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Abstract

Background—Pituitary stem/progenitor cells give rise to all of the endocrine cell types within 

the pituitary gland and are necessary for both development and gland homeostasis. Recent studies 

have identified several key factors that characterize the progenitor cell population. However, little 

is known about the factors that regulate progenitor cell differentiation and maintenance. Therefore, 

it is crucial to identify novel factors that help elucidate mechanisms of progenitor cell function in 

the developing pituitary. Our studies are the first to characterize the expression of Grainyhead-like 

2 (GRHL2), a transcription factor known to regulate progenitor cell plasticity, in the developing 

pituitary.

Results—Our studies show GRHL2 expression is highest in the embryonic and early postnatal 

pituitary and is localized in pituitary progenitor cells. We demonstrate GRHL2 expression is 

changed in Notch2 cKO and Prop1 df/df mice, mouse models that display progenitor cell number 

defects. In addition, our studies indicate a potential relationship between Notch signaling and 

GRHL2 expression in the developing pituitary.

Conclusions—Taken together, our results indicate GRHL2 as a novel progenitor cell maker in 

the developing pituitary that may contribute to progenitor cell function and maintenance.
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Introduction

The pituitary gland regulates vast physiological functions such as growth, metabolism, stress 

response and reproduction by releasing hormones from endocrine cells. The development of 

these different hormone producing cell types require putative pituitary stem cells, referred to 

as progenitor cells, to interpret both intrinsic and extrinsic cues to regulate cell fate choice. 

Pituitary progenitors express proteins required for stem cell maintenance such as HMG box 
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transcription factors SOX2 and SOX9 and remain highly proliferative during embryonic and 

postnatal pituitary development (Fauquier et al. 2008; Rizzoti et al. 2013). Recent studies 

have demonstrated that these cells are capable of differentiating into all of the endocrine 

cells of the pituitary during embryonic and postnatal development (Fauquier et al. 2008; 

Andoniadou et al. 2013). In addition, it has been demonstrated that pituitary progenitor cells 

in adult mice are capable of differentiating into endocrine cells when challenged with 

physiological demands such as target organ ablation (Nolan et al. 2004; Rizzoti et al. 2013). 

These studies demonstrate that the progenitor cell population functions as the precursor cells 

to each of the six distinct endocrine cells of the pituitary gland. However, the regulatory 

factors that influence progenitor cell maintenance and differentiation during development 

remain elusive. It is therefore important to identify novel molecules within the progenitor 

cell niche that may contribute to progenitor cell function.

The Notch signaling pathway is associated with progenitor maintenance in many organs 

including the developing pituitary. Notch signaling it most often thought to exert self-

renewal processes in progenitor cells through transcriptional activation of its downstream 

canonical targets Hes1 and Hey1, which have been shown to transcriptionally repress pro-

differentiation genes (Ishibashi et al. 1994; Ishibashi et al. 1995; Madsen et al. 2000; Weber 

et al. 2014). In addition, Notch has been shown to directly regulate the expression of genes 

essential for progenitor maintenance and function such as Sox2 and Sox9 (Li et al. 2012). 

Several Notch signaling genes including, Notch2, Notch3, Dll1, Hes1 and Hey1 are 

expressed in Rathke’s Pouch, in progenitor cells lining the marginal zone during postnatal 

development and the in adult pituitary. Manipulation of the Notch signaling pathway through 

genetic mouse models has demonstrated the importance of Notch signaling in maintaining 

progenitor cell population and cell fate selection in the developing pituitary (Nantie et al. 

2014; Raetzman et al. 2004; Raetzman et al. 2007; Zhu et al. 2006). Studies from our lab 

have shown that Notch2 conditional knockout (cKO) mice display a misplacement and 

progressive loss of the progenitor cell population as well as decreased proliferation during 

postnatal pituitary development (Nantie et al. 2014). These data demonstrate that Notch 

signaling is essential for maintaining the correct number of progenitor cells in the pituitary. 

In addition, the Notch2 cKO mice can be used as a model for decreased progenitor cell 

number in the pituitary.

Another important factor in controlling pituitary progenitors in both mice and humans is 

PROP1, a pituitary specific homeodomain transcription factor. The importance of PROP1 

during pituitary development is demonstrated by the fact that mutations in PROP1 are the 

most identified cause of combined pituitary hormone deficiency (CPHD), accounting for 

approximately 50% of familial cases (Cogan et al. 1998; Ward et al. 2005). In Ames dwarf 

mouse (Prop1df/df) pituitaries, a hypomorphic mutation of Prop1 leads to an inability of 

progenitor cells to migrate from the periluminal zone. This results in an abundance of 

progenitors during early gland development at the expense of differentiated cells of the PIT1 

lineage: somatotropes, lactotropes and thyrotropes (Ward et al. 2005; Ward et al. 2006; Pérez 

Millán et al. 2016). The expansion of the progenitor cells is correlated with an increase in 

the Notch target Hey1 (Mortensen et al. 2011). Interestingly, in both the RBPJ and Notch2 
conditional knockout models, reduced Notch signaling results in decreased Prop1 expression 

(Nantie et al. 2014; Zhu et al. 2006). These data indicate that Notch signaling and PROP1 
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both control progenitor maintenance and cell specification but do so through distinct 

mechanisms. Taken together, these studies indicate a major role for Notch signaling and 

PROP1 in coordinating pituitary progenitor cell fate, suggesting that they would be useful 

models to identify factors important in progenitor cells.

In the current study, we have used the models discussed above to identify the transcription 

factor Grainyhead-like 2 (GRHL2) as a novel progenitor cell marker in the developing 

pituitary. While our studies are the first to characterize GRHL2 expression in pituitary gland 

development, in other tissues it has been identified as a marker of epithelial progenitor cells 

where it has been shown to regulate cellular proliferation, differentiation and migration 

(Chen et al. 2010; Chen et al. 2016; Saaket Varma et al. 2012; Gao et al. 2015). Of particular 

interest, studies have demonstrated increased expression of GRHL2 resulted in increased 

proliferation, blockade of differentiation and increased cellular life span of human 

keratinocytes (Chen et al. 2012). In addition, GRHL2 has been shown to play a crucial role 

in embryonic development demonstrated by the fact that Grhl2-null mice and N-ethyl-N-

nitrosourea (ENU) induced Grhl2 mutant mice die embryonically due to defects in neural 

tube closure (Werth et al. 2010; Pyrgaki et al. 2011). In particular, these defects in tissue 

development in Grhl2-deficient mice are suggested to be a result of decreased expression of 

cellular adhesion molecules such as E-cadherin (Ecad) and Claudin 4 (CLDN4), both of 

which have been shown to be direct transcriptional targets of GRHL2 (Werth et al. 2010; 

Aue et al. 2015). Due to its ability to regulate cellular processes such as cell-to-cell 

interactions, cell junctions and replicative potential, all of which are known to affect 

progenitor cell maintenance, we sought to characterize GRHL2 expression in the pituitary. 

Our studies demonstrate that GRHL2 expression is most robust in the embryonic and early 

postnatal pituitary and is predominately localized to pituitary progenitor cells. Our studies 

also show a significant decrease in Grhl2 expression in Notch2 cKO pituitaries and after 

chemical inhibition of Notch signaling via treatment. In addition, Grhl2 expression is 

increased in Prop1 mutants at a time when the Notch target Hey1 is increased. These studies 

are the first to characterize GRHL2 as a progenitor cell marker in the developing pituitary 

and correlate its expression with Notch signaling.

Results

Characterization of GRHL2 in the embryonic, postnatal and adult pituitary

Expression of GRHL2 in the developing mouse pituitary has yet to be characterized. 

Therefore we examined the spatial and temporal expression patterns of GRHL2 in the 

embryonic, postnatal and adult pituitary. At e12.5 and e14.5, the vast majority of cells in 

Rathke’s pouch are GRHL2-immunopositive (Figure 1A and B). By postnatal day 1 (p1) 

GRHL2 expression is restricted to the marginal cells lining the lumen with a few positive 

cells scattered in the dorsal intermediate lobe (IL) and anterior lobe (AL) parenchyma 

(Figure 1C). At p5 there is a decrease in GRHL2 expression, with the most apparent 

reduction in the cleft cells of the intermediate lobe (IL) (Figure 1D). At p30, GRHL2 

expression is maintained in the cleft cells but overall expression is reduced compared to the 

embryonic and postnatal pituitary (Figure 1E). In addition, we used qRT-PCR to determine 

relative mRNA levels of Grhl2 at e16.5, p1, p5, p10, and p21, compared to adult pituitaries. 
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This data parallels the protein analysis of GRHL2 expression in that it shows Grhl2 mRNA 

is expressed throughout pituitary gland development. In addition, this data indicates that 

Grhl2 expression is highest during the early postnatal time period with a peak at p1, 

compared to adult pituitaries (Figure 1F). Taken together, this data shows GRHL2 is 

maintained throughout pituitary maturation and appears to peak during postnatal 

development.

GRHL2 is predominantly present in the non-hormone producing cells of the developing 
pituitary

The localization of GRHL2 in cells that line the lumen of anterior (AL) and intermediate 

lobe (IL) of the pituitary strongly suggests GRHL2 is present in the progenitor cell 

population. However, GRHL2 is also expressed in the AL parenchyma and in cells outside 

of the marginal zone of the IL (Figure 2A, D, G, J, M P and S). These areas of the pituitary 

have been shown to contain a small number of progenitors but are predominately populated 

with differentiated endocrine cells. We used immunohistochemistry to determine if GRHL2 

is expressed in both the progenitor and hormone producing cells in the AL and IL at p1. 

SOX2, a progenitor cell maker, is expressed predominantly in the cleft cells surrounding the 

lumen and in a few scatted cells within the anterior lobe parenchyma (Figure 2B, E and H). 

GRHL2 expression is detected in nearly all of the SOX2 positive cells of both the AL and IL 

(Figure 2C, F and I). POMC is expressed in corticotrope cells in the AL and in melanotropes 

in the IL (Figure 2K and N, respectively). GRHL2 does not appear to be expressed in 

corticotrope cells (Figure 2L). In the IL, cells that have high expression of GRHL2 did not 

co-express POMC (Figure 2O and 2O′). However, we did observe colocalization of GRHL2 

and POMC in small number of cells that weakly express GRHL2 (Figure 2O″, arrows). To 

determine if GRHL2 expression was detected in somatotropes, thyrotropes and lactotropes 

we used immunohistochemistry of PIT1, a transcription factor that is necessary for the 

differentiation of each of these cell types (Figure 2Q). In cells that show a strong expression 

of GRHL2 we did not observe colocalization with PIT1. In contrast, we did observe 

colocalization of GRHL2 and PIT1 in cells that appeared to have reduced but not absent 

expression of GRHL2 (Figure 2R, arrows). Expression of GRHL2 in gonadotrope cells was 

determined by colocalization with luteinizing hormone (LHβ) (Figure 2T). The vast majority 

of GRHL2 positive cells were not found to be LHβ positive however, a doubled labeled cell 

was occasionally detected (Figure 2U, arrows). Taken together, this data indicates that 

GRHL2 is predominately expressed in the progenitor cell population in the developing 

pituitary.

GRHL2 expression is increased in the in Ames Dwarf (Prop1df/df) postnatal pituitary

To further demonstrate that GRHL2 correlates with the presence of the progenitor cell 

population we examined its expression in Ames dwarf (Prop1df/df) mouse postnatal 

pituitaries by immunohistochemistry and qRT-PCR. Prop1df/df mice show an expansion of 

the luminal pituitary progenitor cell population due to an inhibition of these cells to 

differentiate into the endocrine cell types (Ward et al. 2005; Ward et al. 2006; Pérez Millán 

et al. 2016). We therefore used this mouse as a model for increased pituitary progenitor cell 

number. In control mice at p5, GRHL2 expression is present in the luminal cells of the 

anterior and intermediate lobes with a few cells scattered in the anterior lobe parenchyma 
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(Figure 3A and C). A similar pattern of localization is detected in the Ames dwarf mouse 

pituitary. In addition, the number of GRHL2 positive cells surrounding the AL lumen 

appears to increase in Ames dwarf mice (Figure 3B and 3D). Coincidentally, we observe a 

significant increase in Grhl2 mRNA expression in Ames dwarf mice compared to controls 

(Figure 3E). These findings show GRHL2 protein and mRNA expression correlates with 

progenitor cell number in the developing pituitary.

GRHL2 expression is reduced in the Notch2 cKO mice

In contrast to Ames dwarf mice, the progenitor cell population is progressively lost in 

Notch2 cKO mice. Therefore, we sought to examine changes in GRHL2 expression in this 

model of decreased progenitor cell number. In control mice at p1, GRHL2 expression is 

robustly expressed in cleft cells of both the AL and IL and is present in a few scattered cells 

in the AL parenchyma (Figure 4A, B, and C). In contrast, GRHL2 expression appears to be 

significantly decreased in cells lining the marginal zone of Notch2 cKO mice (Figure 4D). 

Notably, the cleft cells of the intermediate lobe appear to have the most marked reduction in 

GRHL2 expression (Figure 4E) while the AL cleft cells appear to be unaffected (Figure 4F). 

These findings are further supported by the significant decrease in Grhl2 mRNA levels in the 

Notch2 cKO mice compared to controls at p1 (Figure 4G). These data indicate that loss of 

progenitor cells in the Notch2 cKO mice results in decreased expression of GRHL2 during 

early postnatal development.

Postnatal Notch inhibition results in decreased Grhl2 expression

Loss of GRHL2 in Notch2 cKO may simply be due to a reduction in progenitor cell 

numbers. However, this observation may indicate that Grhl2 expression is regulated by 

Notch signaling. To determine if an acute reduction in Notch signaling during the postnatal 

period was sufficient to decrease Grhl2 expression, mice were injected with N-[N-(3,5- 

difluorophenacetyl-L-alanyl)]-S-phenylglycine t-butyl ester (DAPT), a gamma secretase 

inhibitor that blocks Notch signaling, during the early postnatal period following the dosing 

paradigm in Figure 5A. A significant reduction in Grhl2 mRNA levels was observed in mice 

dosed with DAPT compared to vehicle-treated controls, suggesting Grhl2 as a Notch 

regulated gene (Figure 5B). To determine if the potential regulation of Grhl2 by Notch 

signaling is direct or indirect, we used an explant culture system to examine effects of DAPT 

treatment at the level of the pituitary. Pituitaries were treated as depicted in Figure 5C. 

Quantifications of Grhl2 mRNA levels in each of the conditions show Grhl2 mRNA levels 

are reduced after DAPT treatment and recover to control levels after 6 hours of DAPT 

washout (Figure 5D). These data suggest that the decrease in Grhl2 we observe in the 

Notch2 cKO mice is due to inherent changes at the level of the pituitary. Furthermore, the 

increase in Grhl2 mRNA levels within 6 hours of DAPT removal further suggests Grhl2 as a 

potential direct Notch target, as this same pattern is observed with Hes1, Hey1 and Prop1 
(Nantie et al. 2014).

Downstream Targets of GRHL2, E-cadherin and PCNA are decreased in the Notch2 cKO 
mice

It is well established in other tissues that GRHL2 is a suppressor of epithelial differentiation 

(Chen et al. 2012; Tanimizu, Kobayashi, et al. 2014). GRHL2 controls this process by 
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directly regulating the expression of genes necessary for maintaining cellular proliferative 

capacity. Included in the GRHL2 regulatory network are genes responsible for cellular 

adhesion such as E-Cadherin (E-cad), as well as genes that direct cellular proliferation such 

as Proliferating Cell Nuclear Antigen (PCNA) (Chen et al. 2010; Werth et al. 2010). We 

therefore sought to characterize expression of these downstream targets in the postnatal 

pituitary by immunohistochemistry. Furthermore, because we observe a reduction of 

GRHL2 expression in Notch2 cKO mice pituitaries we analyzed E-cad and PCNA 

expression in these mice. In control mice, E-cad is highly expressed in both the intermediate 

and anterior lobes of the developing pituitary (Figure 6A, C and E). GRHL2 strongly 

colocalizes in cells that express E-cad, which is most apparent in the luminal cells of both IL 

and AL. However, we did observe cells that expressed E-cad but did not appear to be 

GRHL2 positive (Figure 6B, D and F). In Notch2 cKO pituitaries, we observe a dramatic 

reduction in E-cad expression specifically in the IL with only a few positive cells remaining 

(Figure 6G and I). Interestingly, the few cells that maintain E-cad expression in the IL also 

express GRHL2 (Figure 6H and J). In contrast, the expression of E-cadherin and GRHL2 

appear to be relatively unaffected in anterior lobe of cKO pituitaries (Figure 6K and L).

In control mice, PCNA expression closely mimics that of other cell proliferation markers 

such as Ki67, with concentrated expression in the luminal cells and appreciable levels 

throughout the AL and IL (Figure 7A, C and E). As expected, PCNA colocalizes with 

GRHL2 expressing cells particularly in luminal cells of both the AL and IL, where we 

almost never observed a GRHL2 positive cell that was not also positive for PCNA (Figure 

7B, D and F). In cKO mice, there appears to be a reduction in PCNA expression specifically 

in IL cleft cells where we detect very few PCNA-positive cells (Figure 7G and I). Although 

PCNA and GRHL2 expression is drastically reduced in the IL cleft, a small number of 

positive cells remain in the dorsal IL that co-express PCNA and GRHL2 (Figure 7H and J). 

No obvious changes in expression of PCNA are detected in the AL marginal cells of Notch2 
cKO mice compared to control (Figure 7K). Conversely, colocalization of GRHL2 and 

PCNA appears to be unaffected in the AL (Figure 7L). Taken together, these data indicate 

known GRHL2 targets E-cad and PCNA are highly expressed in the postnatal pituitary. In 

addition, we demonstrate that these targets are reduced in the Notch2 cKO mice pituitaries 

suggesting that the loss of Notch and subsequent loss of GRHL2 expression correlates with 

changes in these downstream genes.

Discussion

The stem/progenitor cell population of the pituitary gland has been identified as the 

precursor cells that give rise to all of the hormone producing cell types. This cell population 

is necessary for embryonic and postnatal expansion of the gland and also plays a critical role 

in the physiological response of the adult. While recent advances have been made in 

identifying these cells relatively little is known about the factors that regulate the progenitor 

cell niche in the developing pituitary. Our studies characterize the expression of GRHL2 in 

the pituitary and identify this transcription factor as a novel pituitary progenitor cell marker.

The pituitary progenitor cells are characterized by the expression of hallmark stem cell 

factors such as the high-mobility group (HMG) box transcription factor, SOX2. Recent 
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studies, both in vitro and in vivo studies have demonstrated that SOX2 expressing 

progenitors differentiate into all of the different endocrine cell types of the anterior pituitary 

(Fauquier et al. 2008). Additional factors have also been identified as progenitor cell 

markers, including SOX9, OCT4, GRFa2, S100 and PROP1 (Chen et al. 2005; Fauquier et 

al. 2008; Garcia-Lavandeira et al. 2009; Yoshida et al. 2009). Interestingly, these factors are 

not ubiquitously expressed in all pituitary progenitors, indicating a heterogeneous population 

of progenitor cells whose functional differences have yet to be elucidated. More recently, in 

vivo studies have shown that PROP1 expressing cells also have the ability to differentiate 

into all of the hormone-producing cells types of the anterior pituitary (Davis et al. 2016). 

These studies demonstrate that SOX2 and PROP1 expressing progenitors serve as the 

precursor cells to the differentiated pituitary cell types, however loss of function studies for 

both of these factors does not eliminate differentiation of all the pituitary lineages (Ward et 

al. 2005; Ward et al. 2006; Jayakody et al. 2012). Taken together, these studies indicate that 

other pituitary progenitor factors must play a role in pituitary development. Therefore, 

identification of novel progenitor cell markers such as GRHL2 will provide new insight into 

the regulation and maintenance of pituitary progenitor cells.

GRHL2 expression marks the progenitor cell population in the developing pituitary. The 

spatial and temporal pattern of GRHL2 in the pituitary closely mimics the expression pattern 

of other progenitor cell markers including SOX2, SOX9, Notch2 and Prop1 (Garcia-

Lavandeira et al. 2009; Yoshida et al. 2011; Ward et al. 2005; Nantie et al. 2014). In 

agreement with this observation, we show that GRHL2 is expressed almost exclusively in 

SOX2 positive cells and is either absent or minimally detected in the majority of the 

endocrine cell types of the anterior pituitary. This finding is consistent with localization 

patterns of GRHL2 in other tissues including the liver, where GRHL2 is detected in 

epithelial cells that express stemness markers such as SOX9 (Tanimizu et al. 2013). 

Interestingly, at e14.5 GRHL2 can be detected in both Rathke’s Pouch (RP) and in the 

anterior lobe (AL). At this period in development, the AL contains differentiated cell types 

and a large number of cells that have been designated as non-cycling precursor cells that are 

thought to be transitioning into fully differentiated endocrine cell types (Bilodeau et al. 

2009). A similar phenomena can be seen during postnatal pituitary development in which we 

observe a low level of GRHL2 expression in cells directly outside of the progenitor cell 

niche that are positive for lineage commitment makers such as PIT1. A subset of PIT1 

positive cells also express the progenitor cell marker PROP1, and are also suggested to be 

cells transitioning from a progenitor cell state to terminally differentiated cell (Yoshida et al. 

2009; Yoshida et al. 2013). In addition, it has been shown that a population of terminally 

differentiated cells are mitotic during postnatal pituitary expansion (Carbajo-Perez & 

Watanabe 1990; Taniguchi et al. 2002). Therefore, cells that co-express both GRHL2 and 

terminal differentiation makers, as was observed in a minority of melanotropes and 

gonadotropes, could possibly be indicative of differentiated cells that display mitotic 

activity. Together, these observations indicate that GRHL2 expression may mark both a 

progenitor cell population and transitional cells.

We further demonstrate GRHL2 as a progenitor cell marker by correlating its expression 

with changes in progenitor cell number in the Prop1df/df and Notch2 cKO pituitaries. 

PROP1, a pituitary specific transcription factor expressed in pituitary progenitor cells, 
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coordinates endocrine cell differentiation by regulating the expression of PIT1, which is 

necessary for expression of GH, PRL, and TSHβ. Prop1df/df mice have an expansion of 

progenitor cells in the marginal zone (MZ) of the pituitary due to a failure of epithelial to 

mesenchymal transition and the subsequent inability of these cells to further differentiate 

(Ward et al. 2006; Pérez Millán et al. 2016). Therefore, we used Prop1df/df mice as a model 

for progenitor cell increase during early pituitary development. We show that expression of 

GRHL2 is significantly increased in the MZ of Prop1df/df pituitaries at postnatal day 5 (p5), 

indicating that an increase in progenitor cell number is associated with an increase in 

GRHL2 expression. In contrast, the loss of Notch2 during pituitary development is 

associated with a decrease in the progenitor cell pool. Therefore, this model was used to 

examine changes in GRHL2 expression in pituitaries with a decreased number of progenitor 

cells. We show that loss of Notch2 results in decreased expression of GRHL2 at p1. In 

particular, the most drastic reduction in GRHL2 expression was seen in IL progenitor cells. 

Similar observations were reported for other progenitor cell markers SOX2 and SOX9 in 

Notch2 cKO mice (Nantie et al. 2014). Taken together, these data demonstrate that 

modulations in the progenitor cell population can be detected by the changes in GRHL2 

expression.

It can be postulated that the reduction in GRHL2 expression in the Notch2 cKO is solely a 

consequence of progenitor cell loss. Alternatively, this reduction could imply Notch 

signaling as novel regulator of GRHL2 expression in the developing pituitary. We therefore 

sought to assess if Grhl2 could be regulated by Notch. Our data shows that pituitaries 

exposed acutely in vivo and in vitro to DAPT, a gamma secretase inhibitor, display a 

significant reduction in mRNA levels of Grhl2. This data has several implications about 

Notch regulation of Grhl2 expression. First, this suggests that the decrease is GRHL2 

expression we observe in the Notch2 cKO mice is not merely a consequence of the long 

term loss of Notch. In addition, our in vitro data implies that the reduction of Grhl2 in 

Notch2 cKO mice is a direct effect on the pituitary and not due to extrinsic factors. 

Furthermore, in vitro Grhl2 mRNA levels recover after 6 hours of DAPT washout, a pattern 

that is observed with direct downstream Notch targets including Hes1 and Hey1 (Weng et al. 

2006; Chadwick et al. 2009; Nantie et al. 2014). Therefore, these data may suggest that 

Grhl2 is directly regulated by Notch signaling. GRHL2 has not been previously been shown 

to be regulated by Notch signaling in mammalian cells. However, a recent study 

demonstrated the drosophila homologue, Grainyhead (Grh) is directly regulated by Notch 

signaling in neuroblasts (Zacharioudaki et al. 2016). Furthermore, studies in other 

mammalian tissues have eluded to a potential relationship between Notch signaling and 

GRHL2 expression. For example, several studies have demonstrated that active Notch 

signaling promotes the differentiation of cholangiocytes from hepatoblasts during liver 

development (Tanimizu & Miyajima 2004; Wang et al. 2014). Interestingly, GRHL2 in 

addition to other well established Notch targets including Hes1, Hey1, and Sox9 were 

identified as cholangiocyte specific markers (Tanimizu, Nishikawa, et al. 2014), suggesting 

Notch regulation of GRHL2 occurs in the liver. In addition, in lung epithelium GRHL2 has 

been suggested to regulate expression of Notch3 and Notch1 (Gao et al. 2015). This may 

indicate that there is a reciprocal relationship between Notch and GRHL2 regulation. 

Edwards et al. Page 8

Dev Dyn. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



However, further studies are necessary to determine if Grhl2 is in fact a direct Notch target 

in the pituitary.

Another link between the Notch signaling pathway and GRHL2 is that they appear to 

regulate many of the same cellular pathways. Both Notch and GRHL2 are thought to be 

important in stem cell maintenance and regulation of differentiation. A potential relationship 

between the two has been established in drosophila studies, identifying that GRH works in 

synergy with Notch to regulate target-gene expression (Furriols et al. 2001). In support of 

this observation, a recent study identified GRHL2 and the essential Notch co-activator 

protein, RBPJ, as a part of the OCT4 interactome, a transcription factor critical for the 

maintenance of stem cell pluripotency. These studies indicate a large number of transcription 

factors work in concert to regulate cellular plasticity and self-renewal (van den Berg et al. 

2010). This implies that GRHL2 and Notch may work synergistically to regulate genes 

necessary for progenitor cell maintenance in the pituitary.

While the function of GRHL2 in the pituitary has yet to be elucidated, its function is well 

established in other tissues. GRHL2 has been shown to regulate genes that are important in 

maintaining epithelial integrity and regulation of cellular differentiation. In particular, 

GRHL2 is a direct transcriptional regulator of Cdh1 (E-cadherin), a cellular adhesion 

molecule, during embryonic development and in epithelial cells of several different tissues 

including the liver, lung and gut (S. Varma et al. 2012; Werth et al. 2010). In human 

keratinocytes, GRHL2 also been shown to directly regulate the expression of cellular 

proliferation proteins such as Ki67 and PCNA (Chen et al. 2010; Chen et al. 2012). Our 

studies demonstrate that GRHL2 expression is strongly associated with both E-cadherin and 

PCNA expression in the postnatal pituitary. In addition, Notch2 cKO mice show a drastic 

reduction in E-cadherin and PCNA expression in the in the cleft cells of the IL, a region in 

which GRHL2 expression is also reduced. The bias of IL expression disruption correlates 

with selective stem cell marker loss in the IL of Notch2 cKO mice at the same age (Nantie et 

al. 2014). These data may indicate that GRHL2 functions to regulate cellular proliferation 

and cellular adhesion in the developing pituitary. Furthermore, E-cadherin expression is also 

important for stem cell adhesion and is a necessary factor for the maintenance of the stem-

cell niche in other tissues (Chen et al. 2013). Therefore, it could be postulated that 

expression of GRHL2 is important in the maintenance of the progenitor cell niche in the 

developing pituitary. However, the reduced expression of known GRHL2 targets we observe 

in Notch2 cKO mice could be due to expression changes in other regulators of these genes. 

Notch signaling directly regulates transcription of cell cycle genes including Ccnd1, Ccnd3 
and Cdnk1 (Cohen et al. 2010; Georgia et al. 2006; Joshi et al. 2009). Therefore, the 

decrease in the cellular proliferation genes in Notch2 cKO mice could be a direct 

consequence of reduced Notch signaling. While our data provided evidence to a potential 

function of GRHL2 in the pituitary, future studies are necessary to elucidate the role of 

GRHL2 in the developing pituitary.
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Experimental Procedures

Mice

For GRHL2 protein analysis, wildtype mice of mixed genetic background were used. CD-1 

mice (Charles River) from a breeding colony maintained in our lab were used for the Grhl2 
mRNA analysis and the in vivo and vitro DAPT treatment studies.

Notch2 cKO mice were generated as previously described (Nantie et al. 2014). Briefly, 

Notch2fl/fl mice, obtained from Jackson Laboratory (Bar Harbor) were bred to Foxg1+/cre, 

also obtained from Jackson Laboratory. Notch2+/fl; Foxg1+/cre and Notch2+/fl; Foxg1+/+ 

littermates were then used to generate cKO animals. For genotyping, tail biopsies were 

obtained and DNA was extracted via HotSHOT (Truett et al. 2000). Genotyping for Cre and 

Notch2 alleles was determined by PCR using as previously described using published 

primers (Hébert & McConnell 2000; McCright et al. 2006).

Ames Prop1+/df mice on the C57BL/6J background, provided by Dr. Sally Camper 

(University of Michigan, Ann Arbor, Michigan), were bred together to generate Prop1+/+ 

and Prop1df/df mice. For genotyping, tail biopsies were obtained and DNA was extracted via 

salt-out method. Genotyping PCR for Prop1df mutant allele was performed as previously 

described using published primers (Himes & Raetzman 2009).

DAPT injections

CD1 mice were injected starting at p2, daily for 3 days with 100 mg/kg DAPT (N-[N-(3,5-

Difluorophenacetyl-L-alanyl)]-S-phenylglycine t-Butyl Ester, Gamma Secretase Inhibitor IX 

(Millipore, Billerica) diluted in Dimethyl Sulfoxide (DMSO, Sigma-Aldrich) or DMSO 

alone. Pituitaries were collected 24 hours after last injection.

Pituitary Explant Culture and DAPT Washout

p3 pituitaries were dissected from CD-1 mice and cultured in a 96 well plate. Culture media 

consists of DMEM/F-12 media (Cellgro) supplemented with 10% fetal bovine serum 

(Hyclone) and 1% Penicillin Streptomycin (Fisher). For DAPT treatment, 10μM DAPT in 

DMSO or an equal amount of DMSO was added to cell culture media at the start of the 

culture. After 24 hours, media was spiked with DAPT or DMSO and pituitaries remained in 

culture for an additional 24 hours. For the washout assay, after 48 hours in culture, medium 

was removed, pituitaries were rinsed and media containing either, DMSO or 10μM DAPT 

dissolved in DMSO was added. Pituitaries were harvested after 6 hours.

Immunohistochemistry

Processing of pituitaries for the immunohistological analysis at e14.5, e16.5, p1 and p5, in 

Notch2 cKO mice and in Ames Dwarf mice was performed as previously described (Nantie 

et al. 2014). Briefly, whole e14.5 and e16.5 embryos and heads of postnatal mice were fixed 

in 3.7% formaldehyde and embedded in paraffin for sectioning. Samples were 

deparaffinized, rehydrated and boiled in a 10 mM citrate solution. Anti-GRHL2 antibody 

was purchased from Sigma Aldrich and was previously validated by the Human Protein 

Atlas (HPA) project (Uhlén et al. 2015). For Immunohistological detection of GRHL2 
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(1:500–1:1000) tyramide signal amplification was used (TSA) (Perkin Elmer) and slides 

were blocked with TNB blocking solution containing 0.1 M Tris–HCl, 0.15 M NaCl, and 

0.5% TSA Blocking Reagent diluted in sterile ddH2O (pH 7.5). Slides were incubated with 

biotin-conjugated rabbit secondary antibody (1:200; Jackson ImmunoResearch) diluted in 

the TNB blocking solution. This was followed by incubation with streptavidin-HRP (1:100) 

and incubation with Cyanine-3 within the TSA Kit (Perkin Elmer) according to the 

manufacturer’s protocol. For p30 animals, pituitaries were fixed in 3.7% formaldehyde, 

cyroprotected in a 30% sucrose/PBS solution, then frozen in Optimal Cutting Temperature 

compound (Electron Microscopy Sciences). Frozen sections, were thawed for 10 minutes, 

then fixed with 3.7% formaldehyde. Immunohistological detection of GRHL2 was 

performed using TSA as described above.

For double-stains, p1 heads were fixed using a Zinc fixative (BD Pharmigen). Slides were 

first stained with GRHL2 using TSA as described above. Slides were then blocked with a 

blocking solution (3% bovine serum albumin (Jackson ImmunoResearch) and 0.5% Triton 

X-100 (Sigma Aldrich) diluted in PBS), 1% Peroxidase-conjugated streptavidin (Jackson 

ImmunoResearch) and 1% Donkey Anti-Rabbit IgG (Jackson ImmunoResearch). Following 

incubation with the blocking solution, slides were incubated with the following primary 

antibodies, SOX2 (1:1000; Millipore), PIT1 (1:1000; kind gift of Dr. Simon Rhodes), 

adrenocorticotropic hormone (ACTH) (1:100; DAKO), LHβ (1:100; Dr. A. F. Parlow and 

the National Hormone and Pituitary Program, University of California, Los Angeles), PCNA 

(1:200; Cell Signaling), and E-cadherin (1:100; Cell Signaling). These antibodies were 

diluted in the blocking solution described previously. Slides were then incubated with either 

biotin-conjugated rabbit secondary antibody (SOX2, Pit1, POMC, LHβ and E-cadherin) or 

biotin-conjugated mouse secondary antibody (PCNA) (1:200; Jackson ImmunoResearch). 

This was followed by incubation with streptavidin-conjugated Cy2 fluorphore (1:200; 

Jackson ImmunoResearch). As a control, slides without each primary antibody were 

included for each experiment to ensure staining specificity. All slides were counterstained 

with 4′,6-diamidino-2-phenylindole (DAPI) (1:1000; Life Technologies). Slides were 

visualized at 200x and 400x with a Leica DM2560 microscope or at 630x using a using a 

Leica DMI4000B confocal microscope and processed as previously described (Nantie et al. 

2014).

Quantitative RT-PCR (qRT-pCR)

RNA was processed as previously described (Nantie et al. 2014). Briefly, an RNAqueous 

micro kit (Ambion) was used to isolate RNA from individual pituitaries and total amount of 

RNA obtained from each pituitary was converted to cDNA with ProtoScript M-Mulv First 

Strand cDNA Synthesis Kit (New England Biolabs). For adults, 0.5ug of RNA was 

converted to cDNA. The following primer sequences were used; Grhl2 forward: GAA AGC 

CAC AAA GCA TCA GGA C, Grhl2 reverse: AGA CAG CAC AGC GAC ATG GAAG. 

Gapdh levels were used to normalized data, using the following primers; Gapdh forward: 

GGT GAG GCC GGT GCT GAG TAT G, Gapdh Reverse: GAC CCG TTT GGC TCC ACC 

CTT C. The standard comparative Δcycle threshold value method was used for data analysis 

as previously described (Goldberg et al. 2011). Statistical significance was determined by 

Student’s t test.
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Figure 1. 
GRHL2 is expressed in the embryonic, postnatal and adult pituitary. GRHL2 is expressed 

throughout the pituitary at e12.5 (A) and is highly expressed in the cells lining the cleft as 

well as the intermediate (IL) and anterior lobe (AL) of the pituitary at e12.5 (A), e14.5 (B) 

and p1 (C). GRHL2 expression appears to be reduced at p5 (D). GRHL2 expression persists 

in the IL and AL lobes of p30 pituitaries. Grhl2 mRNA is detected in the embryonic, 

postnatal and in adult pituitaries. Ghrl2 expression peaks at p1 when compared to adult 

levels (F). Scale bar = 50 μm. n=3–4 (immunohistochemistry). n=3–4 (qRT-PCR).
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Figure 2. 
GRHL2 is predominantly expressed in progenitor cells in the postnatal pituitary. At p1 

GRHL2 positive cells are mostly restricted to the intermediate lobe (IL) (A and M) and 

anterior lobe (AL) cleft cells (D and S) and a few GRHL2 positive cells are detected in the 

AL parenchyma (G, J and P). SOX2 is expressed in the cleft cells of the IL (B) and AL (E) 

cells of wild type pituitaries. A few SOX2 positive cells are detected in the AL parenchyma 

(H). GRHL2 is detected in the vast majority of SOX2 positive cells in both the IL (C) and 

AL (F and I). POMC is expressed in the AL parenchyma (K). GRHL2 expression is absent 

from POMC positive cells in the AL parenchyma (L). POMC is also expressed in dorsal IL 

(N). The majority of cells that express GRHL2 in the IL are not POMC positive (O and O′). 

A small subset of POMC positive cells appear to weakly express GRHL2 in the dorsal IL (O

″, arrows). PIT1 is highly expressed in the anterior lobe parenchyma (Q). GRHL2 is absent 

from the majority of PIT1 positive cells but was detected in a small population of cells that 

weakly express GRHL2 (R). LH positive cells are confined to the AL parenchyma (T). 

Occasionally, cells double-labeled with GRHL2 and LHβ were detected in the AL but the 

majority of LHβ positive cells do not co-express GRHL2 (U). Arrows indicate double-

labeled cells. Scale bar = 50 μm (A–U). Scale bar = 5 μm (O′ and O″). n=3–4.
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Figure 3. 
GRHL2 expression is increased in Prop1df/df mice at p5. GRHL2 expression is mainly 

detected in the cleft cells of the anterior lobe (AL) and intermediate lobe (IL) cells of control 

pituitaries (A and C). In Prop1df/df pituitaries, the number of GRHL2 positive cells appears 

to be increased in the AL cleft (B and D). Grhl2 mRNA levels are significantly increased in 

Prop1df/df mice pituitaries compared to controls (E). *, P < 0.05. n=3 

(immunohistochemistry). n=3–4 (qRT-PCR).
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Figure 4. 
Loss of Notch2 results in decreased expression of GRHL2 in p1 pituitaries. GRHL2 is 

expressed in the anterior (AL) and intermediate (IL) lobe cleft cells and in cells scattered 

throughout the AL parenchyma of control pituitaries (A). Boxed region of IL is shown in (B) 

and AL in (C). In the Notch2 cKO mice, GRHL2 expression is drastically decreased in the 

cleft cells of the IL (D, boxed region shown in E). GRHL2 expression appears to be 

unaffected in anterior lobe cells (D, boxed region shown in F). A significant decrease in 

mRNA levels of Grhl2 is observed in the Notch2 cKO pituitaries compared to controls. *, P 

< 0.05. Scale bar = 50 μm. n=3 (immunohistochemistry). n=7 (qRT-PCR).
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Figure 5. 
Grhl2 is significantly decreased in vivo and in vitro after treatment with DAPT during 

postnatal pituitary development. Schematic representing dosing paradigm for mice treated 

with DAPT, a gamma secretase inhibitor that is known to block Notch signaling (A). A 

significant decrease is observed in Grhl2 mRNA levels after in vivo treatment with DAPT 

(B). Schematic showing paradigm for pituitary explant culture treatment with DAPT (C). A 

significant decrease is observed in Grhl2 mRNA levels after in vitro DAPT treatment 

compared to vehicle treated controls. Grhl2 mRNA levels recover after DAPT is removed 

from the culture media (D). *, P < 0.05. n= 5 to 8 (qRT-PCR in vivo), and n= 4 to 8 (qRT-

PCR in vitro).
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Figure 6. 
Notch2 cKO mice have decreased E-cadherin expression at p1. In control mice, E-cadherin 

expression is detected throughout the anterior pituitary but appears to be concentrated in the 

cleft cells of the intermediate lobe (IL) (A and C) and anterior lobe (AL) (A and E). In 

control mice, GRHL2 immunopositive cells appear to co-express E-cadherin in the pituitary 

cleft cells of the IL (B and D) andAL (B and F). Colocalization of E-cadherin and GRHL2 is 

also detected AL parenchyma (F). In contrast, in cKO mice, E-cadherin expression is 

decreased in the cleft cells of IL (G and I). Colocalization of E-cadherin and GRHL2 is lost 

in the cleft cells of IL (J). A few cells show E-cadherin and GRHL2 co-localization in dorsal 

IL (H and J). Expression of E-cadherin appears unaffected in the AL (G and K). No change 

in colocalization of E-cadherin and GRHL2 is observed in the AL cleft and AL parenchyma 

(H and L). Scale bar = 50 μm. n=3–4.
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Figure 7. 
Notch2 cKO pituitaries have decreased PCNA expression at p1. In control animals, PCNA is 

detected in the intermediate lobe (IL) (A and C) and anterior lobe (AL) cleft cells (A and E) 

and in cells scattered in the dorsal IL and AL parenchyma (A and E). The vast majority of 

PCNA immunopositive cells co-express GRHL2 in the cleft of both the IL (B and D) and 

AL (B and F). In the dorsal IL (B) and AL parenchyma (F), a large number of cells are 

double-labeled and small subset of cells that express only GRHL2 or PCNA are detected. In 

contrast, in cKO mice the number of PCNA positive cells appears to be decreased 

specifically in the IL cleft cells (G and I). The colocalization of PCNA and GRHL2 is not 

detected in the IL cleft cells of cKO mice (H and J). Expression of PCNA in the AL cleft 

and AL parenchyma appears unaffected (G and K). Colocalization of PCNA and GRHL2 

does not appear to be changed in the AL cleft and AL parenchyma (H and L). Scale bar = 50 

μm. n=4.
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