropes. By 7 weeks, mutant females only exhibited a 
12% reduction in body weight, and mutant males were not sig-
nificantly different from controls (Supplemental Figure 3Q). Free 
serum T4 levels were reduced in Isl1Prop1KO mutants at weaning, and 
TSHβ immunostaining was also reduced at this time (Figure 3X 

Figure 3. Isl1 is required for gonadotrope and thyrotrope lineages. (A–D) FOXL2 and CGA immunostaining in control (A, n = 3; C, n = 4) and Isl1Prop1KO (B,  
n = 3; D, n = 4) pituitary glands at E13.5. (E and F) TSH immunostaining in control (n = 3) and Isl1Prop1KO (n = 7) pituitary glands at E16.5.(G and H) NR5A1 
immunostaining in E16.5 control (n = 3) and Isl1Prop1KO (n = 3) pituitaries. (I and J) Gata2 ISH in E16.5 pituitaries of control (n = 7) and Isl1Prop1KO (n = 8). (K–N) 
LH and TSH immunostaining in P3 pituitaries in controls (n = 3) and Isl1Prop1KO (n = 3). (O and P) Quantitation of LH and TSH immunopositive cells per unit 
area of the pituitary at P0 reveals decreases in gonadotropes (control, n = 5, range = 5.4–14.9; Isl1Prop1KO, n = 4, range = 1.5–7.1) and thyrotropes (control,  
n = 5, range = 26.7–43.4; Isl1Prop1KO, n = 4, range = 12.1–20.5) in Isl1Prop1KO. (Q–T) E18.5 control and tamoxifen-induced ablation of ISL1 (CAG-Cre-ERT2;Isl1fl/fl)  
mouse model were immunostained for FSH (control, n = 3; mutant, n = 3) and TSH (control, n = 5; mutant, n = 5). Arrows indicate rare gonadotropes in 
both types of ISL1-deficient mutants. (U and V) Quantitation of FSH- and TSH-positive cells per unit area revealed decreases in both cell populations in 
CAG-Cre-ERT2;Isl1fl/fl mutants (FSH, range = 0.14–0.2; TSH, range = 0.2–0.7) relative to controls (FSH, range = 0.8–2.0; TSH, range = 1.3–3.1). (W) Male and 
female Isl1Prop1KO mice (male, n = 8, range = 6.2–12.6 g; female, n = 11, range = 5.2–13.8g) weigh less than control littermates (male, n = 10, range = 10.5–14.7 g; 
female, n = 12, range = 10.8–17.7 g) at 3 weeks and have reduced serum T4 (X, control, n = 7, range = 0.94–3.18; mutant, n = 7, range = 0.0–2.33). Scale bars: 
50 μm (A–L, N, O, Q–U). Sagittal orientation (A–F, I, J, Q–U), coronal orientation (G, H, K–O). Statistical significance was determined using Student’s t test, 
1-tail distribution, 2-sample equal variance (O, P, and U–X). *P < 0.05; **P < 0.01; ***P < 0.001.
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and Supplemental Figure 3, R and S). The transient nature of the 
growth insufficiency could be due to regulation by hypothalam-
ic-pituitary-thyroid axis feedback loops. At 7 weeks, the gonad and 
thyroid gland morphology appeared indistinguishable in mutants 
and controls, and the mice were fertile (Supplemental Figure 3, 
T–Y). In addition, despite abnormalities in intermediate lobe mor-
phology, immunostaining for PAX7, MSH, SOX2, and SOX9 was 
normal in Isl1Prop1KO mutants at E16.5 (Supplemental Figure 4).

Alternate cell fate underlies Isl1Prop1KO Rathke’s cleft-like cyst for-
mation. The normal coexpression of ISL1 with the stem cell mark-
ers SOX2 and PROP1 in postnatal pituitary development suggests 
that the cysts in Isl1Prop1KO pituitaries arise from progenitors. We 
analyzed expression of SOX2, SOX9, and PROP1 in Isl1Prop1KO mice 
from initial cyst identification (P0), to early cyst formation (P7), 
through cyst maturation (7 weeks) (Figure 4, A–D, Supplemental 
Figure 5, A–H, and Supplemental Table 1). At birth, some of the 
small cysts evident in all Isl1Prop1KO mutants were lined with cells 
positive for SOX2 and SOX9, and all were negative for PROP1. By 
P7, the cells lining the walls of the cyst were negative for SOX2 and 
PROP1, and only a subset of the cells expressed SOX9. Expression 
of FOXJ1 was identified in a few cells lining the cyst walls at P2, 
and it was more prominently expressed by P3 (Figure 4, E–H). As 
the cysts matured, some of the cells became positive for SOX2 or 
SOX9 (Supplemental Figure 5, I–L). These data support the idea 
that the cysts initially arise from the pituitary progenitor pool and 
that Foxj1 is an early marker of altered cell fate.

We used the newborn pituitary RNA-Seq data set to discover 
changes in transcription that were associated with early cyst forma-
tion. Gene ontology (GO) analysis revealed that many of the genes 
with elevated expression in Isl1Prop1KO pituitaries are involved in epi-
thelial cell differentiation, proliferation, and development (Table 3 
and Supplemental Table 2). The transcription factor genes in these 
enriched GO categories include Mcidas, Foxa1, Trp63, Ehf, Foxj1, 
Elf5, Runx1, Nupr1, Dlx5, Ovol2, and Grhl1 (Table 4). Mcidas, or 
multicilin, drives the development of multiciliated cells, and it acts 
upstream of Foxj1 (69). Many of these genes did not have detectable 
transcripts in the control data set (12/34 genes), suggesting that Isl1 
deficiency has permitted ectopic expression in the pituitary gland. 
For example, the bHLH transcription factor ASCL3 is not normally 
expressed in the pituitary gland, and it is highly specific for salivary 
gland tissue (The Human Protein Atlas, https://www.proteinatlas.
org/ENSG00000176009-ASCL3/tissue). A complete list of differ-
entially expressed transcripts is available in Supplemental Table 3

FOXA1 is a “pioneer” transcription factor that opens chro-
matin and is associated with development of endodermal tis-
sues, such as lung and liver (reviewed in ref. 70). Foxa1 transcripts 
were elevated 13.1-fold in newborn Isl1Prop1KO pituitaries. Although 
FOXA1 has been proposed to repress expression of the GH-relat-
ed chorionic somatomammotropin genes in the human pituitary 
gland (71), no Foxa1 cDNA was detected in libraries prepared from 
normal E12.5 and E14.5 mouse pituitary glands and no Foxa1 tran-
scripts were detected in the pituitary gland at E11.5, E13.5, or E15.5 
by in situ hybridization (ref. 72 and Allen Brain Atlas). We used 
immunostaining to examine Foxa1 expression at E11.5 (Figure 4, 
I–N). We detected robust FOXA1 expression in the oral ectoderm 
and in only a few cells of Rathke’s pouch. The FOXA1-positive 
cells in Rathke’s pouch were located ventrally, at the point where 
the pouch and oral ectoderm separate, and they coexpressed ISL1. 
FOXA1 expression was unchanged in the Isl1Prop1KO mice. Sonic 
hedgehog (SHH) is necessary for the induction of pituitary cell 
fate (73). It is expressed in the developing hypothalamus and oral 
ectoderm, but it is excluded from Rathke’s pouch. No differences 
in SHH expression were detected between control and Isl1Prop1KO 
(Figure 4, O and P).

Little is known about the expression or role of Gata3 in pitu-
itary development. Gata3 is expressed in the αTSH pituitary thy-
rotrope cell line, and its expression is elevated in pituitary-specific 
Gata2-knockout mice in response to thyroid (65, 74). These obser-
vations, and the fact that GATA3 interacts with ISL1 to promote 
normal pyloric development (35), prompted us to examine Gata3 
expression in normal and Isl1PropKO pituitaries. We detected GATA3 
in the nuclei of cells at the ventral aspect of Rathke’s pouch at E11.5, 
in the same region where ISL1 is expressed, but GATA3 expression 
was unchanged in the Isl1PropKO mice (Figure 4, Q and R). However, 
the cells in the ventral aspect of Rathke’s pouch of Isl1Prop1KO mutants 
exhibited reduced expression of the cell cycle inhibitor CDKN1A 
(Figure 4, S and T). Thus, the spatial and temporal expression of 
GATA3 and ISL1 suggest that they could interact early in pituitary 
development, but the effect of Isl1 deficiency on cell cycle exit is not 
attributable to changes in Gata3 expression at that time.

We detected abnormal FOXA1 expression in Isl1Prop1KO mutant 
pituitaries from E16.5 to 1 year (Figure 4, U–AB). No expression was 
detected at these times in normal pituitary glands. At E16.5, small 
clusters of FOXA1-positive cells were detected in Isl1Prop1KO mutant 
pituitaries. FOXA1 expression was increased in the Isl1Prop1KO  
mutants at E18.5, and it was clear that the FOXA1-positive cells 
were forming cysts. Thus, abnormal FOXA1 expression precedes 
expression of FOXJ1 by almost 1 week. FOXA1 expression was evi-
dent in cells lining the cysts at P3 and 7 weeks. FOXA1 and FOXJ1 
were expressed in cells of mature cysts (Figure 4AB). We detected 
coexpression of FOXA1 and FOXJ1 in some cells as well as cells 
expressing only one of the factors.

We detected GATA3 expression at E18.5 and P0 in normal pitu-
itary glands, but the immunoreactivity was predominately cytoplas-
mic, in contrast to the nuclear localization at E11.5 (Figure 4, AC–
AF). Interestingly, we observed clusters of cells with both nuclear 
localized and cytoplasmic GATA3 in Isl1Prop1KO mutants at E18.5 and 
P0. There was no visible nuclear GATA3 staining in the cells lining 
the cysts after P7, but cytoplasmic GATA3 expression was detect-
able after birth and in adult pituitary glands (Supplemental Figure 5, 

Table 2. Reduced gonadotrope and thyrotrope gene expression in 
newborn Isl1Prop1KO pituitary glands

Gonadotrope lineage Thyrotrope lineage Other lineages
Gene Fold change Gene Fold change Gene Fold change
Gnrhr 0.12 Cga 0.20 Ghrhr 0.99
Lhb 0.14 Rgs4 0.52 Gh 0.99
Cga 0.20 Tshr 0.60 Pomc 0.99
Fshb 0.20 Dio2 0.63 Tbx19 0.97
Nr5a1 0.40 Tshb 0.66 Prop1 0.99
Foxl2 0.54   Pou1f1 0.92
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Therefore, we analyzed expression of CDKN1A in the develop-
ing cysts. There was no detectable expression of CDKN1A in the 
control mice from E18.5 through 7 weeks. We discovered tran-
sient expression of CDKN1A in the cells forming cysts at E18.5 

M–P). This suggests that ISL1 deficiency permits prolonged GATA3 
localization in the nucleus during initial cyst development.

ISL1 and GATA3 bind to the same region of the Cdkn1a pro-
moter in neuroblastoma cells and regulate its expression (75). 

Figure 4. FOXA1 is the earliest marker of cyst development. (A–D) SOX2-positive cells are within the anterior lobe in control and Isl1Prop1KO mutants. SOX2 
is detected in some cysts walls at birth (B, n = 5), but not P7 (D, n = 6). (E–H) Minimal FOXJ1 immunostaining was detected in controls (n = 3) and increased 
in Isl1Prop1KO cyst walls with age (n = 3). (I and J) ISL1+ cells are in the ventral Rathke’s pouch, oral ectoderm, and ventral diencephalon in E11.5 controls (n = 
6), but few ISL1+ cells are detected in the Isl1Prop1KO mutant (n = 6). Similar E11.5 ISL1 immunostaining samples are described above. (K–N) FOXA1+ cells are 
in the oral ectoderm, and a few ISL1+FOXA1+ cells are at the pouch/oral ectoderm separation in E11.5 controls (n = 3), but not in Isl1Prop1KO (n = 5). (O and P) 
SHH expression in the oral ectoderm of E11.5 controls (n = 8) and Isl1Prop1KO (n = 9). (Q and R) GATA3+ ventral expression in E11.5 controls (n = 3) and Isl1Prop1KO 
(n = 3). (S and T) CDKN1A+ expression in E11.5 controls (n = 3) and Isl1Prop1KO (n = 6). (U–AA) FOXA1 immunostaining was negative in controls (U, n = 3; W, n = 
4; Y, n = 3). FOXA1+ cells line cyst walls in Isl1Prop1KO (V, n = 4; X, n = 6; Z, n = 3; AA, n = 6). (AB) FOXA1 and FOXJ1 stain in cyst walls at 1 year (n = 5). (AC–AF) 
Cytoplasmic GATA3 immunoreactivity is detected in E18.5 (n = 6) and P0 (n = 6) controls (n = 6), and nuclear staining is present in Isl1Prop1KO (n = 6). (AG–AJ) 
CDNK1A immunostaining was not detected in E18.5 and P0 controls (n = 3, n = 3), but CDNK1A+ cells were detected in Isl1Prop1KO (inset, n = 6, n = 3). Scale 
bars: 50 μm (A–H, I–T, and U–AJ). Original magnification, ×400 (insets). Sagittal orientation (E11.5, E16.5), coronal orientation (E18.5-after birth). Arrows, 
immune-positive cells; arrowheads, immune-negative.
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of hRCC to ensure that the available sections contained cystic 
regions appropriate for further analysis. Sixteen out of the 22 sam-
ples of resected material contained regions positive for expression 
of the classical hRCC markers: acetylated tubulin, cytokeratin 8, 
or FOXJ1. The cysts were lined with ciliated, cuboidal, or colum-
nar epithelium. They were positive for cytokeratin 8, and the cilia 
were marked with acetylated tubulin. These samples were select-

and P0, but no expression at P7 or 7 weeks (Figure 4, AG–AJ, and 
Supplemental Figure 4, Q–T). Thus, FOXA1 is the earliest marker 
of cyst formation, and both GATA3 and CDKN1A are transiently 
expressed during initial cyst formation.

hRCCs express FOXA1. Twenty-two patients were diagnosed 
with hRCC at Kagoshima University. Samples of resected tis-
sue from each patient were analyzed for markers characteristic 

Table 3. GO enrichment: regulation of epithelial cell differentiation and development

Symbol Gene name Fold change 1 2 3 4 5
Krt15 Keratin 15 37.4× x
Krt5 Keratin 5 31.4× x
Mcidas Multiciliate differentiation and DNA synthesis–associated cell cycle protein 19.9× x
Foxa1 Forkhead box A1 13.1× x x
Krt4 Keratin 4 7.0× x x
Ccno Cyclin O 5.6× x
Agr2 Anterior Gradient 2 5.2× x
Krt23 Keratin 23 4.2× x
Trp63 Transformation-related protein 63 4.1× x x x x x
Krt19 Keratin 19 3.9× x
Anxa1 Annexin A1 3.8× x
Upk1b Uroplakin 1B 3.8× x
Ehf Ets homologous factor 3.0× x x
Lgals3 Lectin, galactose binding, soluble 3 3.0× x
Ccdc78 Coiled-coil domain containing 78 3.1× x
Foxj1 Forkhead box J1 2.5× x x x
Wnt7b Wingless-type MMTV integration site family, member 7B 2.4× x x
Elf5 E74-like factor 5 2.4× x
Dhrs9 Dehydrogenase/reductase (SDR family) member 9 2.4× x
Sfn Stratifin 2.3× x x x x
Runx1 Runt-related transcription factor 1 2.2× x x
Dsp Desmoplakin 2.1× x
Scel Sciellin 2.1× x
Maff V-Maf musculoaponeurotic fibrosarcoma oncogene family, protein F (avian) 2.0× x x
Aqp3 Aquaporin 3 2.0× x x
Spdef SAM pointed domain–containing Ets transcription factor 1.9× x x
Pkp1 Plakophilin 1 1.9× x
Tfcp2l1 Transcription factor CP2-like 1 1.8× x x
Dsc3 Desmocollin 3 1.8× x
Krt17 Keratin 17 1.8× x
Krt8 Keratin 8 1.7× x
Ovol2 Ovo-like 2 (Drosophila) 1.6× x x x
Krt7 Keratin 7 1.6× x
Tgm1 Transglutaminase 1, K polypeptide 1.6× x x x
Tst Thiosulfate sulfurtransferase, mitochondrial 1.6× x
Ceacam1 Carcinoembryonic antigen-related cell adhesion molecule 1 1.5× x x x
Grhl1 Grainyhead-like 1 (Drosophila) 1.5× x x
Upk3a Uroplakin 3A 1.5× x
Fgfbp1 Fibroblast growth factor–binding protein 1 2.8× x
Dlx5 Distal-less homeobox 5 1.8× x x
Plxnb3 Plexin B3 1.8× x x
F3 Coagulation factor III 1.5× x x
Serpinb1b Serine (or cysteine) peptidase inhibitor, clade B, member 1b 7.0× x
Tacstd2 Tumor-associated calcium signal transducer 2 4.0× x
Nupr1 Nuclear protein transcription regulator 1 2.2× x

1, Epithelial cell differentiation; 2, epithelial cell proliferation; 3, epithelial cell development; 4, regulation of epithelial cell differentiation; 5, positive 
regulation of epithelial cell proliferation.
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tion of distinguishing markers relevant to 
proper diagnosis. CDKN1A expression has 
been detected in craniopharyngiomas (57, 
77, 78), and immunostaining for CDKN1A 
provides a quality control for the integrity 
of the tumor samples. The number of sam-
ples used was based on availability. Eleven 
of the 12 craniopharyngiomas analyzed 
were positive for CDKN1A staining. These 
11 samples were negative for both FOXA1 
and GATA3, suggesting expression of 
these markers is unique to hRCCs. In addi-
tion, FOXA1 expression was not detected 
in RNA-Seq data sets from human ACP 
samples versus controls and a mouse mod-
el of ACP versus control mouse pituitary, 
confirming its specificity to RCC (57). Sim-
ilarities between Isl1Prop1KO RCC-like and 
hRCC support the role of ISL1 in the for-
mation of RCCs and provide markers for 
identification in patients with suspected 
RCC formation.

Discussion
LIM homeodomain transcription factors 
play an important role in the development 
and cell specification of the pituitary gland 
and many other organ systems. Lhx3 and 
Lhx4 are essential for cell proliferation and 
cell specification in Rathke’s pouch, and 
Lhx2 is required for formation of the infun-
dibulum and posterior lobe of the pituitary 
gland (22, 24, 27, 40). ISL1 is expressed in 
both Rathke’s pouch and the adjacent ven-
tral diencephalon. Here, we show, using 
3 different mouse models, that, although 
Rathke’s pouch forms in the absence of Isl1, 
ISL1 has multiple, critical roles in pituitary 
gland development (Figure 6). It is import-

ant for Rathke’s pouch morphology, specification of the thyro-
trope and gonadotrope cell fates, and suppression of alternate, 
nonpituitary cell fates. Isl1 deficiency drives the development of 
Rathke’s cleft-like cysts with 100% penetrance.

Both Prop1-cre– and Hesx1-cre–mediated deletion of Isl1 
cause obvious dysmorphology and modest reduction in growth 
of Rathke’s pouch. Isl1 deficiency causes abnormal expression of 
Ccnd1, reduced cell proliferation, and increased apoptosis. The 
approximately 22% reduction in pouch size of pituitary-specif-
ic Isl1 deletion contrasts with the severe Rathke’s pouch hypo-
plasia reported for the global Isl1–/– mutant embryos. However, 
poor pouch formation in Isl1–/– embryos could be secondary to 
poor overall embryonic growth, heart failure, early death, and/
or ventral diencephalon defects (38, 41). The basis for the pitu-
itary dysmorphology in pituitary-specific models of Isl1 deficien-
cy is unknown, but it appears that some progenitor cells lose the 
typical flattened, epithelial-like shape and adopt rounded shapes 
organized in clusters. ISL1 has a role in growth of the pituitary and 

ed for further analysis of SOX2, SOX9, FOXA1, GATA3, and CDK-
N1A expression (Table 5). Fifteen of the 16 cases analyzed (94%) 
showed striking similarity to the Isl1Prop1KO mutants, including 
expression of FOXA1 (Figure 5, A–R, and Supplemental Figure 6, 
A–R). Many of the cells were positive for both SOX2 and SOX9, 
and most of the cells were positive for either FOXA1, FOXJ1, or 
both. In addition, many cells within the cysts were positive for 
CDKN1A, and only a few were also positive for GATA3, as was pre-
dicted based on the transient expression in the Isl1Prop1KO mutants. 
One of the 16 samples was positive for CDKN1A, but negative for 
the remaining markers.

To determine whether FOXA1 and GATA3 expression are 
unique to hRCCs, we analyzed expression in human cranio-
pharyngioma samples of both the ACP (7 samples) and PCP 
subtypes (5 samples) (Figure 5, S–X, and Supplemental Figure 
6, S–X). Craniopharyngioma samples serve as a suitable control 
because, in the clinical setting, it can be difficult to discriminate 
between RCC and craniopharyngiomas (76), making identifica-

Table 4. Transcription factors elevated in Isl1Prop1KO

Gene name Fold change Ecotopic
Multiciliate differentiation and DNA synthesis–associated cell cycle protein (Mcidas)A,B 19.9× Yes
Forkhead box A1 (Foxa1)A,B 13.1× Yes
Achaete-scute complex homolog 3 (Ascl3)A 11.9× Yes
Lactotransferrin (Ltf)A 9.1× Yes
Forkhead box I1 (Foxi1)A 7.8× Yes
Protein phosphatase 1, regulatory (inhibitor) subunit 1B (Ppp1r1b)A 4.2× Yes
Transformation related protein 63 (Trp63)A,B 4.1× Yes
Forkhead box G1 (Foxg1)A 3.7× Yes
Ets homologous factor (Ehf)B 3.0× No
Forkhead box J1 (Foxj1)B 2.5× No
Trans-acting transcription factor 8 (Sp8)A 2.4× Yes
E74-like factor 5 (Elf5)A,B 2.4× Yes
Mitogen-activated protein kinase 15 (Mapk15) 2.4× No
Runt-related transcription factor 1 (Runx1)B 2.2× No
Nuclear protein transcription regulator 1 (Nupr1)B 2.2× No
Myeloid leukemia factor 1 (Mlf1) 2.0× No
Sperm-associated antigen 8 (Spag8) 1.9× No
Nuclear factor, erythroid derived 2, like 3 (Nfe2l3) 1.9× No
Distal-less homeobox 5 (Dlx5)B 1.8× No
Transcription factor CP2-like 1 (Tfcp2l1) 1.8× No
Myeloblastosis oncogene (Myb) 1.7× No
PDZ and LIM domain 1 (elfin) (Pdlim1) 1.7× No
Jun B proto-oncogene (Junb) 1.7× No
Pirin (Pir) 1.7× No
A disintegrin and metallopeptidase domain 8 (Adam8) 1.6× No
Doublesex and Mab-3 related transcription factor 2 (Dmrt2)A 1.6× Yes
Ovo-like 2 (Ovol2)B 1.6× No
Parathyroid hormone-like peptide (Pthlh) 1.6× No
Orthodenticle homolog 1 (Otx1)A 1.5× Yes
Grainyhead-like 1 (Grhl1)B 1.5× No
Zinc finger and BTB domain–containing 16 (Zbtb16) 1.5× No
Tumor necrosis factor, alpha-induced protein 3 (Tnfaip3) 1.5× No
ATranscripts normally not present in the pituitary. BTranscription factors elevated in GO term 
associated with ciliated epithelium. Genes are listed according to fold change, beginning with the 
gene having the highest change in expression.
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abnormal nuclear localization of GATA3, abnormal activation of 
CDKN1A expression, and finally ectopic FOXJ1 expression. We 
hypothesize that Isl1 normally suppresses expression of Foxa1 in 
the pituitary primordium and that Foxa1 expression is sufficient to 
drive alternate cell fate, in part by activation of FOXJ1 expression. 
Rathke’s cleft-like cysts are similar in appearance to the ciliated 
epithelium from lung or salivary gland, and FOXA1, together with 
FOXA2, activates FOXJ1 expression in developing lung, which is 
necessary to drive differentiation of the respiratory epithelium 
(89–93). Moreover, ectopic expression of SOX2 drives FOXJ1 
expression in lung development (94), and modulation of SOX9 
expression during lung development is necessary to balance prolif-
eration and differentiation (95, 96). Taken together, these obser-
vations support our hypothesis that FOXA1 is a driver of alternate 
cell fate in the pituitary gland.

Gata2 and Gata3 are paralogs, and they have overlapping 
roles in the development of neurons of the inner ear and tro-
phoblast progenitors (97, 98). The role of GATA3 in pituitary 
development is unknown, but ISL1 and GATA3 interact to drive 
development in some other tissues (35, 75). We speculate that 
(a) ISL1 normally interacts with GATA2 and GATA3 to drive 
pituitary cell specification, and (b) ISL1 deficiency may permit 
GATA3 to participate in driving mucinous and ciliated epithelial 
cell fate. Normally, the subcellular localization of GATA3 shifts 
from the nucleus to the cytoplasm after pituitary cells commit to 
thyrotrope and gonadotrope fates. The abnormal persistence of 
GATA3 in the nucleus of pituitary progenitors may permit inter-
action with FOXA1 to drive alternate fate, as GATA3 expression 
is essential for luminal cell fate in mammary epithelium (99). 
Pituitary-specific knockouts of Gata3 will be necessary to clarify 
its role in pituitary development.

hRCC are commonly discovered after the cyst is fully formed 
and symptomatic, making it impossible to study the develop-
ment of cysts in patients. The Isl1Prop1KO mice provided an excellent 
opportunity for studying Rathke’s cleft-like cyst development and 

other organs, including the nervous system, uteric bud, pancreas, 
and heart (31, 38, 79–82).

The specification of the thyrotrope and gonadotrope lineages 
was markedly reduced by both Prop1-cre–mediated and tamoxifen- 
induced deletion of Isl1. The characteristic hormones CGA, TSH, 
and LH were reduced as well as the early lineage-specific transcrip-
tion factors NR5A1 and FOXL2. The reduced expression of Nr5a1 
and Foxl2 was sufficient to explain the failure of gonadotrope dif-
ferentiation because Nr5a1 deficiency results in failure to express 
LH and FSH and gonadotrope-specific Foxl2 deficiency causes 
subfertility with marked reduction in FSH (83–85). Direct regula-
tion of Nr5a1 or Foxl2 expression by ISL1 has not been explored, 
but ISL1 does interact with LHX3 and NR5A1 to activate expres-
sion of a key gonadotrope marker: Gnrhr (86). GATA2 is important 
for gonadotrope and thyrotrope specification (2, 64, 65), but we 
did not detect an effect of Isl1 deficiency on Gata2 expression. It is 
possible that ISL1 drives thyrotrope fate directly.

We present a developmental model of Rathke’s cleft-like 
cysts. Both Prop1-cre– and Hesx1-cre–mediated deletion of Isl1 in 
the pituitary gland were associated with the appearance of mul-
tiple cyst-like structures in late gestation and early postnatal life 
of 100% of the mutants. The cells lining the cysts expressed typ-
ical markers of RCC, including cytokeratins, acetylated tubulin, 
and FOXJ1. Mucinous and ciliated cells were both present, and 
the sizes of the cysts increased with age. The RCC-like struc-
tures appeared to derive from pituitary progenitors that express 
SOX2 and SOX9. The expression of these progenitor markers 
was transient in the cysts, disappearing postnatally and then 
reappearing in cells lining the cysts as the animals approached 
adulthood. Thus, ISL1 is necessary to suppress alternate cell 
fates in pituitary progenitors. ISL1 represses alternate cell fates 
in neuronal and tooth development, although the mechanism in 
those tissues is unknown (87, 88).

FOXA1 is the earliest marker of mouse Rathke’s cleft-like cyst 
formation. The aberrant expression of FOXA1 was followed by 

Table 5. Summary of hRCC characterization

Age Sex Acetylated tubulin Cytokeratin 8 FOXA1 FOXJ1 SOX2 SOX9 GATA3 CDKN1A
53 M ++ ++ – – – – – +
32A M ++ ++ – – ++ ++ – –

++ ++ ++ + ++ ++ – ++
+ ++ + + + + – +

57 M ++ ++ ++ ++ ++ ++ – +
60 M ++ ++ ++ ++ ++ ++ – ++
77 F ++ ++ ++ ++ ++ ++ – ++
59 F ++ ++ ++ ++ ++ ++ – +
27 M ++ ++ + ++ ++ ++ – ++
63 F ++ ++ ++ ++ ++ ++ – ++
30 F ++ ++ ++ ++ ++ ++ – ++
58 M ++ ++ ++ ++ ++ ++ – +
18 F ++ ++ ++ ++ + + ++ +
23 F + ++ ++ ++ ++ ++ – +
37 F ++ ++ ++ ++ ++ ++ ++ +
61 F ++ ++ ++ ++ + + ++ ++
ARCC recurred twice; a sample was obtained from each procedure.
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fails. The number of cells that exhibit altered transcription fac-
tor expression could be a key variable in whether the mutant cells 
undergo apoptosis or survive and differentiate into alternate cell 
fates. For example, in Drosophila, neighboring cells detect ectopic 
transcription factor expression (100). If the number of cells with 
ectopic transcription factor expression is small, the abnormal cells 
are induced to undergo apoptosis. If misexpression of transcrip-
tion factor(s) is more widespread, the surrounding, normal cells 
induce abscission of the abnormal cells, and cysts form. Similar 
mechanisms may underlie the enhanced apoptosis and cyst for-
mation in Isl1Prop1KO pituitary glands. During development, we 
observed elevated apoptosis of Isl1-deficient cells, while around 
birth, cells abnormally expressing FOXA1 appeared to be encap-
sulated into cysts.

In sum, we have established the role of Isl1 in multiple steps in 
pituitary development: Rathke’s pouch morphology and growth, 
induction of lineage-specific transcription factors for gonadotrope 
and thyrotrope specification, and suppression of abnormal ciliat-
ed and mucinous cell fates. This developmental model of Rathke’s 
cleft-like cyst formation accurately predicted FOXA1 as a marker 
of this common abnormality in human pituitary glands.

Methods
Additional methods can be found in Supplemental Methods.

RNA-Seq. RNA-Seq data have been deposited in the NCBI’s Gene 
Expression Omnibus (GEO GSE149019; ref. 101).

Study approval. All mouse studies were approved by the Uni-
versity of Michigan IACUC (PRO00008714) or by the Facultad de 
Ciencias Exactas y Naturales–University of Buenos Aires Comisión 

identifying markers that can be used in the diagnosis of hRCC. 
We detected FOXA1 expression in hRCCs in 94% of the samples 
we had available for study, suggesting that FOXA1 may have a role 
in driving cyst development in humans. We did not detect FOXA1 
in craniopharyngiomas, and FOXA1 transcripts were not report-
ed in craniopharyngioma data sets, indicating that this marker is 
specific for RCCs (57). In contrast, FOXJ1 is not specific to hRCC. 
It has been identified in rare PCP craniopharyngiomas, and tran-
scripts were enriched in the human ACP versus control pituitary 
RNA-Seq data set (57, 60). Sporadic expression of GATA3, CDK-
N1A, SOX2, and SOX9 in hRCCs is consistent with the transient 
and/or developmental changes in expression of these markers 
in the Isl1Prop1KO mutant model. Thus, the similarities between  
Isl1Prop1KO mutant and hRCCs has provided insight into cyst forma-
tion and identified additional diagnostic markers to be used in 
pathological characterization.

Patients with RCCs have a single cyst, whereas the Isl1-defi-
cient mice had multiple cysts. hRCCs are usually asymptomatic, 
and if hormone deficiency occurs, it is attributable to organ com-
pression by the cyst. This contrasts with the gonadotropin and 
thyrotropin deficiencies in mice with pituitary-specific deletion of 
Isl1, which are caused by the failure of Isl1 to drive those pituitary 
cell fates. These differences may be attributable to differences in 
the underlying etiology. In humans, somatic mutation in rare pro-
genitors may cause loss of a transcription factor and/or permissive 
activation of FOXA1 to drive ciliated and mucinous cell fates. In 
contrast, we deleted both alleles of Isl1 early in pituitary develop-
ment, which could permit multiple progenitors to switch fate at the 
same time that differentiation to gonadotropes and thyrotropes 

Figure 5. hRCCs express FOXA1. (A–R) Classification of hRCC samples (n = 16) was confirmed by staining with H&E to detect ciliated cells (insets) (A, G, 
and M) and costaining with antibodies for cytokeratin8 and acetylated tubulin (B, H, and N). Costaining with antibodies for progenitor markers SOX2 and 
SOX9 detected many positive cells (C, I, and O). Costaining with antibodies FOXJ1 and FOXA1 detected positive cells lining the cysts (D, J, and P). Immu-
nostaining for GATA3 (E, K, and Q) and CDKN1A (F, L, and R) detected positive cells lining the cysts in some, but not all samples. (S–X) Surgical samples 
from craniopharyngiomas of both the ACP (n = 7) (S–U) and PCP (n = 5) (V–X) subtypes were stained with H&E, costained for CDKN1A and FOXA1, and 
immunostained for GATA3. Samples were positive for CDKN1A and negative for both FOXA1 and GATA3. Scale bar: 50 μm.
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the original manuscript, and MLB, HB, SF, KY, ACC, FSJDS, and 
SAC reviewed and edited the manuscript.
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Figure 6. ISL1 regulates multiple aspects of pituitary gland development. ISL1 regulates growth of Rathke’s pouch. ISL1 expression is initially activated 
throughout the pouch (E10.5) (41). By E11.5, ISL1 expression is restricted to the ventral aspect of Rathke’s pouch (green), where cells begin to differenti-
ate and express CGA. This ISL1 domain is juxtaposed ventrally by FOXA1 expression in the nearby oral ectoderm and dorsally by cyclin D1 (CCND1, yellow) 
expression in proliferating progenitor cells transitioning from the G1 to the S phase. In the absence of ISL1 expression, the domain of cyclin D1 expression 
is expanded and there are ectopic sites of apoptosis (black). ISL1 stimulates specification of gonadotrope and thyrotrope lineages by elevating expression 
of NR5A1 and FOXL2. ISL1-deficient pituitaries have reduced expression of NR5A1 and FOXL2, but no obvious change in GATA2 or GATA3 expression. The 
reduction in lineage-specific transcription factor gene expression is associated with differentiation of very few thyrotropes (yellow) and gonadotropes 
(blue) cells at birth. ISL1 suppresses SOX2-expressing progenitors from adopting alternate cell fates. Loss of ISL1 leads to abnormal expression of FOXA1 
(red), atypical localization of GATA3 in the nucleus (blue), and activation of p21 expression (CDKN1A, yellow), which is associated with cell cycle exit (G0). 
These cells maintain FOXA1 expression, activate FOXJ1, and execute a ciliogenic, mucinous cell fate, resulting in ciliated and nonciliated RCCs.
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