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Introduction
The salivary gland (SG) is an exocrine organ that consists of 2 
major epithelial components: a distal acinus, which produces 
and secretes saliva into the lumen, and a proximal labyrinth of 
ducts that serves as a conduit and also actively modifies the 
composition of the saliva (Amano et al. 2012). The subman-
dibular gland (SMG) and the parotid gland are 2 of the largest 
major salivary glands that generate the bulk of the saliva, 
which helps in food digestion, surface lubrication, and immune 
defense (Maruyama et al. 2019). Additional specialized cells 
are also crucial components of the SG, as well illustrated by 
myoepithelial cells that provide contractile forces to extrude 
the saliva.

The cellular diversity of the SG is perhaps best typified by 
the various ductal subtypes that are categorized into the inter-
calated ducts (IDs), granular convoluted tubules (GCTs), stri-
ated ducts (SDs), and excretory ducts (EDs). Intercalated 
ducts, which are the smallest ducts, are directly connected to 
the acinus and are surrounded by basal cells. Granular convo-
luted tubules contain growth factor–loaded secretory granules 
that are well developed in male mice compared to females 
(Mudd and White 1975; Gresik et al. 1996). Striated ducts 
modify saliva and lead to the largest excretory duct that is con-
nected to the oral cavity. The intricate process of tissue mor-
phogenesis of the SG requires precise spatiotemporal control 

of gene expression that is governed by coordinated morpho-
genic signaling (Lombaert and Hoffman 2010; Musselmann  
et al. 2011; Patel and Hoffman 2014). Expression of the crucial 
genes encoding many of such morphogens and their receptors 
is controlled by a bevy of transcription factors (TFs) that are 
often highly regulated themselves.

Over the past several years, genetic deletions of TFs have 
provided important insight into their function in the SG. This 
includes, for instance, members of the Sox family of TFs such 
as Sox2, which regulates the acinar cell populations and is 
essential for their survival (Emmerson et al. 2017, 2018). Sox9 
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Abstract
Salivary gland (SG) development, maturation, and homeostasis require coordinated roles of transcription factors (TFs) that dictate specific 
cell identities and fate. The ETS family of proteins are important transcriptional drivers of diverse cell lineages, tissue development, and 
differentiation programs and hence are also likely to play an important role in the SG. Here we have leveraged genomic and epigenomic 
data of the SG to examine the expression profile of ETS genes and identified 2 closely related paralogs, Elf5 and Ehf, that are highly 
expressed in distinct epithelial subpopulations. By using a well-defined mouse knockout model of Elf5, we show that Elf5, despite its 
enriched expression in the acinar cells, is functionally dispensable for maintaining the homeostatic state of the adult SG epithelium. The 
lack of a discernible phenotype of the Elf5-null SG might be due to possible functional redundancy with Ehf or other ETS factors. To 
probe this possibility and to examine the specific consequences of Ehf loss in the SG, we used CRISPR-Cas9 to generate mice in which 
the DNA-binding ETS domain of Ehf is disrupted due to an insertion mutation. We demonstrate that the Ehf mutant (EhfMut) mice 
exhibit a distinct cellular phenotype with decreased granular convoluted tubules that are accompanied by an increased accumulation 
of the intercalated Sox9-positive ductal cell population. Interestingly, the ductal phenotype of the EhfMut animals is highly pronounced 
in males, reaffirming the established sexual dimorphism of the SG that exists in rodents. Our results show that unlike Elf5, Ehf plays 
a nonredundant role in directing ductal cell differentiation of the SG and highlights the phenotypic subtlety in mutant mice of closely 
related TFs and the importance of careful consideration of cell type–specific studies.
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and Sox10, on the other hand, play a more prominent role in 
controlling progenitor cell fate during embryonic SG develop-
ment (Chatzeli et al. 2017; Athwal et al. 2019). Similar regula-
tory functions are also attributed to ΔNp63, which specifies 
epithelial cell lineages of the embryonic and adult SG (Song  
et al. 2018). Some TFs have more restricted roles, as evident in 
the blocked maturation of the ducts observed in Tfcp2l1-null 
mice or Ascl3 knockout (KO) mice, which develop smaller 
salivary glands but secrete saliva normally (Yamaguchi et al. 
2006; Arany et al. 2011).

We have recently leveraged RNA sequencing (RNA-seq) 
data sets to identify Elf5 and Ehf as 2 members of the ETS-
domain TF family, whose expression is enriched in the SMG 
compared to other organs and tissues of the mouse (Gluck et al. 
2016); however, their potential roles in SG biology, if any, 
have not been explored. Elf5 plays an important role in cell fate 
specification in various tissues, prominent examples being the 
trophectoderm of the blastocyst, embryonic kidney, and the 
pregnant mammary gland (Choi et al. 2009; Lee and Ormandy 
2012; Latos et al. 2015; Grassmeyer et al. 2017). Conversely, 
studies on Ehf have, until recently, skewed more toward its role 
in various cancer types rather than tissue developmental pro-
grams (Reehorst et al. 2021; Oyelakin et al. 2022). Interestingly, 
we found both the Elf5 and Ehf genes to be associated with 
super-enhancers in the SG, suggestive of their likely role in 
defining cell fate and identity (Whyte et al. 2013; Gluck et al. 
2021). Prompted by these findings, here we have carefully 
examined well-characterized conditional Elf5 knockouts 
(Elf5cKO) and a newly generated Ehf mutant (EhfMut) mouse 
model. We confirm that Elf5 and Ehf are the most highly 
enriched ETS family members in the adult mouse SMG and 
that they exhibit distinct expression in specific cell types. 
While Elf5cKO mice surprisingly exhibit no discernible SMG 
phenotype, loss of Ehf is associated with a distinct ductal phe-
notype that shows an interesting sex bias. Our studies highlight 
the complex TF-based gene regulatory network in the SMG 
and reaffirms the need for careful characterization and inter-
pretation of loss-of-function phenotypes.

Materials and Methods
Animal studies were performed in accordance with the Roswell 
Park Institutional Animal Care and Use Committee (IACUC) 
regulations. This study conformed to the ARRIVE (Animal 
Research: Reporting of In Vivo Experiments) guidelines. 
Specific details of animal studies and other pertinent materials 
and methods can be found in the Appendix.

Results

Identification of ETS Family Members Likely  
to Play a Functional Role in the SMG

Recent epigenomic analyses from our laboratory have revealed 
that the ETS motif is particularly prevalent in the H3K27Ac-
marked regular enhancers and super-enhancers, suggesting 

that the ETS family of TFs is likely to play an important role in 
SMG-specific gene expression (GSE145753) (Gluck et al. 
2021). To identify specific members of the ETS family that are 
likely to be functionally relevant, we first examined the expres-
sion profile of the mouse ETS genes by probing RNA-seq data 
sets from adult mouse SMG and a large number of other mouse 
tissues and organs (GSE81097) (Gluck et al. 2016). Hierarchical 
cluster analysis revealed not only the expression profile of 
various ETS family members across different organs but 
importantly also identified Ehf and Elf5 as the 2 top-ranked 
factors that are highly expressed in the SMG compared to other 
tissues (Appendix Fig. 1A). This was not surprising given that 
the genomic locus surrounding the Ehf and Elf5 genes consists 
of a super-enhancer (Appendix Fig. 1B), in agreement with the 
prevailing notion of super-enhancer associated genes having 
significantly higher expression levels than genes controlled by 
regular enhancers (Wang et al. 2019).

Single-Cell Analysis of ETS Family Members  
in the Mouse Submandibular Gland  
and Investigation of the Expression Patterns  
of Elf5 and Ehf

To examine the cell type–specific expression of the various 
ETS factors, we next probed single-cell RNA-seq (scRNA-
seq) data sets from embryonic and adult female mouse SMG 
(GSE150327 and GSE145268, respectively) (Hauser et al. 
2020; Min et al. 2020). Dot plot visualization of the data sets 
revealed very diverse expression patterns of various ETS fac-
tors (Fig. 1A and Appendix Fig. 2). We found Elf5 and Ehf to 
share a somewhat similar expression profile during early 
development, particularly at embryonic day 12 (E12) and E14, 
when Ehf and Elf5 are coexpressed in the Krt19+ ducts and end 
buds. At E16, Elf5 and Ehf expression patterns begin to 
diverge, although they remain coexpressed in the Krt19+ ducts 
and end buds. Interestingly, at postnatal day 1 (P1), in addition 
to the Krt19+ ducts, both of these TFs are expressed in the 
Smgc+ and Bpifa2+ proacinar cells. However, in adult glands, 
while Elf5 is expressed in acinar cells and a subset of ductal 
cells, including intercalated and Ascl3+ cells, Ehf is weakly 
expressed in acinar cells and rather widely distributed across 
all the ductal cell types, with prominent expression in the inter-
calated and Smgc+ ducts (Fig. 1A). Interestingly, both Elf5 and 
Ehf showed enriched expression in the IDs (Fig. 1A).

We next sought to validate the expression patterns of both 
Elf5 and Ehf in murine SMGs. For this purpose, we took 
advantage of Elf5 reporter mouse models expressing either 
green fluorescent protein (GFP) or nuclear LacZ (nLacZ), each 
of which serves as a surrogate marker for endogenous Elf5 
expression (Choi et al. 2008; Pearton et al. 2011). Indeed, 
immunofluorescence staining of adult SMGs revealed colocal-
ization of GFP with the acinar cell marker Na+/K+/2Cl– cotrans-
porter (Nkcc1) (Fig. 1B). In addition, we also found a small 
population of GFP+/K7+ double-positive cells that likely repre-
sent the IDs as demonstrated by colocalization of GFP and the 
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ID cell marker, Sox9 (Fig. 1B). Similar results were obtained 
from X-gal staining of adult Elf5-nLacZ SMGs, which showed 
β-galactosidase activity in the nucleus of acinar cells (Appendix 
Fig. 3A) and confirmed by immunofluorescence staining of 

β-galactosidase and Nkcc1 coexpression 
(Appendix Fig. 3B). Interestingly, we also observed 
modest colocalization of β-galactosidase and Sox9 
in the IDs, confirming our GFP/Sox9 costaining 
results (Appendix Fig. 3B). Ehf, unlike Elf5, was 
modestly expressed in acinar cells and instead 
showed preferential expression in various ductal 
cells as evident by costaining with K7 and Sox9, 
which mark the various ductal cell populations and 
IDs, respectively (Fig. 1C). Overall, our results 
show that Elf5 and Ehf have some overlapping but 
mainly distinct expression profiles with Elf5 
expression skewed to the acinar cells, while Ehf is 
robustly expressed in various ductal cell 
populations.

Dispensable Role of Elf5 in Adult 
Mouse Submandibular Gland

Given the distinct expression profiles of Elf5 and 
Ehf in the SMG, we next sought to determine the 
role of these 2 members of the ETS family of TFs 
in SG biology. First, to examine the role of Elf5 in 
the adult salivary gland, we crossed Elf5fl/fl mice to 
transgenic animals that constitutively express Cre-
recombinase (Cre) under the control of either the 
K14 (K14-Cre;Elf5fl/fl (K14;Elf5cKO)) or Sox2 
(Sox2-Cre;Elf5fl/fl (Sox2;Elf5cKO)) regulatory ele-
ments, resulting in ablation of Elf5 as confirmed 
by quantitative reverse transcription polymerase 
chain reaction (qRT-PCR) analysis (Appendix Fig. 
4A). Histological analysis of hematoxylin and 
eosin (H&E)–stained paraffin-embedded SMGs of 
both male and female control and K14;Elf5cKO 
mice revealed no significant alterations to either 
the ducts or acinar structures or any difference in 
SMG weight (Appendix Fig. 4B, C and Appendix 
Fig. 5A). One possibility for the surprising lack of 
any phenotype in Elf5-null SMGs might be in part 
due to an altered expression pattern of Ehf result-
ing from the loss of Elf5. To rule this out, we exam-
ined Ehf expression by both immunofluorescence 
and qRT-PCR analysis in control and K14;Elf5cKO 
SMGs, which revealed no appreciable differences 
(Appendix Fig. 6).

Next, to ascertain any possible subtle pheno-
typic changes resulting from the loss of Elf5, we 
performed immunofluorescence studies and exam-
ined both the male and female K14;Elf5cKO 
SMGs using a battery of well-established epithelial 
cell markers. Evaluation of the progenitor cell 
marker p63, which is restricted to the basal and 

myoepithelial cell populations, revealed no appreciable differ-
ences in protein expression pattern between control and 
K14;Elf5cKO (Appendix Figs. 4C and 5A). Similarly, we 
failed to observe any differences in expression of α–smooth 

Figure 1.  Single-cell RNA sequencing analysis and protein expression profile of Elf5 
and Ehf in mouse submandibular glands (SMGs). (A) Dot plot showing the scaled 
expression (dot color) and percent expression (dot size) of the ETS gene family 
members in each cell type in adult female SMG (GSE145268) (Min et al. 2020). (B) 
Immunofluorescence staining of Elf5–green fluorescent protein (GFP) (Pearton  
et al. 2011) transgenic mouse SMGs shows coexpression of GFP with acinar (Nkcc1), 
ductal (K7), and intercalated ducts (Sox9). Arrows highlight double-positive cells. 
(C) Ehf protein expression profile in 10-wk-old adult male mouse SMG showing 
colocalization of Ehf with the broad ductal (K7) and specific intercalated ductal marker 
(Sox9). Arrows indicate Ehf colocalization with indicated cell markers. Yellow: green 
and red colocalization; pink: red and blue (nuclei) colocalization; turquoise: green and 
blue colocalization; white: green, red, and blue colocalization. Scale bar: 50 µm.  
GCT, granular convoluted tubule.
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muscle actin (SMA), a marker of the myoepithelial cells 
(Appendix Figs. 4C and 5A). In agreement with histological 
findings, immunofluorescence staining for the ductal marker, 
keratin 7 (K7), showed no discernible alterations in the 
K14;Elf5cKO SMGs when compared to control counterparts 
(Appendix Figs. 4C and 5A). Importantly, no obvious changes 
were found in Elf5-high acinar cells, as revealed by aquaporin 
5 (Aqp5) staining, which showed consistent Aqp5 localization 
to the apical surface in both control and K14;Elf5cKO SMGs 
(Appendix Figs. 4C and 5A). This finding was in contrast to 
the observations in mammary glands, where apical–basal 
polarity has been shown to be affected in the absence of Elf5 
(Choi et al. 2009). To account for the possibility that the nor-
mal state of the K14;Elf5cKO SMGs might reflect a partially 
penetrant phenotype, we next used the Sox2-Cre driver to 
delete Elf5. Parallel analyses of SMGs of both male and female 
control and Sox2;Elf5cKO mice led to similar findings, con-
firming that loss of Elf5 does not result in any discernable adult 
SMG phenotype, prompting us to thus perform follow-up stud-
ies on Ehf (Appendix Figs. 4D and 5B).

Generation of Ehf Mutant Animals and Gross 
Phenotypic Characterization

We employed the CRISPR-Cas9 system to introduce a muta-
tion in the mouse Ehf locus that disrupted the coding region. 
Confirmation of the genotype of the animals was achieved by 
PCR amplification of the targeted Ehf genomic region, fol-
lowed by Sanger sequencing analysis. As shown in a represen-
tative sequencing chromatogram, insertion of a T residue in 
exon 7 of the Ehf gene resulted in a frameshift, effectively trun-
cating the C-terminal portion of the Ehf protein (Appendix Fig. 
7). The sequence-specific recognition of the GGA core motif 
by ETS family members is mediated primarily by the α3 rec-
ognition helix in the ETS domain (Wang et al. 2005; Cooper  
et al. 2015). The in-frame mutation of Ehf truncates the α3 
recognition helix and with the loss of one of the critical resi-
dues, Arg-268, and Tyr-269 makes it highly likely that the 
mutant Ehf protein is unable to bind to ETS-responsive ele-
ments. Importantly, adult Ehf mutant (EhfMut) mice displayed 
some of the phenotypes such as inflammation and swelling of 
the preputial glands as described recently with an independent 
EhfMut model (Reehorst et al. 2021).

Alterations of the GCT and Intercalated  
Ducts in EhfMut SMG

To evaluate the impact of the Ehf mutation, we first examined 
the SMG in adult EhfMut male and female mice. Loss of Ehf 
expression in both the SMG and the lacrimal gland, another 
tissue with high levels of Ehf, was confirmed by immunofluo-
rescence staining with anti-Ehf antibodies that are specific to 
the C-termini of wild-type Ehf but not EhfMut, based on 
Western blot results (Appendix Fig. 8). Interestingly, we found 

that Ehf mutant glands were smaller and weighed less com-
pared to the controls (Appendix Fig. 9). Closer histological 
examination of SMGs by H&E revealed a dramatic reduction 
in the GCT size and number of ducts in male EhfMut glands 
(Fig. 2A), while the EhfMut females presented larger ductal 
lumens when compared to the control animals (Fig. 2B). 
Indeed, this phenotype was more pronounced in the male 
SMGs, which have larger, well-developed GCTs compared to 
female mice, as illustrated by quantification analyses compar-
ing the ductal and acinar areas (Fig. 2A, B).

To better appreciate the cellular alterations associated with 
the Ehf mutation, we costained male and female glands with 
basal and myoepithelial markers, p63 and SMA, which 
revealed a decrease in SMA expression in the male EhfMut 
glands compared to the control but no significant difference in 
the female glands (Fig. 2C, D). Interestingly, expression of the 
ductal marker K7 and the acinar marker Aqp5 showed no 
appreciable differences in expression pattern between mutant 
and control glands (Fig. 2C, D). Given the changes in the GCTs 
in both male and female glands, we next focused our attention 
on the GCT-specific marker mucin 13 (Muc13) to probe fur-
ther the observed ductal phenotype. Interestingly, while 
costaining with Muc13 and Nkcc1 did not reveal dramatic dif-
ferences in Nkcc1 protein expression between control and 
EhfMut glands, we observed a reduction of Muc13 expression 
in male glands with more pronounced changes in female glands 
(Fig. 2C, D). To confirm these findings, we performed qRT-
PCR for a select panel of genes that mark various SMG cell 
populations (Appendix Fig. 10). Results from such experi-
ments showed that while some genes such as Krt18 were 
downregulated at modest levels, others such as Muc13 were 
significantly reduced in the EhfMut SMGs. Interestingly, 
downregulation of 2 of the myoepithelial markers, Krt14 and 
Acta2, in the EhfMut glands was more pronounced in male 
glands (Appendix Fig. 10A).

Given the enriched expression of Ehf messenger RNA 
(mRNA) in the IDs (Fig. 1A), we next examined if there were 
any alterations to this specific cell type in EhfMut glands. 
Interestingly, evaluation of the ID markers Sox9 and Foxc1 
(Chatzeli et al. 2017; Gluck et al. 2021) revealed elevated num-
bers of Sox9 and Foxc1 double-positive (Sox9+/Foxc1+) cells 
in the male EhfMut glands, but not the female EhfMut glands, 
when compared to control mice (Fig. 3A, B). To further con-
firm our findings, we costained control and EhfMut glands 
with Sox9 and K7, which we reasoned would mark the Sox9-
expressing ID cells. Indeed, quantification of the percentage of 
Sox9+ cells, which coexpressed K7, revealed a significant 
increase in ID cells of the EhfMut male mice compared to con-
trol animals (Fig. 3C, E). This was not the case for the female 
EhfMut mice, which showed no differences when compared to 
the control (Fig. 3D, F). Additional costaining and quantifica-
tion studies using Foxc1 and K7 revealed a significant increase 
in the percentage of Foxc1+ cells, which coexpressed K7 in the 
male EhfMut and not the females when compared to the con-
trols (Fig. 3C–F).
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Since our immunofluorescence analysis did not reveal any 
mechanisms that could account for the overall decrease in the 
size of the GCTs, we assessed whether these changes were 
driven by proliferation defects. While the EhfMut glands did not 
reveal any significant changes in proliferation based on expres-
sion of the proliferation marker Ki67 in either the male or female 

SMGs compared to control (Fig. 4A, B), we did observe a sig-
nificant increase in apoptosis in the male SMGs as demonstrated 
by the elevated numbers of K7+ ductal cells that stained positive 
for the apoptotic marker cleaved caspase-3 (Casp3) as compared 
to control glands (Fig. 4C). Interestingly, we did not observe any 
differences in the corresponding female mutant SMGs (Fig. 4D). 

Figure 2.  Phenotypic, histological, and immunochemical analysis of mouse submandibular glands (SMGs) with targeted mutation of Ehf. (A) 
Hematoxylin and eosin (H&E) staining of the male control and EhfMut SMGs (left panel). Compared to control, mutant SMGs show a reduction 
in granular convoluted tubule (GCT) size. Quantification analysis of the ratio of ductal cell area compared to acini cell area in male control 
and EhfMut SMG (right panel) (n = 5). (B) H&E staining of control and EhfMut female SMGs shows dilated GCTs due to functional loss of Ehf 
(left panel). Quantification of the ratio of ductal cell area compared to acini cell area in female control and EhfMut SMG (right panel) (n = 5). 
(C) Immunofluorescence staining of male control and EhfMut SMGs shows widened lumens in the EhfMut mice compared to control. (D) 
Immunofluorescence staining of female control and EhfMut SMGs reveals loss of Muc13 expressing GCTs and widened lumens in the EhfMut mice 
(n = 5). Data are represented as mean ± standard deviation (SD). **P < 0.01. Scale bar: 50 µm.
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Taken together, these results revealed a loss of the GCTs as well 
as changes in the number of ID cells in EhfMut male glands as 
depicted in our proposed model (Fig. 5) and in agreement with 
the enriched expression of Ehf in these cell types.

Discussion

A careful analysis of the existing bulk and scRNA-seq data sets 
has demonstrated Elf5 and Ehf as 2 ETS factors that exhibit 

Figure 3.  Increased Sox9+ and Foxc1+ intercalated ductal cell populations in EhfMut submandibular glands (SMGs). (A) Immunostaining of adult male 
control and EhfMut SMGs with the intercalated ductal markers Sox9 and Foxc1 reveals increased intercalated ductal cells (white arrows) in the mutant 
glands. (B) Immunostaining of adult control and EhfMut female SMGs with the intercalated ductal markers Sox9 and Foxc1 reveals no significant 
difference in the intercalated ductal cells (white arrow). (C) Ducts costained with Sox9/K7 and Foxc1/K7 (white arrows) reveals increased numbers of 
intercalated ductal cells in the male EhfMut glands compared to the controls while no changes are detected in female mutant glands (D). Quantification 
of the Sox9+K7+/K7+ and Foxc1+K7+/K7+ intercalated ducts of the (E) male and (F) female control and EhfMut SMGs. Data are represented as 
mean ± SD (n = 5). ***P < 0.001. Scale bar: 50 µm.
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highly enriched expression in the SMG and associated with 
super-enhancers. Of these 2 TFs, Elf5 has been studied in more 
detail primarily in the context of the pregnant and lactating 
mammary gland, where it is highly expressed. Indeed, we and 

others have demonstrated that Elf5-null mouse mammary 
glands fail to initiate alveologenesis and accumulate stem and 
luminal progenitor cells (Chakrabarti, Hwang, et al. 2012, 
Chakrabarti, Wei, et al. 2012). Given the mammary gland 

Figure 4.  Ductal cells undergo apoptosis in EhfMut mice. (A) Expression and quantification analysis of cell proliferation based on Ki67 expression 
(white arrows) show no differences between control and male EhfMut glands and (B) female control and mutant glands. (C) Expression and 
quantification analysis of cleaved caspase-3 (Casp3) reveals increased apoptosis in the K7+ ducts of the male EhfMut submandibular gland (SMG) 
compared to control mice. Arrows indicate the K7+Casp3+ double-positive cells. (D) Expression and quantification analysis of cleaved Casp3 reveals 
similar levels of apoptosis in the ducts of the female EhfMut SMG compared to control mice. Arrows indicate ductal cells undergoing apoptosis. Data 
are represented as mean ± standard deviation (SD) (n = 5). ***P < 0.001. Scale bar: 50 µm.
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phenotype of Elf5cKO mice, it is surprising that Elf5 loss in 
the SMG has no discernible phenotype—we speculate com-
pensatory mechanisms are likely at play.

Unlike Elf5, mouse KO models for Ehf have been unavail-
able until only recently with the publication of 2 studies that 
focused on its role in intestinal stem cell differentiation (Zhu  
et al. 2018; Reehorst et al. 2021). The overall gross phenotype 
of our EhfMut mouse model has significant overlap with the 
published EhfMut studies by Reehorst et al. (2021) and thus 
provide an independent validation of the functional role of Ehf. 
One caveat worth stressing is that since the ETS DNA-binding 
domain was targeted for deletion (Reehorst et al. 2021) or trun-
cation (our study), the potential for expression of a C-terminal 
deleted Ehf protein that can retain some functionality or instead 
harbor a gain-of-function effect cannot be excluded. These 
shortcomings notwithstanding, it is clear that the loss of the 
DNA-binding function of Ehf is sufficient to induce specific 
phenotypes in multiple tissues, including the SMG.

It was interesting to find that the males and females present 
different ductal phenotypes with an increased intercalated duc-
tal cell population and increased cell death in male SMGs only 
(Fig. 5). We suspect that Ehf is required for maintaining the 
delicate balance of different ductal subpopulations. However, a 
careful examination of various ductal subtypes by scRNA-seq 
analysis is challenging at this point due to lack of specific 
markers. A case in point is the newly annotated Smgc+, basal, 

and Ascl3+ ductal subtypes, which might not be 
functionally and morphologically distinct from the 
intercalated ducts (Hauser et al. 2020). In contrast, 
acinar cells, which express more Elf5, seem to be 
unaffected by the loss of either Elf5 or Ehf. 
Although Elf5 and Ehf are 2 top-ranked genes in 
the SMG, it is worth noting that other ETS factors 
might compensate for the loss of either Elf5 or Ehf.

Our study has some limitations, the primary one 
being that we have only characterized the SMG of 
adult Elf5cKOs and EhfMut animals of a narrow 
range of age. We suspect that under different physi-
ological and/or pathological conditions, such as 
aging or injury, loss of Elf5 and Ehf might reveal 
more striking phenotypes other than what we have 
described here. Another possibility is the likeli-
hood of functional redundancy between Elf5 and 
Ehf and other ETS proteins that are structurally 
very similar and bind to similar DNA regulatory 
motifs (Wei et al. 2010). Future studies with com-
pound knockout mouse models will likely reveal 
interesting molecular clues regarding the role of 
various ETS factors in shaping the gene regulatory 
networks of the diverse cell populations of the 
SMGs.
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Figure 5.  Model outlining the role of Ehf in maintaining the cell differentiation 
program of the adult salivary gland. Loss of Ehf results in increased apoptosis in the 
male EhfMut. This is accompanied by elevated numbers of Sox9+K7+ and Foxc1+K7+ 
intercalated ductal cells (ID cells) and widened lumens. Cell population markers are 
shown below the individual cell types. Created with BioRender.com. GCT, granular 
convoluted tubule.
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