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Eosinophilic esophagitis (EoE) is an allergic inflammatory disease of the esophagus mediated by an IL-13–driven
epithelial cell transcriptional program. Herein, we show that the cytoskeletal protein synaptopodin (SYNPO), previously
associated with podocytes, is constitutively expressed in esophageal epithelium and induced during allergic inflammation.
In addition, we show that the SYNPO gene is transcriptionally and epigenetically regulated by IL-13 in esophageal
epithelial cells. SYNPO was expressed in the basal layer of homeostatic esophageal epithelium, colocalized with actin
filaments, and expanded into the suprabasal epithelium in EoE patients, where expression was elevated 25-fold
compared with control individuals. The expression level of SYNPO in esophageal biopsies correlated with esophageal
eosinophil density and was improved following anti–IL-13 treatment in EoE patients. In esophageal epithelial cells,
SYNPO gene silencing reduced epithelial motility in a wound healing model, whereas SYNPO overexpression impaired
epithelial barrier integrity and reduced esophageal differentiation. Taken together, we demonstrate that SYNPO is induced
by IL-13 in vitro and in vivo, is a nonredundant regulator of epithelial cell barrier function and motility, and is likely involved
in EoE pathogenesis.
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Introduction
The hallmark of  allergic inflammation is a robust epithelial response of  the inflamed tissue to the Th2 cell–
derived cytokines IL-4 and IL-13 (1–3). Binding of  these proatopy cytokines with their common receptor 
IL-4 receptor α (IL-4Rα) on epithelial cells of  multiple origin, including skin, nasal, lung, esophageal, and 
intestinal epithelium, causes phosphorylation of  the STAT6 and initiates transcriptional programs that lead 
to hallmark features of  allergic inflammation (4, 5).

Eosinophilic esophagitis (EoE) is a chronic inflammatory disorder characterized by allergic hypersensitivi-
ty to food and eosinophilic infiltration in the esophageal mucosa (6). EoE pathogenesis is driven by IL-13–medi-
ated transcriptional responses of the esophageal epithelium (7, 8), which are collectively improved by steroids 
(9). Structural and transcriptional changes observed in the inflamed epithelium in biopsies from patients with 
EoE can be recapitulated in vitro by treating esophageal epithelial cells with IL-13 (10–13). IL-13 is thought 
to mediate these responses through epigenetic changes, including elevated levels of histone acetylation and 
decreased DNA methylation in the promoters of critical mediators, such as eotaxin 3 (also known as CCL26), 
CAPN14, and NTRK1 (14–16). Co-occurrence of epigenetic changes with transcriptional response suggests that 
integrating transcriptional and epigenetic analyses may serve as a useful approach to discover molecules with 
functional roles in EoE pathogenesis, especially since EoE is influenced by gene-environment interactions (17).

Herein, we report that synaptopodin (SYNPO), a proline-rich, actin-associated protein, primarily studied 
in the context of  podocytes (18–20), is an esophageal epithelial protein associated with the actin cytoskele-
ton and regulated by IL-13. SYNPO is induced by IL-13 in esophageal cells in a STAT6-dependent manner 
and epigenetically modified in the promoter region in response to IL-13, and its increased expression in EoE 
biopsies is normalized following treatment with humanized anti–IL-13 therapy. Experimental modulation 
of  SYNPO expression in esophageal epithelial cells leads to decreased epithelial motility in a wound healing 
assay and decreased transepithelial resistance, increased FITC-dextran flux, and loss of  esophageal differ-
entiation. We propose that the actin-associated protein SYNPO is an esophageal epithelial gene product 
involved in Th2-associated allergic responses, including epithelial cell motility and barrier integrity.

Eosinophilic esophagitis (EoE) is an allergic inflammatory disease of the esophagus mediated 
by an IL-13–driven epithelial cell transcriptional program. Herein, we show that the cytoskeletal 
protein synaptopodin (SYNPO), previously associated with podocytes, is constitutively expressed 
in esophageal epithelium and induced during allergic inflammation. In addition, we show that the 
SYNPO gene is transcriptionally and epigenetically regulated by IL-13 in esophageal epithelial cells. 
SYNPO was expressed in the basal layer of homeostatic esophageal epithelium, colocalized with 
actin filaments, and expanded into the suprabasal epithelium in EoE patients, where expression 
was elevated 25-fold compared with control individuals. The expression level of SYNPO in 
esophageal biopsies correlated with esophageal eosinophil density and was improved following 
anti–IL-13 treatment in EoE patients. In esophageal epithelial cells, SYNPO gene silencing reduced 
epithelial motility in a wound healing model, whereas SYNPO overexpression impaired epithelial 
barrier integrity and reduced esophageal differentiation. Taken together, we demonstrate that 
SYNPO is induced by IL-13 in vitro and in vivo, is a nonredundant regulator of epithelial cell barrier 
function and motility, and is likely involved in EoE pathogenesis.
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Results
SYNPO is transcriptionally and epigenetically regulated by IL-13 in esophageal epithelial cells. By combining tran-
scriptional and epigenetic analyses of  esophageal epithelial cells stimulated by IL-13 (Gene Expression 
Omnibus database [GEO] GSE57637), we aimed to identify molecules with potential functional roles in 
EoE pathogenesis. We focused on the genes that were induced by IL-13 (at 2, 6, and 24 hours; differen-
tial expression determined by DESeq analysis, P < 0.05) and had significantly elevated levels of  activat-
ing epigenetic marks in their promoters (histone H3 lysine 9 acetylation [H3K9Ac], histone H3 lysine 
27 acetylation [H3K27Ac], histone H3 lysine 4 trimethylation [H3K4me3]; MAnorm, P < 0.01). With 
these criteria, we initially identified 21 genes that were induced by IL-13 at least 2-fold at all tested time 
points (Figure 1A, TE-7 IL-13 column); of  these 21 genes, 15 genes were significantly upregulated in EoE 
biopsies compared with healthy controls (Figure 1A, biopsies column). Ten of  the fifteen genes were also 
significantly epigenetically modified, as was evident from elevated levels of  activating epigenetic marks in 
their promoters (Figure 1A, last 3 columns). Several known IL-13 target genes were identified, including 
NTRK1, CCL26, CDH26, SERPINB3, and SERPINB4 (7, 15, 21). Notably, epigenetically modified IL-13 
target genes commonly had one or two activating epigenetic marks elevated in their promoter regions. For 
example, SERPINB3 and SERPINB4 had elevated H3K27Ac, whereas CCL26 and CDH26 showed increases 
in both H3K27Ac and H3K9Ac. The only two genes that were transcriptionally upregulated by IL-13 and 
had three epigenetic marks elevated in their promoters were NTRK1 (consistent with our previous report, 
ref. 15) and SYNPO (arrows, Figure 1A). Kinetic analysis showed that SYNPO expression was increased 
after treatment with IL-13 over a 24-hour period (Figure 1B) and the SYNPO promoter region was epige-
netically modified (Figure 1C, compare untreated tracks with IL-13–treated tracks). Accordingly, increased 
levels of  the activating epigenetic marks H3K27Ac, H3K9Ac, and H3K4me3 were detected by ChIP-PCR 
analysis, but histone H3 lysine 4 monomethylation (H3K4mel), which marks inactive enhancers (22), was 
not increased. The epigenetic changes were highly dynamic, as they were fully normalized after 6 hours of  
IL-13 withdrawal (Figure 1D).

SYNPO expression in an esophageal cell line and primary esophageal cells. SYNPO is expressed as 4 isoforms 
(Figure 2A), with isoforms 1 and 2 (SYNPO-long and SYNPO-short, respectively) being most common-
ly expressed (20, 23). Epigenetic analysis suggested that the long and short isoforms were expressed in 
esophageal TE-7 cells and induced by IL-13 (Figure 1C, epigenetic mark locations). Distribution of  the 
aligned reads from RNA sequencing (Figure 2B), as well as assessment of  the expression of  SYNPO iso-
forms by RT-PCR in TE-7 cells (Figure 2C), validated this hypothesis. Indeed, SYNPO was expressed as 
long and short isoforms (1 and 2, respectively) that were upregulated by IL-13, whereas isoforms 3 and 4 
were expressed at low levels and did not respond to IL-13 (Figure 2C). IL-13 is a primary activator of  the 
STAT6 signaling pathway (24). To test whether SYNPO induction by IL-13 is mediated through STAT6, 
we assessed kinetics of  SYNPO expression in esophageal epithelial cells after IL-13 stimulation following 
STAT6 knockdown (STAT6KD) (15). Expression of  both the long and short SYNPO isoforms was substan-
tially downregulated in STAT6KD cells, as evident from the decreased expression of  SYNPO in RNA-se-
quencing and RT-PCR analyses (Figure 2, D–F). We further tested SYNPO expression in primary epithelial 
cells isolated from esophageal biopsies and demonstrated that SYNPO was also increased in these cells in 
response to IL-13 stimulation (Figure 2G).

SYNPO is an actin-associated protein in esophageal epithelial cells. In podocytes, SYNPO is an actin-asso-
ciated protein localized to the cytoskeleton (25). We tested whether SYNPO in esophageal epithelial cells 
possesses similar properties. By immunofluorescence staining, we showed that SYNPO was partially colo-
calized with actin fibers in both TE-7 (Figure 3A) and primary esophageal epithelial cells (Figure 3B). Col-
lectively, our data establish that SYNPO is an actin-associated protein and that it is a direct transcriptional 
and epigenetic target of  IL-13 in esophageal epithelial cells.

SYNPO is elevated in EoE, correlates with disease severity, and is normalized following humanized anti–IL-13 
treatment. We aimed to characterize SYNPO expression in the esophageal epithelium. RNA-sequencing 
data from esophageal biopsies demonstrated significantly elevated SYNPO expression in patients with 
EoE compared with subjects without EoE (Figure 4A and data from ref. 8), and its expression was ful-
ly normalized following successful treatment (Supplemental Figure 1; supplemental material available 
online with this article; https://doi.org/10.1172/jci.insight.96789DS1 and data from ref. 26). Using 
independent biopsies, we further demonstrated that esophageal SYNPO was expressed as long and short 
isoforms and that both isoforms were significantly upregulated in EoE (Figure 4B). Isoforms 3 and 4 were 
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detected at low levels, and their expression was not modified in EoE (Figure 4B). Moreover, expression 
of  the long and short SYNPO isoforms positively correlated with disease severity, as defined by the num-
ber of  eosinophils per high-power field in the esophageal epithelium (r = 0.72, P = 0.01, Figure 4C). We 
further correlated SYNPO expression with expression of  other genes from the RNA-sequencing analysis 
of  EoE patients (8). Focusing on gene categories previously used for molecular diagnosis of  the disease 
(27), SYNPO expression correlated primarily with epithelial, inflammatory, and neurosensory molecu-
lar markers of  EoE, showing mostly negative correlation with epithelial-related genes (Figure 4D and 
Supplemental Table 1). The gene with the strongest correlation was G protein–coupled receptor kinase 5  

Figure 1. Transcriptional and epigenetic regulation of SYNPO in TE-7 cells. (A) The heatmap shows transcriptional and epigenetic changes in TE-7 cells in 
response to IL-13 stimulation for 6 hours or eosinophilic esophagitis (EoE) biopsies compared with controls. The yellow color represents log2 fold change 
in gene expression compared with controls, and the blue color represents M values for the indicated histone mark (note that negative M value indicates 
increased level of epigenetic marks; see Methods for details). (B) The expression of SYNPO in TE-7 cells stimulated with IL-13 at 100 ng/ml is shown (data 
are from ref. 15). *P < 0.05, DESeq analysis. RPKM, reads per kilobase per million reads. (C) An image capture from the USCS browser shows the epigenetic 
landscape for H3K27Ac, H3K9Ac, and H3K4me3 marks in TE-7 cells in the SYNPO gene. The promoter area of SYNPO isoforms 1 and 2 (see Figure 2A for 
details) is shaded. Arrows point to the histone mark peaks that are significantly increased after 6 hours of IL-13 stimulation. P values comparing IL-13–
stimulated cells with untreated cells were calculated by using a MAnorm algorithm. The green rectangle shows the position of the probe used for ChIP-
PCR experiments. The read depths of the aligned sequences are of the same scale. (D) The level of the indicated epigenetic marks was assessed in the 
promoter of SYNPO isoforms 1 and 2 by ChIP-PCR after a 24-hour IL-13 stimulation and subsequent IL-13 withdrawal for 6 hours. One of two independent 
experiments is shown; the dots represent the mean ± SD for technical replicates. *P < 0.05, compared with untreated cells by ANOVA.

http://dx.doi.org/10.1172/jci.insight.96789
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(GRK5) (r = 0.9, P = 0.002), a serine/threonine kinase involved in cellular signaling, including NF-κB 
transcriptional activity (28). Among epithelial-related genes, CAPN14 uniquely positively correlated with 
SYNPO (r = 0.73, P = 0.03). Immunofluorescence analysis of  human esophageal biopsies from patients 
with and without EoE showed that SYNPO was expressed in the basal epithelial layer in patients with-
out EoE, whereas its expression increased throughout the suprabasal layers of  the esophageal epithe-
lium, mirroring basal zone hyperplasia, in patients with EoE (Figure 4E). Additionally, independent 
analysis by Western blot confirmed that SYNPO protein levels are significantly increased in EoE biopsies 

Figure 2. SYNPO expression in esophageal epithelial cells. (A) Schematic structure of the SYNPO isoforms; black and white rectangles represent exons 
and introns, respectively. SYNPO-long and SYNPO-short represent the common protein isoforms 1 and 2, respectively. The SYNPO regions detected by 
RT-PCR are indicated by dotted lines; SYNPO 1–2 and SYNPO 3–4 represent common PCR products for indicated isoforms. (B) An image capture from the 
USCS browser shows aligned RNA-sequencing reads on the SYNPO gene in TE-7 cells either untreated or treated with IL-13 for 24 hours. Black rectangles 
represent exons. The indicated P value comparing expression under these conditions was calculated by DESeq analysis (59). Note that reads are detected 
only on the exons corresponding to SYNPO-long and SYNPO-short isoforms. (C) Expression of SYNPO isoforms by TE-7 cells induced by IL-13 was assessed 
by RT-PCR. *P < 0.05, t test. (D) Expression of SYNPO was assessed by RNA sequencing in TE-7 cells subjected to gene silencing control (scrambled) and 
STAT6 knockdown (STAT6KD) pool. SYNPO expression in RPKM is shown. ****P < 0.0001 for 24-hour time point, DESeq analysis. (E) An image capture 
from the USCS browser shows aligned RNA-sequencing reads on the SYNPO gene in control TE-7 cells and STAT6KD pool from D. Note that both isoforms 
are affected by the knockdown. The indicated P value comparing expression under these conditions was calculated by DESeq analysis (59). (F) Expression 
of SYNPO isoforms (mean ± SD) was assessed by RT-PCR. ****P < 0.001, Holm-Sidak method. (G) Expression of SYNPO was analyzed in primary esoph-
ageal epithelial cells stimulated with IL-13. Combined data from cells isolated from 3 independent biopsies are shown. *P < 0.05, t test. For C, F, and G, 
expression was normalized to expression of GAPDH. For box-and-whisker plots, the box represents 50th percentile of the data, whiskers show minimum 
and maximum values, and the line in the box represents the median. For B and E, the read depth is of the same scale within each panel.

http://dx.doi.org/10.1172/jci.insight.96789
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compared with controls (Figure 4F; see complete unedited blots in Supplemental Figure 2A). We further 
assessed the potential role of  IL-13 in regulating SYNPO expression in the esophageal biopsies in EoE 
by comparing SYNPO expression in EoE patients treated with anti–IL-13 antibody QAX576 to that of  
untreated controls (29). In this study, intravenous injection of  QAX576 led to significant improvement 
of  molecular markers of  EoE, including CCL26 (29). We found that QAX576 treatment, but not placebo 
treatment, reduced SYNPO expression in EoE patients (Figure 4G). Collectively, these results provide 
evidence that SYNPO is substantially upregulated in the inflamed esophageal epithelium in EoE patients 
as a part of  a dysregulated epithelial differentiation program and that this pathway is IL-13 dependent 
in humans, at least in part.

Effects of  altered SYNPO expression in esophageal epithelial cells. In the light of  the significant correlation of  
SYNPO expression with genes related to epithelial differentiation, we aimed to explore the functional role 
of  SYNPO in esophageal epithelium. SYNPO has a role in cellular migration in normal kidney podocytes 
(18), and its downregulation reduces endothelial cell motility (30). We therefore tested whether downregu-
lation of  SYNPO alters migration properties of  esophageal epithelial cells. We first gene-silenced SYNPO 
with two independent shRNAs in TE-7 cells; this stably downregulated SYNPO to approximately 25% 
of  its baseline protein expression level (Figure 5A; see complete unedited blots in Supplemental Figure 
2B). We then assessed epithelial cell reconstitution using a wound healing assay (18). We found that TE-7 
cells with gene-silenced SYNPO closed the wound slower than control cells (P < 0.05; Figure 5, B and 
C). Using an independent esophageal cell line, EPC2 cells, the wound closed slower in cells with SYN-
PO downregulated than in control cells (Figure 5, D and E; see complete unedited blots in Supplemental 
Figure 2C). By quantifying the overall distance that EPC2 cells traveled after wound induction, we found 
that SYNPO downregulation significantly decreased the length of  the path traveled by the cells comparing 
SYNPO-downregulated cells and control EPC2 cells (P < 0.0001, Figure 5F).

We subsequently subjected EPC2 cells to growth at the air-liquid interface (ALI), which models 
esophageal differentiation under normal and pathologic conditions. This approach allowed us to assess 
the epithelial integrity by measuring transepithelial electrical resistance (TEER), FITC-dextran flux, and 
expression of  key epithelial differentiation markers (10, 11). We experimentally overexpressed SYNPO in 
EPC2 cells by lentiviral transduction; these cells had approximately 5-fold higher SYNPO-long expression 

Figure 3. SYNPO is an actin-associated protein in esophageal epithelial cells. (A) Representative immunofluorescence images of SYNPO (green) in the 
esophageal epithelial TE-7 cell line. (B) Primary esophageal epithelial cells isolated from biopsies. DNA was labeled by Hoechst (blue), and actin was stained 
with phalloidin (red). The merged image shows partial colocalization of SYNPO and actin (yellow). Original magnification: ×60 (A); ×40 (B); scale bars: 10 μM.
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Figure 4. Expression of SYNPO in esophageal biopsies and correlation with EoE transcriptome. (A) The normalized expression level for SYNPO in 
esophageal biopsy tissue from patients with active EoE (n = 10) and control patients (n = 6) (8). ***P < 0.001, t test. (B) The relative expression level 
of SYNPO isoforms (see Figure 2A) in esophageal biopsies from patients with active EoE and without EoE (Ctrl) was quantified by measuring expres-
sion of SYNPO PCR products. For A–C, each dot represents an esophageal biopsy from independent patients. (A and B) **P < 0.01, ***P < 0.001, 

http://dx.doi.org/10.1172/jci.insight.96789
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compared with control cells (Figure 6A). Following cellular differentiation by ALI (Figure 6B), there was 
a loss of  the superficial keratinized layer in SYNPO-overexpressing cells (Figure 6C, arrow in control). 
Measuring TEER revealed a significant decrease in resistance in SYNPO-overexpressing cells (Figure 6D) 
and increased epithelial permeability to low-molecular-weight dextran compared with control cells (Figure 
6E). Moreover, a number of  genes linked to esophageal epithelial differentiation — CRNN, KRTs, serine 
protease inhibitors SPINK5 and SPINK7, and genes from the epidermal differentiation complex (SPRR2E, 
S100A9) but not involucrin (IVL) — had significantly decreased expression with SYNPO overexpression 
(Figure 6F). In summary, overexpression of  SYNPO in esophageal epithelial cells modifies motility, barrier 
integrity, and the epithelial cell differentiation program.

Discussion
Herein, we report that the actin-associated protein SYNPO, previously studied in the context of  kidney 
epithelium in renal pathologies, is an esophageal epithelial gene product involved in Th2-associated aller-
gic responses, including esophageal epithelial cell motility and differentiation. By utilizing genome-wide 
transcriptional and epigenetic analyses of  IL-13–stimulated esophageal epithelial cells, we identify SYNPO 
as a transcriptional and epigenetic target of  IL-13. Following stimulation with IL-13, SYNPO expression is 
induced in esophageal epithelial cells in a STAT6-dependent manner and is accompanied by a broad spec-
trum of  elevated activating epigenetic marks in the promoter of  the gene. In the homeostatic esophagus, 
SYNPO is expressed in the basal layer of  the epithelium, and its expression expands into suprabasal epi-
thelial layers in the esophagi of  EoE patients compared with controls. In EoE, expression of  SYNPO cor-
relates with severity of  the disease, as defined by esophageal eosinophil counts, and is normalized following 
anti–IL-13 treatment of  EoE patients or STAT6 knockdown in esophageal epithelial cells. Functionally, we 
demonstrate that SYNPO gene silencing decreased esophageal epithelial cell motility in a wound healing 
assay, whereas SYNPO overexpression altered the differentiation and epithelial integrity of  esophageal epi-
thelial cells. Significant correlation of  SYNPO expression with a subset of  epithelial-related genes supports 
involvement of  SYNPO in epithelial differentiation and EoE pathogenesis. Figure 7 summarizes the results 
reported in this study.

The actin-associated protein SYNPO is localized in the foot processes of  kidney podocytes and dendritic 
spines of  telencephalic synapses in brain, where it is associated with the postsynaptic density (25). While 
regulation of  cytoskeletal dynamics by SYNPO is likely critical for function of  both organs, SYNPO has 
been primarily studied in the context of  nephropathies (31–33). Idiopathic nephrotic syndrome is a clinical 
syndrome associated with a variety of  kidney pathologies, including minimal change disease (MCD) (34), 
in which there is effacement of  the foot processes of  podocytes, leading to loss of  epithelial integrity and 
increased permeability associated with proteinuria (35, 36). Importantly, MCD can be successfully treated by 
immunosuppressive drugs, suggesting that immunologic responses are critical (23, 37, 38). Numerous reports 
associate MCD with atopy, as evidenced by elevated expression of  IgE and increased prevalence of  atopy in 
patients with MCD compared with control subjects (39–42). In line with these studies, T cells from patients 
with MCD produce elevated amounts of  IL-13 compared with those from control subjects (43–45), which 
may contribute to the observed IgE in these patients (46, 47). Importantly, podocytes have been shown to 
respond to IL-13 stimulation via the IL-13 receptor, leading to decreased TEER and increased epithelial per-
meability (48), which suggests that exposure to IL-13 can cause MCD. Indeed, IL-13 overexpression in a rat 
model of  MCD yields a podocyte gene expression profile that evidences a major loss of  expression of  podo-
cyte-specific structural and functional genes (49). Notably, exposure to milk is a common trigger for both EoE 

Holm-Sidak method. (C) The correlation between the expression of SYNPO (PCR product 1–2) and the number of eosinophils per high-power field 
(Eos/hpf) in an EoE esophageal biopsies. The Spearman correlation (r) and P value are indicated. (D) The graph shows correlation of SYNPO expres-
sion with EoE molecular signature genes from RNA-sequencing analysis of EoE patients (8). Gene categories were based on those used for the molec-
ular diagnostics panel for EoE (27). The significance of the correlation is plotted as a negative log(10) P value. The horizontal dashed line represents 
P = 0.05. The genes probed in each category are indicated; significantly correlated genes are in blue font. Arrows indicate positive (up) and negative 
(down) correlation. (E) Representative immunofluorescence of SYNPO in esophageal biopsies from independent patients. The white dotted line 
demarcates the basement membrane. Scale bar: 100 μM. (F) A representative Western blot for SYNPO in control and EoE biopsies; ERK 1/2 is used as 
a loading control. Quantification of SYNPO expression was performed in control and EoE biopsies from independent patients (n = 11 per each group). 
***P < 0.001, Holm-Sidak method. (G) Relative expression level of SYNPO was assessed in the EoE patients either treated with anti–IL-13 antibody or 
placebo, as described in ref. 29. “Before” corresponds to the beginning of the study, and “after” corresponds to day 85 of the study. *P < 0.05, t test. 
For A, B, and G expression level was normalized to GAPDH. For box-and-whisker plots, the box represents 50th percentile of the data, whiskers show 
minimum and maximum values, and the line in the box represents the median.
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and nephrotic syndrome, and milk elimination significantly improves symptoms of  both diseases, including 
steroid-resistant idiopathic nephrotic syndrome (50–52). It is interesting to speculate that these findings might 
unify the pathogeneses of  nephrotic syndrome and atopy through cellular and molecular responses to food 
allergens and IL-13. Additionally, these findings suggest that SYNPO may function as a common IL-13–driv-
en mediator of  both disease processes.

Most findings that underscore the critical role of  IBF in pathogenesis of  EoE have focused on structural 
epithelial proteins, such as DSG1, or proteases, such as CAPN14 (11, 14, 53). Our findings — that actin-as-
sociated proteins are significantly upregulated in EoE, correlate with EoE severity, and alter esophageal 
epithelial integrity in cultured cells — signify the potential involvement of  SYNPO and other actin-bind-
ing proteins in the pathogenesis of  EoE. Dysregulation of  intercellular junctions suggests a mechanism 
whereby inflamed and hyperproliferative esophageal epithelial tissue can be penetrated by allergens, there-
by amplifying allergic inflammation. Accordingly, SYNPO expression is highly correlated with a subset of  
esophageal-enriched genes involved in epithelial differentiation. Notably, the majority of  these genes are 
downregulated in EoE, except CAPN14, which is considered to be a genetic driver of  the disease and is 
linked to epithelial differentiation (14, 53, 54). These data further support that SYNPO dysregulation is a 
part of  a broader alteration in esophageal epithelial differentiation program in response to IL-13.

Figure 5. Effect of SYNPO downregulation on esophageal epithelial cell mobility. (A) Representative RT-PCR and Western blot of SYNPO after stable 
SYNPO downregulation by two shRNAs in TE-7 cells. The arrow points to SYNPO-long isoform. Expression of SYNPO normalized to ERK 1/2 and then to 
control shRNA is indicated; the dots represent the mean ± SD for technical duplicates. (B) A wound healing assay was performed in TE-7 cells. Repre-
sentative images show the scratch area at the beginning of the experiment (0 hours, initial scratch) and at the endpoint (16 hours after initial scratch, 
assay completion). The white dotted line indicates the scratch area that was quantified in C. (C) Quantification is shown for 5 independent experiments 
performed in quadruplicates and normalized to the scratch area in control shRNA (shCtrl) samples at the endpoint (shCtrl assay completion); *P < 0.05, 
ANOVA. (D) A Western blot for SYNPO after stable SYNPO downregulation in EPC2 cells by shRNA (shSYNPO) is shown; the arrow points to SYNPO-long 
isoform. The relative level of SYNPO expression normalized to HSP90 and then to shCtrl SYNPO expression is indicated by the numbers on the image. (E) 
A representative image of the wound healing assay simultaneously performed for control cells and cells with downregulated SYNPO expression (shCtrl 
and shSYNPO, respectively) is shown for the assay completion (8 hours) time point. Note that the control cells are fully confluent, whereas the shSYNPO 
cells still have visible gaps. (F) The overall distance traveled by 300 cells in the wound over the course of the wound healing assay for three independent 
experiments combined are shown; ****P < 0.0001, t test. For box-and-whisker plots, graphs the box represents 50th percentile of the data, whiskers show 
minimum and maximum values, and the line in the box represents the median. Original magnification, ×10 (B and E).
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In summary, herein, we have shown that SYNPO is upregulated in the esophagi of patients with EoE, 
that it is normalized by humanized anti–IL-13 treatment and is directly induced by IL-13 by an epigenetic 
mechanism involving histone acetylation and methylation, and that it regulates epithelial repair responses, 
including wound healing and barrier function, at least in part. These findings demonstrate a role of the actin-re-
lated protein SYNPO in allergic inflammatory responses and specifically in EoE pathogenesis and provide a 

Figure 6. Effect of SYNPO overexpression on epithelial differentiation and barrier function. (A) The SYNPO-long level in overexpressed pools (SYNPO OE 
a and OE b, arrow) was quantified by Western blot and normalized to HSP90. (B) A schematic outline of the differentiation protocol for EPC2 cells grown at 
ALI. (C) Representative H&E staining of control (Ctrl) and SYNPO-overexpressing (OE) EPC2 cells grown at the ALI. Arrow points to the keratinized layer of 
differentiated epithelium. Scale bar: 50 μM. (D and E) The transepithelial resistance (TEER) and FITC-dextran flux measurements are shown for EPC2 cells 
grown at the ALI. (D) Data were normalized to TEER of control samples at day 4 of culture and represent an average of 3–4 independent experiments per-
formed in triplicate. (E) Data are representative of 2 independent experiments performed with 3 independent ALI cultures. ****P < 0.0001, 1-way ANOVA. 
(F) The expression level of the indicated genes was assessed by RT-PCR at day 14 of the ALI culture. Expression was normalized to GAPDH and to control 
samples. The combined data for SYNPO OE pools from 3–4 independent experiments are shown (n = 7 for control cultures, n = 13 for SYNPO OE cultures). 
***P < 0.001, ****P < 0.0001, t test. For D–F, the data are presented as mean ± SEM.
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common pathogenic step, involving IL-13–induced SYNPO-mediated epithelial cell dysfunction, that may be 
involved in allergic responses and nephrotic syndrome, two diseases processes whose association has remained 
enigmatic. Mechanistically, SYNPO overexpression impairs epithelial cell differentiation with loss of expres-
sion of structural esophageal-specific genes and protease inhibitors associated with differentiated esophageal 
epithelium. Of interest, IL-13 can mediate its signaling through an NADPH oxidase–dependent pathway (55), 
and an NADPH oxidase inhibitor has been shown to have activity against atopic dermatitis in humans (56). It 
would be interesting to assess the level of SYNPO expression in atopic dermatitis and its potential contribution 
to the pathogenesis of this disease. Collectively, our findings show that SYNPO is upregulated by IL-13 in EoE 
and has the capacity to regulate multiple esophageal epithelial cell responses, including cellular motility, barrier 
integrity, and differentiation; as such, it represents a pathogenic regulator of EoE and highlights the potential 
utility of anti–IL-13 treatment focused on normalizing SYNPO-driven responses.

Methods
Cell culture and treatment. The squamous esophageal epithelial cell line TE-7 (a gift from Pierre Hainaut, Insti-
tute for Advanced Biosciences, INSERM 1209, UMR CNRS 5309, Université Grenoble-Alpes, Grenoble, 
France), which was originally selected from human esophageal tumors (57), was maintained in RPMI-1640 
media (Invitrogen) supplemented with 5% FCS. The esophageal epithelial cell line (hTERT-immortalized 
EPC2 line) was a gift from Anil Rustgi (University of  Pennsylvania, Philadelphia, Pennsylvania, USA). The 
EPC2 cell monolayers were grown on 0.4-μm pore–sized polyester permeable supports (Corning Incorporat-
ed, Corning, NY) in keratinocyte serum–free media (KSFM) (Life Technologies). Once the cells were conflu-
ent, the media were switched to high-calcium ([Ca2+] = 1.8 mM) KSFM for an additional 3–5 days. Epithelial 

Figure 7. Schematic representation of SYNPO expression and regulation in the esophageal epithelium. Under normal conditions (NL) esophageal 
epithelium is characterized by strong intercellular contacts, and barrier integrity is preserved. In the homeostatic esophagus, SYNPO is expressed at the 
basal layer of the esophageal epithelium and interacts with actin filaments. SYNPO is transcribed at low levels, and its promoter is decorated by low levels 
of activating epigenetic marks. In EoE, IL-13 is secreted by tissue-resident lymphocytes, causing STAT-6–dependent transcriptional activation of SYNPO 
in esophageal epithelium accompanied by elevated levels of activating epigenetic marks in the promoter of SYNPO gene. Basal zone hyperplasia and 
expansion of SYNPO expression into the suprabasal layers of the esophagus are evident. Subsequently, epithelial barrier integrity is altered and eosino-
phils penetrate esophageal mucosa. Treatment of EoE patients with anti–IL-13 antibody or knocking down STAT6 in esophageal epithelial cells counteracts 
IL-13–dependent transcriptional and epigenetic changes of SYNPO. Note that cell nuclei are omitted for clarity.
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differentiation was then induced by removing culture media from the inner chamber of  the permeable support 
and maintaining the esophageal epithelial cells for 5–7 days at the ALI. STAT6KD clones were generated 
by a shRNA approach as previously described (15). The cells were treated with IL-13 (Peprotech) at a final 
concentration of  100 ng/ml for the indicated periods of  time.

TEER and FITC-dextran measurements. EPC2 cells were subjected to ALI on 12-well and 24-well filter inserts 
as previously described (53). TEER and 3- to 5-kDa FITC-dextran (Sigma-Aldrich) paracellular flux were mea-
sured using an EVOM (World Precision Instruments) and a fluorescence plate reader (BioTek), respectively.

SYNPO gene silencing and overexpression. SYNPO gene silencing in EPC2 and TE-7 cells was gen-
erated by using an shRNA approach. Lentiviral shRNA vectors against SYNPO (MISSION shRNA, 
Sigma-Aldrich, TRCN0000008655 [targets all 4 isoforms in CDS, CCGCAAATCCATGTTTACTTT, 
designated as shSYNPO1] and TRCN0000008656 [targets isoform 1 in CDS, CTGGCGCGAAACAT-
CATCAAT, designated as shSYNPO2]) were used to produce lentiviral particles by the Cincinnati 
Children’s Hospital Medical Center Lenti-shRNA Library Core in pLKO.1-puro format. A vector that 
targets no known mammalian genes was used as a control (SHC002 SIGMA MISSION pLKO.1-puro 
Non-Mammalian shRNA Control). The viruses were generated by the Lenti-X HTX Packaging Sys-
tem (Takara Bio USA). The TE-7 cells were kept and transduced in RPMI 5% FCS media as described 
in ref. 15. For SYNPO overexpression, the coding sequence of  the long SYNPO isoform (NM_007286) 
from the SYNPO Human cDNA clone (OriGene) was cloned into the pLVX-IRES-Puro lentiviral 
vector by the In-Fusion method (Takara). The EPC2 cells were grown and transduced in KSFM. The 
viruses, obtained from a 60-mm dish of  293T cells, were precipitated using Lenti-X concentrator solu-
tion and resuspended in 300 μl KSFM. KSFM (150 μl) was mixed with polybrene to a final concen-
tration of  5 μg/ml and used to transduce EPC2 cells grown to 60%–70% confluency on a 6-well plate 
by centrifugation at 2,000 g at room temperature for 1 hour. All cells underwent puromycin selection 
(1 μg/ml) for 1–2 weeks and were later kept in puromycin at 0.5 μg/ml. The puromycin was removed 
24 hours prior to the beginning of  the experiment. Expression levels were validated by RT-PCR and 
Western blot analyses.

Immunofluorescence of  cells and biopsies. For immunofluorescence, the cells were grown on μ-Slide 
8 Well, ibiTreat (Ibidi USA). The cells were fixed with 4% paraformaldehyde and permeabilized with 
0.5% Triton X-100 for 10 minutes. All washes were performed with PBS for 5 minutes. Blocking was 
performed in 10% goat serum for 30 minutes at room temperature, and the cells were incubated with 
primary antibodies against SYNPO (sc-21537, Santa Cruz) at 1:250 dilution for 2 hours at room tem-
perature. The secondary antibody donkey anti-goat Alexa Fluor 488 (Invitrogen) was added for 1 hour 
at room temperature at 1:500 dilution. The DNA was counterstained with Hoechst 33342 added to the 
first wash at 5 μg/ml for 20 minutes at room temperature, and actin was stained with phalloidin Alexa 
Fluor 568 (Thermo Fisher Scientific Inc.) for 1 hour. The immunofluorescence staining of  the biopsies 
was performed as previously described (11) using SYNPO antibodies on at least 4 distal esophageal 
biopsies from control individuals and from patients with active EoE. The nuclei were stained with 
DAPI. The slides were blocked with PBS with 10% donkey serum. The secondary antibodies (1:500 
dilution) used were donkey anti-goat Alexa Fluor 488 (Life Technologies). Imaging was performed with 
a Nikon A1 inverted confocal microscope.

mRNA extraction, heatmap generation, quantitative RT-PCR, ChIP-PCR, and Western blotting. RNA 
isolation, RT-PCR, and ChIP-PCR were performed as described previously (15). For ChIP-PCR, the 
H3K4me3 (17-614, Millipore), H3K9Ac (ab10812, Abcam), and H3K27Ac (pAb-196-050, Diagenode 
Inc.) antibodies were used. The RNA-sequencing and ChIP-sequencing data for TE-7 cells were previ-
ously uploaded to GEO (GSE57637). For heatmap generation, genes that were upregulated by IL-13 at 
2, 6, and 24 hours in TE-7 cells were chosen that intersected with RNA-sequencing data from the EoE 
biopsies (8). For assessment of  SYNPO expression in EoE patients treated with anti–IL-13 antibody 
(QAX56), RNA was isolated from the esophageal biopsies of  the patients from our previous study (29). 
Patients received QAX56 (n = 4) or placebo (n = 3) treatment (day 85 of  the study), and the expression 
level of  SYNPO was determined by RT-PCR using primers that recognized both the long and short 
isoforms of  the gene. RT-PCR was performed in quadruplicates for each sample. Epigenetic changes 
were assessed after stimulation with IL-13 for 6 hours, and the MAnorm algorithm was applied to iden-
tify significantly different epigenetic changes (58). M values of  less than –1 (increased histone mark) 
or more than 1 (decreased histone mark) were considered significant; a value of  0 was assigned to M 
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values that were not significant following the analysis. For the heatmap generation, the log2 fold change 
for RNA-sequencing data and M values were used. Clustering was performed in the Cluster 3 program 
using Euclidian distance and average linkage parameters, and Java Tree was used for visualizing the 
results (http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm). The levels of  histone modifi-
cations on the promoters were assessed by the Prime Time TaqMan qPCR assay (Integrated DNA Tech-
nologies Inc.) and normalized to the levels of  modifications in the input sample. The sequences GGC-
CATTACTCAGGCCTCTCCATTTT for the probe, TCCTTTCAGTGGGAGGAATG for the forward 
primer, and AGGTCAGGAAGGAACCAATG for the reverse primer were used to quantify epigenetic 
marks in the SYNPO promoter. The procuring and processing of  esophageal biopsies was performed as 
described previously (15). Western blotting of  cell lysates was performed as described previously (15). 
Mouse monoclonal antibody against p44/42 MAPK (ERK1/2) (3A7, 9107, Cell Signaling Technology) 
and mouse monoclonal anti-HSP90 antibody, clone 4C10 (OriGene) were used as loading controls.

Wound healing assay. For the wound healing assay, the control and SYNPO knockdown TE-7 cells 
were grown on a 12-well plate until confluency. The wound was made with a 200-l culture tip, the cells 
were washed twice with RPMI media containing 5% FCS, and images were taken immediately and 
16 hours after the wound was made. The surface area was quantified by ImageJ software (NIH). For 
the EPC2 cells, control and SYNPO knockdown cells were simultaneously seeded on a Culture-Insert 
4 Well in μ-Dish 35 mm, high ibiTreat (Ibidi USA) in KSFM (2 fields per cell type) and grown until 
confluency. Two hours prior to the assay, the cells were labeled with 1 mM SiR-DNA dye (CY-SC007, 
Cytoskeleton) without verapamil. The insert was removed, cells were washed 3 times with KSFM and 
mounted on the humidified chamber on a Nikon Ti-E SpectraX Widefield Microscope, and images 
were taken every minute for 8 hours. Both far-red and bright-field images were collected. Quantifica-
tion of  cell parameters, including distance traveled over the length of  the experiment, was performed 
by Nikon software at the Cincinnati Children’s Hospital Medical Center Confocal Imaging Core. The 
region of  interest was set in the gap between cells, and SiR-DNA was used to track cells by creating 
binary masks.

Statistics. Statistical analysis was performed using Prism 6.0 software. Comparisons among groups were 
performed by the ANOVA tests; the 2-tailed t test was applied for comparisons of  two groups of  data. 
Spearman correlation analysis was performed to correlate SYNPO expression with the genes from the EoE 
transcriptome. A statistical probability of  P < 0.05 was considered significant; Holm-Sidak correction was 
applied when appropriate to correct for multiple samples. For box-and-whisker plots, the box represents 
the 50th percentile of  the data, whiskers show minimum and maximum values, and the line in the box 
represents the median. RNA sequencing was analyzed by DESeq (59).

Study approval. This study was performed with the approval of  the Cincinnati Children’s Hospital Med-
ical Center IRB (protocol 2008-0090). Informed consent was obtained from patients or their legal guardians 
for donation of  tissue samples for research and to have clinical information entered into the Cincinnati 
Center for Eosinophilic Disorders Eosinophilic Gastrointestinal Disorder database.
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