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Introduction
Constant wear-and-tear of squamous epithelium in tissues like 
the skin and esophagus requires rapid and coordinated self- 
renewal and differentiation of stem/progenitor cells to replenish 
the tissue (1, 2). In the esophagus, basal cells serve as progen-
itor cells to maintain the stratified squamous epithelium (2, 3). 
Disruption of the balance of basal cell activities underlies mul-
tiple pathological conditions, including eosinophilic esophagitis 
(EoE), in which basal cells become hyperplastic in the setting of 
high levels of the inflammatory cytokines eotaxin-3, IL-5, and 
IL-13 (4–6). Studies have shown that these hyperplastic basal 
cells serve as an important source of cytokines and chemokines 
that facilitate EoE disease progression (7, 8). However, little is 
known about how basal progenitor cells respond to the inflam-

matory environment in the initial stages of the disease. This is 
partly due to a lack of understanding of the normal mechanisms 
maintaining epithelial restitution in the esophagus.

Bone morphogenetic proteins (BMPs) belong to the TGF-β super-
family of cytokines and activate downstream signaling through the 
formation of complexes with type I (BMPR1A or BMPR1B) and type 
II (BMPR2) receptors. BMP signaling activities can be modulated at 
multiple levels. For example, BMP antagonists, including noggin, 
follistatin, and gremlins, bind to BMPs (e.g., BMP4 and BMP7) and 
block their engagement with the receptors (9, 10). Our previous stud-
ies have shown that the BMP pathway is required for morphogenesis 
of the epithelium in the embryonic esophagus. BMP plays a 2-stage 
role during the conversion of simple columnar to stratified squamous 
epithelium in esophageal development. First, noggin suppresses 
BMP signaling activities to allow epithelial stratification to occur. 
Second, BMP is activated in the top layers of epithelial cells to drive 
their differentiation into squamous cells (11). Intriguingly, alterations 
in BMP signaling activity have been found in multiple esophageal 
diseases, including gastroesophageal reflux disease (GERD) and Bar-
rett’s esophagus (BE) (12, 13). In addition, microarray analysis of EoE 
human biopsies has revealed changes in the levels of BMP signaling 
components (14). However, how changes in the BMP pathway are 
involved in the disease process remains unknown.

Tissue homeostasis requires balanced self-renewal and differentiation of stem/progenitor cells, especially in tissues that are 
constantly replenished like the esophagus. Disruption of this balance is associated with pathological conditions, including 
eosinophilic esophagitis (EoE), in which basal progenitor cells become hyperplastic upon proinflammatory stimulation. 
However, how basal cells respond to the inflammatory environment at the molecular level remains undetermined. We 
previously reported that the bone morphogenetic protein (BMP) signaling pathway is critical for epithelial morphogenesis 
in the embryonic esophagus. Here, we address how this pathway regulates tissue homeostasis and EoE development in the 
adult esophagus. BMP signaling was specifically activated in differentiated squamous epithelium, but not in basal progenitor 
cells, which express the BMP antagonist follistatin. Previous reports indicate that increased BMP activity promotes Barrett’s 
intestinal differentiation; however, in mice, basal progenitor cell–specific expression of constitutively active BMP promoted 
squamous differentiation. Moreover, BMP activation increased intracellular ROS levels, initiating an NRF2-mediated oxidative 
response during basal progenitor cell differentiation. In both a mouse EoE model and human biopsies, reduced squamous 
differentiation was associated with high levels of follistatin and disrupted BMP/NRF2 pathways. We therefore propose a 
model in which normal squamous differentiation of basal progenitor cells is mediated by BMP-driven NRF2 activation and 
basal cell hyperplasia is promoted by disruption of BMP signaling in EoE.
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multiple mouse genetic models to reveal what we believe to be a 
novel finding that BMP activation elicits NRF2-mediated oxida-
tive responses and promotes squamous differentiation of basal 
progenitor cells. In addition, we found that the BMP pathway is 
inhibited by increased levels of follistatin in EoE mouse models 
and human biopsies.

Results
BMP activation in the differentiated suprabasal cells of the adult mouse 
esophagus. We first used the BRE-lacZ transgenic reporter line to 
survey BMP activities in the adult esophagus. In this mouse line, 
the expression of β-gal is controlled by BMP response elements 
(BREs) from the human ID1 gene (25). β-gal activity was detected 
in the suprabasal cells and within the subepithelial compartment, 
but not in basal progenitor cells labeled with the transcription fac-
tor p63 (26) (Figure 1, A and B). Previous studies have shown that 
several BMP ligands, including BMP4 and BMP7, are expressed in 
the developing mouse esophagus (11, 27). We asked whether the 
expression of these ligands is maintained in adults. X-gal staining 
revealed that BMP4-lacZ was expressed in the mesenchymal cells 
adjacent to the basal layer, similar to that observed in the develop-
ing esophagus (27). Interestingly, we also detected β-gal activity in 
subpopulations of basal progenitor cells (Figure 1C). By contrast, 
BMP7 was widely expressed in all of the epithelium, including in 
the cells at the basal and suprabasal layers in the BMP7-lacZ mouse 
(Figure 1D). Similarly, we found that BMPR1A (also named ALK3) 
and BMPR2 were expressed in the epithelium (Supplemental Fig-
ure 1A; supplemental material available online with this article; 
doi:10.1172/JCI78850DS1).

We then asked whether the absence of BMP signaling activity 
in basal progenitor cells is due to the presence of BMP antagonists. 
We determined the expression of different BMP antagonists using 
real-time RT-PCR, immunostaining, and ISH and found that folli-
statin was enriched in basal progenitor cells (Figure 1E). Low lev-
els of chordin were also detected in the epithelium and adjacent 
mesenchymal cells (Supplemental Figure 1B). By contrast, the 
expression of gremlin 2 (Grem2), as revealed by the reporter allele 
Grem2-lacZ, was restricted to the smooth muscle layer (muscu-
laris mucosa) (Figure 1F), while noggin-lacZ and Grem1-lacZ were 
weakly expressed in muscle and mesenchymal cells, respectively 

Oxidative stress caused by the intracellular accumulation of 
ROS contributes to disease and cell death. In contrast to the dam-
aging effects of ROS, there is evidence that ROS at lower, nontoxic 
levels is important for the regulation of stem cell function in some 
tissues (15, 16). For example, low levels of endogenous ROS in the 
hematopoietic system are correlated with stem cell quiescence, 
whereas high levels of ROS drive stem cells into cell cycling, 
leading to stem cell exhaustion (17). These findings suggest a 
more complex role of intracellular ROS levels in cellular biology 
than was first understood by models of oxidative stress. Oxida-
tive stress responses are mediated by nuclear factor erythroid 2–
related factor 2 (NRF2) signaling. Under normal, unstressed cir-
cumstances, low cellular levels of NRF2 are maintained through 
KEAP1-dependent ubiquitination. Upon oxidative stress, ubiq-
uitination processes are blocked, leading to the stabilization and 
nuclear translocation of NRF2 and subsequent induction of NRF2 
target genes including NAD(P)H quinine oxidoreductase-1 (Nqo1), 
which encodes an enzyme critical for reducing ROS levels (18–20). 
Interestingly, loss of Keap1 leads to increased NRF2 activation 
and excessive differentiation of the epithelium in the embryonic 
esophagus and forestomach, where the lining epithelium is also 
stratified squamous (21–24). In addition, a recent study showed 
that NRF2 activation is associated with the pathogenesis of GERD, 
and its deficiency impairs the maintenance of the barrier function 
of the epithelium (21), suggesting that the ROS pathway contin-
ues to play important roles in the adult esophagus. Here, we used 

Figure 1. BMP signaling activity in the stratified squamous epithelium 
of the adult mouse esophagus. (A and B) BMP signaling is active in dif-
ferentiated suprabasal cells, but not in basal progenitor cells, as shown 
by the BMP reporter allele BRE-lacZ. The undifferentiated basal pro-
genitor cells are labeled with p63. Note that some mesenchymal cells 
in the lamina propria were also positive for X-gal staining. Nuclei were 
counterstained with nuclear fast red. (C) BMP4 is expressed in subpop-
ulations (arrows) of basal progenitor cells, as shown by the Bmp4-lacZ 
allele. Basal progenitor cells are labeled with the SOX2 transcription 
factor. (D) BMP7 was expressed in all of the epithelium, including in 
basal and suprabasal cells, as demonstrated by the Bmp7-lacZ allele. 
(E) The BMP inhibitor follistatin was enriched in basal progenitor cells. 
The boxed region is shown enlarged at right (original magnification, 
×40). (F) The BMP inhibitor gremlin 2 was expressed in the muscularis 
mucosa beneath the lamina propria layer. The boxed region is shown 
enlarged at right (original magnification, ×40). Dotted line in A, B, D, 
and E indicates the basement membrane. Ep, epithelium; Me, mes-
enchyme. Scale bars: 50 μm.
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lation of follistatin promoted the squamous differentiation of basal 
progenitor cells, as evidenced by increased protein and transcript 
levels of involucrin and loricrin (Figure 2, E and F). This finding 
further supports the notion that follistatin is critical for protecting 
basal progenitor cells from BMP activation and differentiation.

Moreover, activation of BMP signaling also promoted the 
squamous differentiation of human esophageal progenitor cells. 
BMP4 treatment promoted differentiation and inhibited the prolif-
eration of primary basal cells isolated from the human esophagus 
and telomerase-immortalized human esophageal progenitor–like 
EPC2 cells (EPC2-hTERT) (Supplemental Figure 2, D–F, data not 
shown, and refs. 28, 32). Notably, we did not detect expression of 
the columnar differentiation markers KRT8 or CDX2 (Supplemen-
tal Figure 2, G–I), suggesting that BMP activation does not promote 
columnar differentiation of basal progenitor cells. These findings 
contrast with previous reports that BMP activation is associated 
with intestinal differentiation of the squamous epithelium (12, 33), 
one of the hypothetical models for the development of BE.

BMP activation leads to extensive squamous differentiation of 
esophageal basal progenitors in Krt5-CreER R26caBmpr1a mice. To fur-
ther test whether activation of the BMP pathway drives squamous, 
but not intestinal, differentiation of basal progenitor cells in vivo, 
we generated Krt5-CreER R26caBmpr1a mutant mice in which a con-
stitutively active form of BMPR1A (caBmpr1a) is overexpressed in 
basal cells and in their derivatives following tamoxifen injection 
(Supplemental Figure 3, A and B, and refs. 11, 28). Ectopic BMP 
signaling activity was confirmed by p-SMAD1/5/8 staining in basal 
cells following 4 injections of tamoxifen (Figure 3A). More impor-
tant, we found that thickening of keratin layers (hyperkeratosis) 
developed at the top of the epithelium, indicating excessive squa-
mous differentiation (Figure 3B). In keeping with this finding, seg-
ments of basal cells decreased or lost expression of the progenitor 

(Supplemental Figure 1, C and D). Together, these findings suggest 
that differentiation of the squamous epithelium in the adult mouse 
esophagus is correlated with BMP activation and that basal cells are 
protected from BMP activation by the BMP antagonist follistatin.

Activation of BMP signaling inhibits the proliferation and induces the 
squamous differentiation of basal progenitor cells in vitro. We have pre-
viously shown that basal cells are able to proliferate in vitro in serum-
free medium supplemented with EGF and FGF (28). After 1 week in 
culture, more than 95% of the cells maintained p63 expression, sug-
gesting that they were undifferentiated progenitor cells (Supplemen-
tal Figure 2, A and B). To directly test whether activated BMP signal-
ing is able to promote the differentiation of basal cells, we cultured 
mouse basal progenitor cells isolated with the cell surface marker 
p75 (29) in serum-free medium in the presence of 10 ng/ml BMP4, 
which is similar to BMP7 in its capability to stimulate BMP activation 
(30). In addition, we and others have shown that removal of 1 copy of 
either Bmp4 or Bmp7 is able to rescue foregut defects in noggin-null 
mutants, suggesting that these 2 ligands have similar potential (27, 
31). BMP4 treatment for 5 days led to the expression of the squamous 
differentiation marker involucrin (Figure 2A). Consistent with the 
activated BMP signaling and extensive squamous differentiation, 
high levels of phosphorylated SMAD1/5/8 (p-SMAD1/5/8), involu-
crin, and loricrin were detected in BMP4-treated cells by Western 
blot analysis (Figure 2B). Moreover, we found that the differentiation 
process was accompanied by a 2.3-fold decrease in proliferation, as 
indicated by phosphorylated histone H3 (p-H3) staining (Figure 2, C 
and D). BMP4 treatment also reduced the size of esophageospheres 
formed in a 3D culture system that was initially embedded with sin-
gle basal progenitor cells (Supplemental Figure 2C).

We then asked whether the presence of the BMP inhibitor folli-
statin in basal cells is required for maintenance of the undifferenti-
ated state. Significantly, we found that siRNA-mediated downregu-

Figure 2. BMP activation inhibits prolifer-
ation and induces squamous differenti-
ation of primary mouse basal progenitor 
cells in vitro. (A) BMP4 treatment for 
5 days induced the expression of the 
differentiation marker involucrin in basal 
progenitor cells. (B) BMP4 treatment led 
to increased protein levels of involucrin, 
loricrin, and p-SMAD1/5/8 as shown by 
Western blot analysis. Actin served as a 
loading control. (C and D) Proliferation of 
the epithelium was inhibited by BMP4 
treatment. Proliferating cells were labeled 
with p-H3. Data in D show that the pro-
portion of p-H3 plus vehicle cells in all epi-
thelial cells was significantly reduced after 
BMP4 treatment (n = 3). (E) Knockdown of 
follistatin promoted squamous differenti-
ation of basal progenitor cells as indicated 
by involucrin staining. (F) Knockdown 
of follistatin led to increased involucrin 
and loricrin transcript levels (n = 3). Data 
represent the mean ± SEM. *P < 0.05 and 
**P < 0.01 by Student’s t test. Scale bars: 
50 μm. Fst, follistatin; Inv, involucrin; Lor, 
loricrin; KD, knockdown.
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we used the Cignal Finder 45-Pathway Reporter 
Arrays, which can survey changes in the activities 
of 45 pathways via luciferase reporters. BMP4 treat-
ment for 48 hours induced various changes in multi-
ple pathways (Figure 4A and Supplemental Table 1). 
Notably, the most obvious changes have been found 
in pathways that are known to be associated with epi-
thelial differentiation including vitamin D receptor 
(VDR), Kruppel-like factor 4 (KLF4), SP1, and NRF2 
(24, 34–36). Intriguingly, excessive squamous dif-
ferentiation with hyperkeratosis also occurs in the 
esophagus of Keap1-null mutants, in which NRF2 
activity is increased (24). To further confirm that the 
NRF2 pathway is activated upon BMP4 treatment, 
we used the antioxidant response element (ARE) 
(NRF2-binding elements) reporter assay and found 
that BMP4 induced an approximate 3-fold increase 
in the luciferase activity of EPC2 cells (Figure 4B). In 
agreement with this finding, transcript levels of the 
NRF2 downstream target Nqo1 were increased with 
BMP4 treatment in EPC2 cells (Figure 4C). Notably, 
although Nrf2 transcript levels did not change dra-
matically with BMP4 treatment, p-NRF2 levels were 
significantly increased (Figure 4C). Increased NFR2 
activity is a known reactive response to increased 
ROS levels (37). Consistently, we also observed 

increased ROS levels, as indicated by high levels of dichlorodihy-
drofluorescein (DCF) fluorescence upon BMP4 treatment. This 
increase was time dependent, and the signals peaked at 12 hours 
after BMP4 treatment. Moreover, the BMP inhibitor follistatin 
blocked the ROS production induced by BMP4 (Figure 4D), fur-
ther confirming the specificity of BMP4 in increasing ROS levels. 
In addition, we found a 2.5-fold increase in the expression levels of 
NADPH oxidase 4 (Nox4) mRNA (Figure 4E). NOX proteins facil-
itated the generation of intracellular ROS, suggesting a functional 
response to BMP4-induced oxidative stress.

In agreement with previous findings, nuclear accumulation of 
p-NRF2 is limited to differentiated suprabasal cells in the esophagus 
(Figure 4F and ref. 21). Upon ectopic BMP activation, p-NRF2 was 
also found in the esophageal basal cells of Krt5-CreER R26caBmpr1a 
mutants (Figure 4G). Taken together, these in vitro and in vivo find-
ings suggest that BMP activates NRF2 signaling during squamous 
differentiation of basal progenitor cells.

markers SOX2 and p63 (Figure 3, C and D), and there was abun-
dant expression of involucrin by immediate suprabasal epithelial 
cells and by scattered basal epithelial cells (Figure 3E). In addition, 
ectopic BMP activation also led to a 40% decrease in the prolifera-
tion of basal cells as revealed by p-H3 staining (Figure 3, F and G).

Consistent with the in vitro studies, we found that ectopic BMP 
signaling did not promote expression of the columnar differentia-
tion markers KRT8 or KRT20. We also did not detect the expression 
of CDX1 or CDX2, both markers for intestinal metaplasia, even in 
mice that had ectopic BMP activation for up to 14 months (Supple-
mental Figure 3, C–E, and data not shown). Taken together, these 
in vivo studies further demonstrate that BMP activation promotes 
squamous rather than columnar differentiation of basal progenitor 
cells, accompanied by a reduction in proliferation of these cells.

BMP activation leads to increased intracellular ROS levels and 
NRF2 function in vitro and in vivo. To identify signaling pathways 
potentially involved in BMP4-induced basal cell differentiation, 

Figure 3. Activation of BMP signaling induces extensive squamous differentiation of basal 
progenitors in the esophagus of Krt5-CreER R26caBmpr1a mutants. (A) Activation of BMP 
signaling was detected by p-SMAD1/5/8 immunostaining. Note the ectopic signals in the 
basal layer. (B) Hyperkeratosis indicative of excessive squamous differentiation developed 
in response to ectopic BMP activation in basal cells. (C and D) Blocks of basal cells lost SOX2 
and p63 expression in the mutant esophagus 1 week after the last tamoxifen injection. (E) 
Ectopic BMP activation was shown to drive premature squamous differentiation. Arrowheads 
indicate enlarged cells in the basal and immediate suprabasal layers expressing involu-
crin. Note that a few differentiating basal cells maintained low levels of SOX2. (F and G) 
Proliferation of basal cells was reduced in the mutant esophagus, as shown by p-H3 staining 
(arrowheads). BMP activation significantly reduced cell proliferation (n = 3). Data represent 
the mean ± SEM. *P < 0.05 by Student’s t test. Scale bars: 50 μm.
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tration-dependent manner (Figure 5E). To test whether increased 
ROS or NRF2 activity can in turn affect BMP signaling in EPC2 cells, 
we measured the expression of p-SMAD1/5/8 and found that its pro-
tein levels were not changed (Figure 5, B, D, and E), suggesting that 
ROS production and NRF2 activation are downstream events fol-
lowing BMP pathway activation. Collectively, these findings demon-
strate that increased ROS and NRF2 activity mediates BMP signal-
ing–induced squamous differentiation of basal progenitor cells.

Expansion of basal progenitor cells is associated with reduced 
BMP and NRF2 signaling in an IL-13–induced EoE mouse model and 
in human biopsies. We next tested whether basal cell hyperplasia 
in EoE is associated with abnormal BMP/NRF2 signaling activity. 
Previous studies have shown that intratracheal delivery or trans-
genic overexpression of IL-13 in the lung epithelium leads to EoE-
like phenotypes in the esophagus, as evidenced by accumulation 
of eosinophils and basal cell hyperplasia (38). It was postulated 
that IL-13 is produced in the lung and swallowed to induce patho-

NRF2 and increased ROS levels are required for squamous differen-
tiation of basal progenitor cells. To determine whether NRF2 is directly 
involved in BMP-mediated squamous differentiation, we gener-
ated EPC2 cells overexpressing NRF2 (EPC2-NRF2). NRF2 over-
expression reduced the proliferation of EPC2 cells and increased 
the protein levels of involucrin and loricrin (Figure 5, A and B, and 
Supplemental Figure 4, A and B). This increase was enhanced by 
combined treatment with BMP4 (Figure 5B and Supplemental Fig-
ure 4, A and B). Conversely, when NRF2 function was suppressed 
through siRNA-mediated NRF2 knockdown or overexpression of its 
inhibitor KEAP1, involucrin and loricrin proteins and mRNAs were 
maintained at low levels, even in the presence of BMP4 (Figure 5, B 
and C, and Supplemental Figure 4, A and B). In addition, attenuation 
of intracellular ROS levels with the antioxidant reagent N-acetyl-
cysteine (NAC) also led to low levels of involucrin in the presence of 
BMP4 (Figure 5D). Conversely, increased intracellular levels of ROS 
with H2O2 treatment promoted EPC2 cell differentiation in a concen-

Figure 4. Activation of BMP signaling increases intracellular ROS levels and NRF2 activity. (A) BMP4 treatment altered the activity of multiple intracel-
lular signaling pathways including the NRF2-mediated oxidative stress pathway (arrow) in EPC2 cells. (B) BMP4 treatment promoted NRF2-mediated 
transcriptional activation as revealed by the ARE reporter assay. EPC2 cells expressing the carrier vector pGL3 were used as controls (n = 3). Luc, lucifer-
ase; RLA, relative luciferase activity. (C) BMP4 treatment increased the transcript levels of Nqo1, a NRF2 downstream target, which was accompanied by 
increased levels of involucrin and loricrin (n = 3). BMP4 treatment also increased p-NRF2, involucrin, and loricrin protein levels. Note that there were no 
significant changes in total Nrf2 transcript levels. (D) BMP4 treatment increased ROS levels in a time-dependent manner as visualized by DCF fluores-
cence intensity, while the presence of the BMP antagonist follistatin inhibited BMP4-induced ROS production. Data represent the average fluorescence 
intensity from 3 individual experiments. (E) BMP4 treatment increased Nox4 transcript levels, indicating increased intracellular ROS in EPC2 cells as 
measured by real-time PCR (n = 3). (F and G) BMP activation promoted nuclear accumulation of p-NRF2 in esophageal basal progenitor cells from Krt5-
CreER R26caBmpr1a mutants. Note that p-NRF2 was enriched in the differentiated suprabasal cells of the control esophagus. Data represent the mean ± SEM. 
*P < 0.05, **P < 0.01, and ***P < 0.001 by Student’s t test. Scale bars: 50 μm.
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logical changes in the esophagus (39). To directly test the effects 
of IL-13 on the esophageal epithelium, we generated Krt5-rtTA 
tetO-Il13 mice in which IL-13 is specifically overexpressed in basal 
progenitor cells with the presence of doxycycline (Dox) (Supple-
mental Figure 5A). As expected, the transcript levels of I13 and its 
downstream target eotaxin 1 were significantly increased in the 
esophageal epithelium, and this was accompanied by accumula-
tion of eosinophils upon Dox feeding (Supplemental Figure 5, B 
and C, and data not shown). More important, expansion of basal 
progenitor cells became prominent throughout the esophagus 
2 weeks after IL-13 induction (Figure 6A). Ki67 immunostaining 
showed that proliferation of basal cells increased by 1.8-fold (Fig-
ure 6B and Supplemental Figure 5D). IL-13 overexpression also 
blocked the differentiation of basal progenitor cells as measured 
by involucrin expression (Figure 6F). We next assayed BMP activ-
ity in the esophagus. Notably, BMP activity was decreased in the 
epithelium as revealed by p-SMAD1/5/8 staining and immuno-
blotting (Figure 6, C and F), concomitant with a reduction in the 
levels of p-NRF2 (Figure 6, D and F). Consistent with this find-
ing, transcript levels of the NRF2 downstream target Nqo1 were 
reduced. Additionally, transcript levels of glutamate–cysteine 
ligase catalytic subunit (Gclc) and glutathione S-transferase P1 
(Gstp1), 2 genes critical for ROS production, were also reduced 
(Figure 6G). Furthermore, follistatin protein levels increased in 
the epithelium upon IL-13 induction, and its transcript levels also 

increased by 2.4-fold (Figure 6, E and H). Together, these results 
indicate that high levels of IL-13 in the mouse esophagus promote 
prominent basal cell hyperplasia, accompanied by increased lev-
els of follistatin, which in turn inhibits BMP and NRF2 signaling.

We then asked whether BMP activity is similarly altered in 
human EoE biopsies. As expected, infiltration of eosinophils and 
high levels of IL13 and eotaxin-3 were detected in the esophagus 
(Figure 7, A, F, and G). Basal cell hyperplasia in these biopsies 
was associated with increased proliferation (Figure 7B). Signifi-
cantly, we observed decreased expression of p-SMAD1/5/8 and 
p-NRF2 in these EoE samples (Figure 7, C and D). GCLC and 
GSTP1 transcript levels were also reduced, suggesting a reduc-
tion in ROS production (Figure 7H). Meanwhile, there was an 
increase in follistatin levels as revealed by immunostaining and 
real-time PCR (Figure 7, E and I), suggesting that this protein 
downregulates BMP signaling and allows basal cells to expand 
during disease progression.

Our data suggest that follistatin is regulated by IL-13. To test 
whether the IL-13 signaling mediator STAT6 directly modulates 
transcription of the follistatin gene, we examined the promoter 
region of follistatin (1.8 kb upstream of the transcription starting 
site) and found 2 potential STAT6-binding sites that are conserved 
in humans, mice, and rats (Figure 8A). We then performed pro-
moter analysis and cloned the 1.8-kb promoter region of the mouse 
follistatin gene into a pGL3 luciferase reporter construct (Figure 

Figure 5. NRF2 signaling is required for the 
squamous differentiation of basal progenitor 
cells. (A) Overexpression of NRF2 reduced 
proliferation in EPC2 cells (n = 3). (B) NRF2 
overexpression enhanced BMP4-induced 
squamous differentiation of basal progenitors. 
By contrast, NRF2 inhibition through KEAP1 
overexpression reduced squamous differ-
entiation in BMP4-treated EPC2 cells. NRF2 
phosphorylation levels were used as indicators 
of NRF2 signaling. Total NRF2 levels indicated 
NRF2 overexpression and inhibition by KEAP1 
overexpression. (C) Knockdown of NRF2 
inhibited BMP4-induced squamous differen-
tiation of basal progenitor cells as indicated 
by reduced transcript levels of involucrin and 
loricrin (n = 3). Cells without BMP4 treatment 
were used as controls. (D) Attenuation of 
intracellular ROS levels with the antioxidant 
reagent NAC inhibited squamous differen-
tiation in the presence of BMP4. (E) H2O2 treat-
ment increased NRF2 signaling and promoted 
squamous differentiation in a concentra-
tion-dependent manner. EPC2 cells treated 
with BMP4 (10 ng/ml) were used as positive 
controls. Blot images were derived from sam-
ples run on parallel gels. Data represent the 
mean ± SEM. *P < 0.05, **P < 0.01, and  
***P < 0.001 by 2-way ANOVA (C).
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8B). We observed a 2.1-fold increase in follistatin promoter–driven 
luciferase activity upon IL-13 treatment (Figure 8B, P < 0.05). Fur-
thermore, the promoter did not respond to IL-13 treatment when 
the 2 conserved binding sites were removed, further supporting 
the notion that follistatin is a direct downstream target of IL-13/
STAT6 signaling (Figure 8B).

Discussion
Balanced self-renewal and differentiation of basal progenitor 
cells are essential for maintenance of the esophageal epithelium 
(2, 40). Yet the molecular mechanisms regulating basal progen-
itor cell homeostasis remain unexplored. In this study, we pro-
vide in vitro and in vivo genetic evidence that BMP activation 
promotes squamous differentiation of basal progenitor cells in 
the adult esophagus. We demonstrate that basal progenitor cells 
are protected from BMP activation by the inhibitor follistatin and 
that ectopic BMP activation drives the premature differentiation 
of the progenitor cells. Further analysis revealed that BMP acti-
vation elicits an NRF2-mediated oxidative response, which is 
critical for the normal squamous differentiation of basal progen-
itor cells. Finally, we show that basal cell hyperplasia in both the 
EoE mouse model and human biopsies is associated with high 
levels of follistatin, which is regulated through an IL-13/STAT6 
mechanism (Figure 8, C and D).

BMP signaling activity is critical for the development of multi-
ple gastrointestinal organs including the intestine and esophagus 
(11, 41). The BMP inhibitor follistatin is enriched in basal progen-
itor cells, presumably counteracting BMP activation by the ligand 
BMP7, which is expressed in both basal progenitors and differ-
entiated suprabasal cells. Intriguingly, we found that BMP4 was 
also expressed in certain subpopulations of basal progenitor cells. 
Recent studies present provocative conclusions regarding whether 
the basal cell population is homogenous and possesses equal poten-
tial to self-renew and differentiate (2, 40, 42). Along this line, these 
BMP4-positive basal cells could be progenitor cells destined to dif-
ferentiate and detach from the basal layer. Alternatively, the expres-
sion of BMP4 in basal cells could be a stochastic phenomenon.

Increased BMP activity has been linked to the development of 
BE (12, 13). Upregulated BMP4 mRNA levels have been detected 
in human BE biopsies, with increased nuclear localization of 
phosphorylated SMAD1/5/8 (12). However, recent studies sug-
gest that multiple cell types can give rise to BE (43). For example, 
a cell population identified as residual embryonic progenitor cells 
at the squamous-columnar junction (GEJ) was shown to replace 
squamous epithelium and give rise to BE under injury-repair cir-
cumstances (44). Moreover, gastric cardia stem cells have also 
been shown to contribute to the pathogenesis of BE in an animal 
model (45). Interestingly, Mari et al. recently showed that over-

Figure 6. Basal cell hyperplasia is 
associated with decreased BMP 
signaling in a mouse model of EoE. 
(A) The epithelium was hyperplastic 
2 weeks after IL-13 overexpression in 
basal cells of the esophagus in Krt5-
rtTA tetO-Il13 compound mice. (B) 
Basal cell hyperplasia was accompa-
nied by increased proliferation as indi-
cated by Ki67 immunostaining upon 
IL-13 overexpression. (C) BMP signaling 
was reduced in the hyperplastic 
epithelium. (D) Nuclear localization of 
p-NRF2 was also reduced after IL-13 
overexpression. (E) Follistatin accu-
mulated in the hyperplastic basal cells 
of the mutant esophagus. (F) Protein 
levels of involucrin, p-SMAD1/5/8, and 
p-NRF2 in the esophageal epithelium 
were decreased upon IL-13 overex-
pression. Actin was used as a loading 
control. (G) Transcript levels of Gclc, 
Gstp1, and Nqo1, genes involved in 
ROS production and NRF2 signaling, 
were decreased upon IL-13 overexpres-
sion as measured by real-time PCR 
(n = 5). (H) Fst transcript levels were 
significantly increased after IL-13 over-
expression as measured by real-time 
PCR (n = 5). Data represent the mean 
± SEM. *P < 0.05 by Student’s t test. 
Scale bars: 50 μm.
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NOX4. Interestingly, recent studies have shown that BMP signal-
ing promotes cell differentiation through the activation of NADPH 
oxidases and ROS production. For example, BMP2 increases 
NADPH oxidase activity and oxidant stress to induce differenti-
ation in preosteoblast cells (48, 49). In addition, BMP2 induces 
a profibrotic phenotype in renal progenitor cells through NOX4 
activation (50). Additionally, accumulation of ROS in a high- 
oxygen environment promotes the differentiation of skin kera-
tinocytes (51). In this study, we were able to block BMP4-induced 
differentiation by treating progenitor cells with the antioxidant 
reagent NAC. We further showed that NRF2 is upregulated upon 
BMP activation and that inhibition of NRF2 activity attenuates 
BMP4-induced differentiation. Interestingly, constitutive acti-
vation of NRF2 in the esophagus of Keap1–/– mutants also causes 
hyperkeratosis (21, 22, 24), which can be rescued by inhibition of 
NRF2 in Nrf2–/– Keap1–/– or Maff–/– Mafg–/– Keap1–/– mutants in which 
MAFs serve as mediators of NRF2 (22, 52), further supporting the 
idea that functional activation of NRF2 is required for esophageal 
epithelial differentiation.

We found that follistatin levels were increased in EoE mouse 
models and human biopsies. EoE is characterized by basal cell 
hyperplasia and subepithelial fibrosis (53). We propose that folli-
statin inhibits BMP activities during disease progression, thereby 
blocking the differentiation of basal progenitor cells. Several EoE 
mouse models have been established, mimicking the inflamma-

expression of BMP4 using a K14 promoter, which also targets the 
basal progenitor cell population in the esophagus and forestom-
ach, promotes columnar differentiation of the cells located at the 
GEJ. These cells become BE-like epithelium after combining with 
bile acid reflux induced by esophageal-jejunostomy surgery (33). 
These findings suggest that squamous epithelium located at the 
GEJ has the potential to become intestinalized upon BMP stimula-
tion. Although we did not observe any signs of intestinalization at 
the GEJ following long-term BMP activation, it will be interesting 
to determine whether bile acid can similarly facilitate columnar 
changes in these mice. In addition, recent reports demonstrate 
that ectopic sonic hedgehog (SHH) signaling activity promotes BE 
formation via reactivation of the transcription factor FOXA2 and 
that crosstalk between the SHH and BMP pathways is required for 
disease progression (13, 46). It will be of interest to test whether 
ectopic FOXA2 and BMP activation facilitates columnar differen-
tiation of basal progenitor cells.

A previous study showed that deletion of BMP receptor 1a 
(Bmpr1a) leads to squamous epithelial hyperplasia in the fore-
stomach (47). Nevertheless, the underlying mechanism was unex-
plored. Here, we found that BMP activation promotes squamous 
differentiation of basal progenitor cells through the NRF2-medi-
ated oxidative stress pathway. We also found that BMP activation 
leads to ROS accumulation in esophageal progenitor cells, con-
comitant with increased levels of NADPH oxidases, including 

Figure 7. Basal cell hyperplasia in human 
EoE biopsies is associated with reduced 
BMP signaling and increased follistatin 
levels. (A) H&E staining showed expan-
sion of basal cells in human EoE biopsies. 
Arrowheads indicate eosinophilic infiltra-
tion into the epithelium. The inset is the 
high-magnification (original magnification, 
×40) view of the boxed region. (B) Basal cell 
hyperplasia was associated with increased 
proliferation as indicated by p63 and Ki67 
staining. (C) BMP activity was absent in 
the hyperplastic epithelium as shown by 
p-SMAD1/5/8 staining. (D) Nuclear local-
ization of p-NRF2 was reduced in the EoE 
epithelium. (E) Basal cell hyperplasia was 
accompanied by enrichment of follistatin. 
(F) Transcript levels of IL13 were signifi-
cantly increased as shown by real-time 
PCR. (G) Transcript levels of eotaxin-3, 
a downstream mediator of IL-13, were 
significantly increased. (H) Transcript levels 
of GCLC, GSTP1, and NQO1 were decreased 
in EoE biopsies. (I) Transcript levels of FST 
were significantly increased in EoE biopsies. 
Data represent the mean ± SEM. Fourteen 
biopsies for each group were included.  
*P < 0.05, **P < 0.01, and ****P < 0.0001 
by Student’s t test. Scale bars: 50 μm.
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ease progression (7, 8). Therefore, identification of the role for the 
BMP pathway in basal cell hyperplasia could provide important 
insights into EoE pathogenesis, leading to novel approaches to 
tackle this disease.

In conclusion, we used in vitro and multiple mouse models to 
demonstrate that BMP signaling is critical for basal cell–fate deter-
mination in the adult esophagus. Specifically, BMP activation pro-
motes squamous differentiation through NRF2-mediated oxida-
tive stress signaling. We found that inhibition of BMP activity by 
follistatin underlies the expansion of basal progenitor cells during 
the pathogenesis of EoE. These findings not only provide impor-
tant information about the normal mechanism by which BMP sig-
naling controls differentiation of basal progenitor cells, but also 
important insights into the pathogenesis of EoE. Consequently, 
targeted pharmacological activation of BMP signaling could be a 
potential therapeutic approach to treat EoE and warrants further 
testing in EoE animal models in the future.

tory environment seen in EoE patients (54). Built on previous 
findings that IL-13 is a key modulator of EoE, we directly over-
expressed IL-13 in basal progenitor cells and observed pheno-
typic changes, including basal cell hyperplasia, that were similar 
to those observed in other IL-13–induced EoE models (38). We 
found that follistatin was dramatically increased after localized 
IL-13 overexpression. It will be interesting to determine whether 
this BMP inhibitor is similarly increased in other IL-13 EoE models 
as well as in those models with activation of other cytokines such 
as IL-5 (54). Similarly, it will be interesting to examine changes 
in follistatin levels in other esophageal diseases, e.g., GERD, 
that are associated with basal cell hyperplasia and proinflam-
matory responses (55). EoE is an emerging disease for which the 
underlying mechanism is unknown, with a significant increase in 
incidence since it was first characterized in 1993 (56). Epithelial 
expansion featured by basal cell hyperplasia plays a critical role, 
as multiple cytokines are secreted from the epithelium during dis-

Figure 8. Follistatin is a direct downstream target of the IL-13/STAT6 signaling pathway. (A) The follistatin promoter region contains 2 potential 
STAT6-binding sites within longer, conserved DNA sequences. Sequence comparison revealed the conservation of these 2 STAT6-binding sites in various 
species. The STAT6-binding sites are highlighted by black boxes. (B) IL-13 treatment significantly increased the promoter activity of the follistatin gene 
that contains 2 STAT6-binding sites in human EPC2 cells (n = 3). Note that removal of the 2 STAT6-binding sites abrogated the effects induced by IL-13 
treatment. The promoter region with or without the 2 STAT6-binding sites was cloned into the pGL3 luciferase reporter and is designated as P1 and P2, 
respectively. (C) BMP activation promotes squamous differentiation of basal progenitor cells through crosstalk with ROS-activated NRF2 signaling. The 
BMP inhibitor follistatin protects basal cells from BMP activation initiated by BMP7 and possibly by BMP4 as well. Lack of follistatin in suprabasal cells 
leads to BMP activation and increases intracellular ROS levels. Subsequent activation of NRF2 signaling promotes squamous differentiation of basal pro-
genitor cells. (D) Basal cell hyperplasia in the IL-13 overexpression–induced mouse EoE model and in human biopsies was associated with increased levels 
of follistatin and decreased BMP activation. Note that BMP7 was present in all of the epithelium, while BMP4 was expressed by subpopulations of basal 
progenitor cells (#). Data represent the mean ± SEM. *P < 0.05 by Student’s t test. BC, basal cell; FST, follistatin; RE1, response element 1; RE2, response 
element 2; SBC, suprabasal cell; ve, vehicle.
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region of the follistatin gene with 2 conserved STAT6-binding sites 
and a truncated fragment without these 2 binding sites as a control 
were cloned into the pGL3 luciferase reporter vector and transfected 
into EPC2 cells with or without IL-13 treatment. Relative luciferase 
activity was determined 48 hours after transfection using a Dual-Luci-
ferase Reporter kit (Promega).

Cohort of human subjects with EoE and controls. Control subjects 
presented with epigastric abdominal pain but had normal endoscopic 
and microscopic results. Patients were diagnosed with EoE according 
to current consensus recommendations (65). Specifically, they were 
required to have symptoms of esophageal dysfunction — at least 15 
eosinophils per high-power field on esophageal biopsy — that persisted 
after a 2-month high-dose proton pump–inhibitor trial and exclusion 
of other causes of esophageal eosinophilia. Adult patients with EoE 
were then prospectively enrolled in biorepository/registry studies at 
each of the contributing sites. Esophageal biopsies were obtained and 
banked prospectively, and patients provided written informed consent 
to store the samples for future use. These tissue banks served as the 
source of the human esophageal biopsies used in this study, and sam-
ples were collected and shipped in dry ice to J. Que for either real-time 
PCR or IHC analysis.

Reverse transcription and real-time PCR. Total RNA was extracted 
with TRIzol (Invitrogen) and purified using the RNeasy Mini Kit 
(QIAGEN). RNA reverse transcription was performed using the Super-
Script III First-Strand SuperMix (Invitrogen) according to the manu-
facturer’s instructions. cDNA was subjected to quantitative real-time 
PCR using the MyiQ Single-Color Real-Time PCR Detection System 
(Bio-Rad) and iQ SYBR Green Supermix (Bio-Rad). The transcript lev-
els of genes were normalized to Rhoa expression. All real-time quan-
titative PCR experiments were performed in triplicate. PCR primers 
were designed using the Lasergene Core Suite (DNASTAR Inc.), and 
the sequences are described in Supplemental Table 2.

Western blot analysis. Protein was extracted from isolated esopha-
geal epithelium or cultured cells in lysis buffer containing protease and 
phosphatase inhibitors (Roche). Protein (20 μg) for each sample was 
denatured and separated on a 10% SDS-PAGE gel, followed by immu-
noblotting. The primary antibodies used were: involucrin (1:1,000, 
MS-126-P0; Thermo Fisher Scientific); loricrin (1:1,000, ab24722; 
Abcam); p-SMAD1/5/8 (1:1,000, 9511S; Cell Signaling Technology); 
p-NRF2 (1:2,000, ab76026; Abcam); NRF2 (1:500, ab62352; Abcam); 
and β-actin (1:5,000, sc-47778; Santa Cruz Biotechnology Inc.), and 
the blots were processed as previously described (66).

Measurement of intracellular ROS. The oxidation-sensitive fluo-
rescent probe 2′,7′-dichlorodihydrofluorescein diacetate (DCF-DA) 
(Molecular Probes) was used to detect the generation of intracellular 
ROS as described previously (67). Briefly, EPC2 cells were treated 
with 10 ng/ml BMP4 for the indicated time points. Cells were washed 
3 times with HBSS without phenol red and then incubated with 5 μM 
DCF-DA for 30 minutes in the dark at 37°C. DCF fluorescence was 
detected with a fluorescence plate reader. Emitted fluorescence was 
normalized to the total amount of cells.

Statistics. Western blot bands were scanned and analyzed for opti-
cal density using ImageJ software (NIH). Data are expressed as the 
mean ± SD. Differences between 2 groups were analyzed by a 2-tailed 
Student’s t test. A P value of 0.05 or less was considered statistically 
significant. Differences among 3 or more groups were analyzed using 
2-way ANOVA (SAS version 9.2; SAS Institute Inc.).

Methods
Mice. BRE-lacZ (25), Bmp4lacZ/+ (57), Bmp7lacZ/+ (58), nogginlacZ/+ (59), 
Grem1lacZ/+ (60), and Grem2lacZ/+ (gift of Richard Harland, University of 
California, Berkeley, California, USA) reporter mice were maintained 
on a C57Bl/6 129/SvEv background. The transgenic Krt5-CreER and 
the conditional R26CAG–loxp–stop–loxp–caBmpr1a (R26caBmpr1a) lines have been 
described previously and were maintained on a C57BL/6 and 129SvEv 
mixed background (11, 61). To activate caBmpr1a overexpression in 
the Krt5-CreER R26caBmpr1a mutants, tamoxifen was injected every 
other day for a total of 4 times (0.25 mg/g body weight). Mice were 
then sacrificed 7 days after the final injection, and the esophagi were 
harvested for further analysis. Krt5-CreER mice injected with tamox-
ifen were included as controls. To create the EoE mouse model, Krt5-
rtTA (62) and tetO-Il13 (63) mice were crossed to generate Krt5-rtTA 
tetO-Il13 compound mice. To activate IL-13 expression in the esoph-
agus, mice received Dox (2 mg/ml plus 50 mg/ml sucrose) in their 
drinking water for 7 days. Mice were then sacrificed 2 weeks after Dox 
treatment, and the esophagi were collected for further analysis. Krt5-
rtTA mice treated with Dox were included as controls.

Histology, immunostaining, X-gal staining, and ISH. The esophagi 
were dissected in PBS and fixed in 4% paraformaldehyde overnight 
at 4°C. After dehydration, they were embedded in paraffin for section-
ing and IHC. The antibodies used for IHC analysis include: anti-p63 
(1:500, MAB4135, EMD Millipore and sc-8343, Santa Cruz Biotech-
nology Inc.); anti–p-SMAD1/5/8 (1:1,000, 9511S; Cell Signaling Tech-
nology); anti-involucrin (1:1,000, MS-126-P0; Thermo Fisher Scien-
tific); anti-follistatin (1:50, MAB669; R&D Systems); anti-p75 (1:100, 
ab8874; Abcam); anti–p-H3 (1:500, H9908; Sigma-Aldrich); anti-Ki67 
(1:500, 550609; BD Biosciences); anti-SOX2 (1:1,000; WRAB-1236, 
Seven Hills Bioreagents); anti–p-NRF2 (1:200, ab76026; Abcam); anti-
KRT8 (1:1,000, SAB2701925; Sigma-Aldrich); and anti-CDX2 (1:200, 
ab76541; Abcam). The secondary antibodies were either fluorescence 
or DAB conjugated, and images were taken with a Leica SP1 confocal 
microscope. For X-gal staining, the esophagi were fixed in 4% para-
formaldehyde for 30 minutes, followed by X-gal staining overnight at 
37°C. The X-gal–stained samples were then dehydrated with ethanol 
and embedded in paraffin for sectioning as previously described (11, 
22). ISH analysis was performed as previously described (27, 64).

Cell culture, gene expression, and luciferase assay. Mouse esopha-
geal basal progenitor cells were isolated and plated onto rat type IV 
collagen–coated (BD Biosciences) tissue culture dishes in MTEC/
Plus (DMEM-Ham’s F12 [1:1 v/v; Gibco], insulin, transferrin, and 
selenium A [1:100; Gibco], bovine pituitary extract [30 ug/ml; Invit-
rogen], L-glutamine [4 mM; Gibco]) containing 20 ng/ml EGF and 
FGF2 medium (28). The EPC2 cell line was hTERT immortalized and 
maintained as previously described (32). Nrf2 and Keap1 were cloned 
into the pCDH lentiviral vector. EPC2 cells infected with Nrf2- and 
Keap1-containing virus were selected with 1 μg/ml puromycin. The 
EPC2 cells with NRF2 overexpression (EPC2-NRF2) and KEAP1 
(EPC2-KEAP1) were analyzed by Western blotting and RT-PCR, with 
EPC2 cells expressing GFP used as controls. For cell growth analysis, 
EPC2 and EPC2-NRF2 cells were cultured in 6-well plates and cell 
numbers counted every 2 days. Cignal Finder 45-Pathway Reporters 
(QIAGEN) or control empty vectors were transfected into EPC2 cells 
using X-tremeGENE HP DNA Transfection Reagent (Roche) in the 
presence or absence of 10 ng/ml BMP4. To test whether the follistatin 
promoter is regulated by IL-13 through STAT6, the 1.7-kb promoter 
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