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Introduction
Eosinophilic esophagitis (EoE) is a chronic inflammatory disorder associated with allergic hypersensitivity 
to food. We recently interrogated >1.5 million genetic variants in EoE and identified the strongest genome-
wide association at 2p23 spanning the calpain 14 (CAPN14) gene (P = 2.5 × 10–10) (1), a finding that has 
already been replicated by an independent group (2). CAPN14 is a member of  the calpain family — a 
group of  intracellular, calcium-activated proteases. Yet, there have been no publications about the func-
tional role of  CAPN14.

Calpains are considered to be regulatory proteases, which alter both the structure and function of  their 
substrates (3, 4). The human calpain family consists of  16 members defined by their inclusion of  the two 
main protease domains that compose the protease core. CAPN14 is part of  the classical calpain subfamily, 
defined by its similar domain structure to the most extensively studied calpains, CAPN1 and CAPN2 (5). 
Calpains have been demonstrated to carry out a number of  functions, including restructuring cytoskeletal 
and membrane proteins, modifying molecules involved in signal transduction pathways, and inactivating 
enzymes controlling cell cycle progression, gene expression, and apoptosis (6).

CAPN14 is most highly expressed in the esophagus, providing a potential explanation for the tissue 
specificity of  EoE (1). In addition, CAPN14 expression is dynamically regulated as a function of  EoE dis-
ease activity and genetic haplotype and after exposure of  epithelial cells to IL-13. In addition, CAPN14 is 
located in an epigenetic hot spot modified by IL-13 (1). Furthermore, CAPN14 expression is upregulated 
by IL-4 and IL-13 (1, 7). Notably, IL-13 is overexpressed in EoE and induces loss of  barrier integrity in 
epithelial cells, mediated in part by loss of  desmoglein 1 (DSG1) expression (8).

Herein, we aimed to determine the function of  CAPN14 in esophageal squamous epithelium. We first 
demonstrated that CAPN14 has calpain protease activity and is inhibited by classical calpain inhibitors. 
Overexpression of  CAPN14 in esophageal epithelial cells was sufficient to induce disruption of  epithelial 

We recently identified a genome-wide genetic association of eosinophilic esophagitis (EoE) at 
2p23 spanning the calpain 14 (CAPN14) gene, yet the causal mechanism has not been elucidated. 
We now show that recombinant CAPN14 cleaves a calpain-specific substrate and is inhibited 
by 4 classical calpain inhibitors: MDL-28170, acetyl-calpastatin, E-64, and PD151746. CAPN14 is 
specifically induced (>100-fold) in esophageal epithelium after IL-13 treatment. Epithelial cells 
overexpressing CAPN14 display impaired epithelial architecture, characterized by acantholysis, 
epidermal clefting, and epidermolysis. CAPN14 overexpression impairs epithelial barrier function, 
as demonstrated by decreased transepithelial resistance (2.1-fold) and increased FITC-dextran flux 
(2.6-fold). Epithelium with gene-silenced CAPN14 demonstrates increased dilated intercellular 
spaces (5.5-fold) and less organized basal cell layering (1.5-fold) following IL-13 treatment. Finally, 
CAPN14 overexpression results in loss of desmoglein 1 (DSG1) expression, whereas the IL-13–
induced loss of DSG1 is normalized by CAPN14 gene silencing. Importantly, these findings were 
specific to CAPN14, as they were not observed with modulation of CAPN1 expression. These results, 
along with the potent induction of CAPN14 by IL-13 and genetic linkage of EoE to the CAPN14 gene 
locus, demonstrate a molecular and cellular pathway that contributes to T helper type 2 responses 
in mucosal epithelium.
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cell architecture and impair barrier function, properties not induced by CAPN1. Mechanistically, CAPN14 
overexpression reduced DSG1 expression, a process that has already been demonstrated to contribute to 
EoE via functional and genetic analyses (8, 9). Thus, we have identified CAPN14 as a functional protease 
that induces esophageal epithelial barrier impairment and loss of  DSG1 expression and regulates IL-13–
induced epithelial changes, providing insight into the recent genetic linkage of  EoE to the CAPN14 and 
DSG1 loci (1).

Results
CAPN14 is a functional protease. Recombinant CAPN14 (rCAPN14) and a short form that only included the 
protease core (domains IIa and IIb; Supplemental Figure 1; supplemental material available online with 
this article; doi:10.1172/jci.insight.86355DS1) were produced in HEK293 cells. rCAPN14 demonstrated 
a linear, dose-dependent protease activity in the range of  0.25 to 250 nM of  protein using a classical cal-
pain-specific cleavage assay measured by luminescence (10); in contrast, the short form containing only the 
protease core, which was purified in the same manner as rCAPN14, did not show enzymatic activity (Fig-
ure 1A). The classical reversible (MDL-28170, acetyl-calpastatin, and PD151746) and irreversible (E-64) 
calpain inhibitors preferentially affected rCAPN1 over rCAPN14 (Figure 1, B and C). rCAPN1 showed 
faster cleavage of  the substrate SucLLVY-AMC than rCAPN14, but CAPN14 showed continued reaction 
progress beyond 112 minutes, whereas the activity of  rCAPN1 reached a plateau after 20 minutes upon 
introduction of  the substrate (Figure 1D).

IL-13 specifically induces CAPN14 in esophageal epithelium. We sought to determine the kinetics of  IL-13–
induced CAPN14 mRNA in an esophageal epithelial progenitor cell line (EPC2). CAPN14 mRNA expres-
sion increased within 3 hours of  IL-13 stimulation and remained elevated for at least 24 hours (Figure 2A). 
Corresponding to the mRNA increase, there was an increase in CAPN14 protein expression, as shown by 
Western blot (Figure 2B). Of  all calpain family members, CAPN14 was the only member that increased 
with IL-13 stimulation (Figure 2C). CAPN14 mRNA induction mirrored that of  another classical IL-13–
stimulated gene product, CCL26 (eotaxin-3) (Figure 2A).

Figure 1. Recombinant calpain 14 has protease activity. Data from calpain activity assays comparing enzymatic activity of recombinant calpain 1 (rCAPN1), 
recombinant calpain 14 (rCAPN14), and rCAPN14 protease core are shown. (A) Calpain activity of rCAPN14 and rCAPN14 protease core as a function of 
protein amount (0.25–250 nM). (B) Calpain activity of rCAPN1 and rCAPN14 in the presence and absence of known reversible calpain inhibitors (n = 3). (C) 
Calpain activity of rCAPN1 and rCAPN14 in the presence and absence of known irreversible calpain inhibitor E-64. Data are representative of 3 independent 
experiments. Data are expressed as the mean ± SEM; ****P < 0.0001; statistical significance determined using a 2-tailed t test. (D) Reaction progress 
curves for cleavage of Suc-LLVY-AMC by rCAPN1 and rCAPN14 in the absence of inhibitors.
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Expression of  CAPN14 in esophageal biopsies. We next examined CAPN14 expression in esophageal 
biopsies. We observed a considerable increase in CAPN14 protein in EoE compared with that of  normal 
controls, as defined by Western blot analysis (Figure 3, A and B). Immunofluorescent staining revealed 
that CAPN14 protein expression was specific to the epithelium in the basal and suprabasal regions of  the 
esophagus (Figure 3C).

CAPN14 overexpression in esophageal epithelium results in membranous and nuclear staining. Overexpression 
of  CAPN14 in a CAPN14-transduced EPC2 cell line was demonstrable by immunofluorescent staining, 
which showed diffuse staining in the cytoplasm and nucleus (Figure 4A). Even though control cells had 
baseline calpain activity, likely from constitutive expression of  CAPN1 and CAPN2, the CAPN14-over-
expressing cells demonstrated increased calpain activity compared with that of  control cells (Figure 4B). 
After 6 days of  culture at air-liquid interface (ALI) (Figure 4C), overexpression transcript levels were 
similar to IL-13–induced expression levels (Figure 4D) and protein was detectable by Western blot analy-
sis (Figure 4E). CAPN14 immunofluorescent staining was increased at the periphery of  the cell and was 
more intense on the apical side of  the cells grown at the ALI (Figure 4F).

CAPN14 overexpression impairs epithelial cell architecture. CAPN14 overexpression caused disruption of  
the epithelial architecture, including separation of  neighboring cells (acantholysis), separation of  the epi-
thelium from its underlying substrate (epidermolysis), and intraepidermal clefting (Figure 5A). This dis-
ruption occurred despite normal growth of  the transduced cells compared with that of  control cells in 
monolayer culture (B.P. Davis, unpublished observations).

CAPN14 overexpression impairs barrier function. Cultures overexpressing CAPN14 had decreased tran-
sepithelial resistance (2.1-fold, P < 0.0001) and increased FITC-dextran flux through the epithelial layer 
(2.6-fold, P < 0.0001) (Figure 5, B and C). Interestingly, when CAPN1 was overexpressed in the same 
system, it did not affect barrier function or ALI architecture, although CAPN1 was enzymatically active 
(Supplemental Figure 2). Taken together, these data demonstrate that CAPN14 overexpression specifically 
induces impaired barrier function in esophageal epithelial cells.

CAPN14 gene silencing dysregulates the IL-13–induced epithelial changes in ALI cultures. To test whether 
CAPN14 may be involved in the IL-13–induced impaired barrier function pathway, we developed a 
CAPN14 gene-silencing approach using the EPC2-ALI system. As above, we performed lentiviral transduc-
tion of  EPC2 cells with a CAPN14 gene-silencing construct. We verified that the CAPN14 gene was silenced 
at both the mRNA and protein level (Figure 6, A and B). Additionally, the silencing effect was specific 
to CAPN14 (Supplemental Figure 3). CAPN14 gene silencing showed sustained barrier and architectural 
changes after IL-13 stimulation compared with the nonsilencing control (NSC) (Figure 6, C, F, and G), but 
gene silencing increased the disorder of  IL-13–mediated epithelial changes, including dilated intercellular 
spaces, 5.5-fold (P < 0.001) and the disarray of  basal cell organization, as quantified by nuclei lining the 
basolateral edge, by 1.5-fold (P < 0.05) (Figure 6, C–E). This occurred despite similar cell growth rates (B.P. 
Davis, unpublished observations).

Figure 2. IL-13 induces calpain 14 in esophageal epithelial cells. (A) Expression of calpain 14 (CAPN14) mRNA relative to GAPDH mRNA by quantitative 
PCR reaction in EPC2 cells exposed to IL-13 (100 ng/ml) for the indicated times. Eotaxin-3 is a positive control for IL-13 stimulation. (B) Western blot 
analysis of CAPN14 protein in air-liquid interface–cultured (ALI–cultured) EPC2 cells with or without (control) IL-13 for 96 hours; data are representative of 
3 independent experiments, and HSP-90 is a loading control. (C) mRNA levels of calpain family members in ALI-cultured EPC2 cells with and without IL-13 
treatment; data are derived from RNA-sequencing analysis, expressed as fragments per kilobase of exon per million, and representative of 3 independent 
experiments. For A and C, data are expressed as the mean or mean ± SEM; ***P < 0.001; statistical significance determined using a 2-tailed t test. CAST, 
calpastatin; CAPNS1, calpain small subunit 1.
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CAPN14 overexpression disrupts DSG1 expression. We next investigated the effect of  CAPN14 overex-
pression on junctional protein integrity. We first interrogated junctional protein expression by Western 
blot analysis of  14 junctional proteins (Supplemental Figure 4) and found a specific decrease in DSG1 
expression (Figure 7A). CAPN14 overexpression produced a lower-molecular-weight band (50 kDa) 
not seen with the empty vector control using anti-DSG1 antibody (Figure 7A). Immunofluorescent 
staining for DSG1 of  CAPN14-overexpressing cells grown at the ALI had decreased staining intensity 
and a loss of  the defined membranal staining pattern (Figure 7B). We did not observe this same effect 
with CAPN1 overexpression (Supplemental Figure 5). To further examine the CAPN14-mediated loss 
of  DSG1, we examined the effect of  CAPN14 gene silencing on DSG1 expression. We found that the 
50-kDa DSG1 band seen with CAPN14 overexpression could also be induced with IL-13 stimulation 
and that the IL-13–stimulated 50-kDa band was specifically blocked with CAPN14 gene silencing (Fig-
ure 7C). DSG1 immunofluorescence was decreased by IL-13 stimulation, but this effect was partially 
rescued by CAPN14 gene silencing (Figure 7D). Next, we observed that the immunofluorescent signal 
of  CAPN14 and DSG1 showed an inverse localization relationship, which was particularly evident 
when the fluorescent intensity was plotted according to distance from the membrane (Figure 7E); the 
two signals overlapped in the middle of  the ALI-cultured cells, where there was colocalization (Figure 
7F). Finally, we found that DSG1 was not the only epithelial differentiation gene product affected by 
CAPN14 expression (Supplemental Figure 6).

Discussion
Herein, we report what we believe is the first description of  the biochemical and functional properties of  
CAPN14. First, we identified CAPN14 as a functional enzyme that is blocked by known inhibitors of  clas-
sical calpains. Second, we reported that CAPN14 is the only member of  the calpain family substantially 
induced by IL-13 in esophageal epithelium in vitro. Third, we showed that CAPN14 protein expression 
is increased in EoE and is specifically expressed in the basal and suprabasal regions of  the epithelium. 
Fourth, we showed that CAPN14 has dynamic subcellular localization depending on cell-culturing condi-
tions, a cytoplasmic and nuclear localization in submerged cells, and an apical localization in ALI-cultured 

Figure 3. Expression of calpain 14 in esophageal biopsies. (A) A representative Western blot analysis of esophageal biopsies obtained from control and 
active patients with EoE. Each lane represents a separate patient. (B) Calpain 14 (CAPN14) band intensity was quantified in control (n = 10) and active 
EoE biopsies (n = 8) relative to HSP-90. *P < 0.05; statistical significance determined using Mann-Whitney test. (C) Immunofluorescence of esophageal 
biopsies from control individuals. Nuclei are indicated by DAPI (DNA) staining (blue). Green indicates staining with anti-CAPN14 antibody (second column) 
or rabbit IgG (fourth column). The bottom row contains high-powered views of the area enclosed in yellow square above. The dashed white line indicates 
basement membrane. Scale bar: 100 μm (top row); 10 μm (bottom row).
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cells, likely representing increased stability in the apical epithelium. Fifth, CAPN14 overexpression was 
sufficient to induce disruption of  the epithelial architecture. Notably, these CAPN14-induced changes are 
reminiscent to those seen in biopsies of  patients with EoE, including acantholysis. Sixth, we reported that 
CAPN14 overexpression induces loss of  epithelial barrier function, as assessed by transepithelial cell resis-
tance and paracellular flux. Seventh, mechanistically, we associated CAPN14 overexpression with loss of  
DSG1 expression, likely by a degradative mechanism, a process already shown to occur in EoE. Finally, we 
made the observation that lack of  CAPN14 disturbs IL-13–induced epithelial cell changes, as demonstrated 
by increased dilated intercellular spaces and basal cell disorder in the presence of  CAPN14 gene silencing. 
These findings suggest a key role for CAPN14 in regulating the effector phase of  epithelial pathology and 
in repair to cell injury (Figure 8). This latter finding also offers an explanation for the observation that the 
EoE risk allele is associated with reduced esophageal CAPN14 expression, even though CAPN14 is generally 
overexpressed in EoE compared with controls, and supports the view that CAPN14 may be involved in 
multiple aspects of  the disease, including susceptibility, induction, and repair. Collectively, we have eluci-
dated a mechanism contributing to T helper type 2–associated responses in the epithelium, and this contrib-
utes to our understanding of  the genetic association of  EoE with the CAPN14 gene (2p23).

CAPN14 belongs to the classical subfamily of  the calpain family, which includes calpains 1–3, 8, 9, and 
11–14 on the basis of  similar domain structure. CAPN14’s activity appears to be distinct compared with 
that of  CAPN1, based on the assay utilized, suggesting different substrate specificities between these two 
calpains, which is supported by the observed differential effects of  these calpains on DSG1. Interestingly, 

Figure 4. Characterization of calpain 14 overexpression. (A) Calpain 14 (CAPN14) (green) immunofluorescence in EPC2 cells transduced with either empty 
vector (EV) or CAPN14 overexpression vector (CAPN14). (B) Data shown are from calpain activity assays of lysates from EPC2 cells transduced and selected 
for EV and CAPN14 overexpression lentivirus uptake (n = 3). (C) A model of the overexpression system is shown. Cells were transduced with either EV or 
CAPN14 overexpression vector by lentiviral transduction. Differentiated EPC2 esophageal epithelial cells were grown for 11 days in high-calcium media 
starting at day 2. Cells were brought to the air-liquid interface (ALI) starting at day 7 in the presence or absence of IL-13 treatment (100 ng/ml). Images 
of H&E-stained cells correspond to the time points above. Original magnification, ×20. (D) Expression of CAPN14 mRNA relative to GAPDH mRNA by 
quantitative PCR in ALI-cultured EPC2 cells. IL-13 stimulation is a positive control (n = 3). (E) Western blot analysis of CAPN14 protein overexpression in 
ALI-cultured EPC2 cells. (F) Immunofluorescence of CAPN14 (green) overexpression in ALI-cultured EPC2 cells. DAPI is shown in blue. Original magnifica-
tion, ×20 (top and middle); ×100 (bottom). Scale bar: 10 μm. Data are representative of 3 independent experiments. For B and D, data are expressed as the 
mean ± SEM; ***P < 0.001, ****P < 0.0001; statistical significance determined using a 2-tailed t test.
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although CAPN1 and CAPN14 have distinct tissue specificities and functions (as defined by our findings), 
CAPN1 has been reported to cleave profilaggrin and filaggrin 2 (11, 12), central molecules in atopic derma-
titis whose expression is reduced in atopic dermatitis and EoE (13). Additionally, mucin processing in the 
lung, a process that is directly related to IL-13 and is a cardinal characteristic of  asthma (14), has been shown 
to be calpain dependent (15). CAPN1 and CAPN2 have been shown to cleave several barrier-related pro-
teins, including E-cadherin (16). So, it is important that CAPN14 appears to have a specific role in regulat-
ing DSG1 expression in contrast to the other classic calpains. Our findings mechanistically place CAPN14 
upstream of  DSG1 loss, which is a notable process in EoE, as DSG1 is normally markedly reduced in the 
esophagus of  patients with EoE, and its loss is sufficient to induce impaired barrier function in esophageal 
epithelial cells. DSG1 deficiency leads to an esophageal epithelial transcript signature that includes increased 
gene expression of  the proinflammatory extracellular matrix molecule POSTN and TSLP production (8). 
These findings have been reinforced by the existence of  a human condition induced by homozygous muta-
tions in the DSG1 gene, which cause a severe atopy syndrome that includes EoE (17). Additionally, IL-13 
leads to both decreased DSG and barrier dysregulation. In addition, we have preliminary evidence that 
CAPN14 activity in the epithelium is affecting a differentiation program. Finally, we have evidence demon-
strating increased CAPN14 protein expression in EoE that is epithelial specific. Together, this evidence, 
along with the finding that IL-13 induces CAPN14, suggests that IL-13 and CAPN14 may have a coopera-
tive role in epithelial barrier function.

Importantly, eosinophilic myositis (also known as limb-girdle muscular dystrophy type IIa) is caused by 
recessive mutations in CAPN3, a skeletal muscle–specific calpain that has been shown to cleave sarcomere 
proteins in response to cellular injury (18–20). The eosinophilia of  eosinophilic myositis has been postu-
lated to be a part of  a repair response to intracellular oxidative stress (21). Therefore, our collective data 
raise the possibility that EoE could be another calpainopathy.

Finally, although we do not yet know whether gain or loss of  CAPN14 activity leads to EoE risk, there 
are already data supporting the usefulness of  current medical therapies in both the inhibition and activation 
of  calpain systems that directly affect epithelial regenerative properties and may therefore be future possible 
EoE therapies (22–24).

In summary, we have shown that CAPN14 encodes a functional protease with potent capacity to induce 
cellular changes in epithelial cells and that these cellular and resulting tissue alterations are reminiscent of those 
occurring in EoE, including acantholysis, epidermal clefting, epidermolysis, and impaired barrier function. We 
functionally link CAPN14 overexpression with loss of DSG1 expression, a process that has already been shown 
to be causal in EoE (17). Interestingly, loss of DSG1 function occurs in pemphigus foliaceus, a disease also 
associated with eosinophilia (25). Our data offer a functional explanation of the strong linkage of EoE suscep-

Figure 5. Calpain 14 overexpression alters barrier function. (A) Cultures of EPC2 cells transduced with empty vector (EV) or calpain 14 overexpression vector 
(CAPN14) and grown at air-liquid interface (ALI) for 6 days were analyzed by H&E stain. These ALI-cultured cells were analyzed by (B) transepithelial resistance 
(Rt, n = 3) and (C) FITC-dextran flux assay (n = 3). Data are representative of 3 independent experiments. Scale bar: 10 μm. For B and C, data are expressed as the 
mean ± SEM; ***P < 0.001; statistical significance determined using a 2-tailed t test.
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tibility to the CAPN14 gene locus. Notably, IL-33, an epithelial-derived proallergic cytokine, has been shown to 
be processed in a calpain-dependent manner (26); yet, whether CAPN14 can mediate a similar effect has not 
yet been demonstrated. The CAPN14 gene-silencing studies provide early evidence that the function of CAPN14 
may not be limited to the induction of disease pathogenesis, as CAPN14 gene-silenced cells had exacerbated 
IL-13–induced pathology (dilated intercellular spaces), providing early evidence that CAPN14 is also involved 
in regulating repair responses to acute, T helper type 2–associated injury (Figure 7). Our collective data identify 
CAPN14 as a functional regulatory protease that induces esophageal epithelial barrier impairment and loss of  
DSG1 expression while supporting possible repair from IL-13–mediated changes. These findings highlight a 
potential central role of CAPN14 in EoE pathogenesis and thereby implicate EoE as a calpainopathy.

Collectively, we are reporting that CAPN14 is a functional enzyme that induces disruptive effects on 
esophageal epithelium. These findings, along with the potent induction of  CAPN14 by IL-13 and genetic 
linkage of  EoE to the CAPN14 gene locus, demonstrate a molecular and cellular pathway that contributes 
to T helper type 2 responses in mucosal epithelium.

Methods
Quantitative PCR analysis. RNA samples were prepared as previously described (27). Briefly, total RNA 
(250–500 ng) was DNAase treated, and complementary DNA was generated using the iScript comple-
mentary DNA synthesis kit (Bio-Rad Laboratories). Quantitative PCR was performed, and SYBR Green 
(Bio-Rad Laboratories) incorporation was analyzed using iQ5 software (Bio-Rad Laboratories). Relative 

Figure 6. Effect of calpain 14 gene silencing on epithelial cell responses to IL-13. EPC2 cells transduced with either a nonsilencing control (NSC) or calpain 14 
(CAPN14) gene silencing (KD-1 and KD-2) vector were grown at the air-liquid interface (ALI) with and without IL-13 and analyzed by (A) quantitative PCR of CAPN14 
mRNA relative to GAPDH mRNA and normalized to NSC without IL-13 (n = 3). (B) Western blot analysis of CAPN14 protein in ALI culture (n = 3) with HSP-90 as 
a loading control. (C) H&E staining of ALI-cultured EPC2 cells. (D) Quantification of the percentage of total area of dilated intercellular spaces. (E) Quantification 
of nuclei of basal cells in contact with basolateral edge of ALI epithelium. (F) Transepithelial resistance (Rt, n = 3) and (G) FITC-dextran flux (n = 3) of ALI system. 
Data are representative of 3 independent experiments. Scale bar: 10 μm. For A and D–G, data are represented as the mean ± SEM; *P < 0.05, **P < 0.01,  
***P < 0.001, ****P < 0.0001; statistical significance determined using a 2-tailed t test.
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expression was calculated using a standard curve method. Results were normalized to GAPDH, and fold 
induction was compared with controls. Primers (Integrated DNA Technologies) used are listed in Supple-
mental Table 1.

Western blot. Total cellular protein was extracted from esophageal biopsies with TRIzol (Invitrogen) 
according to the manufacturer’s instructions. Cell cultures were lysed with RIPA buffer with protease inhib-
itor cocktail. Loading buffer (Life Technologies) was added, and samples were sonicated, heated to 95°C 
for 10 minutes, and spun at 15,294 g for 10 minutes to separate the desired supernatant from the insoluble 
pellet. Samples were subjected to electrophoresis on 4% to 12% NuPAGE Bis-Tris gels (Life Technologies) 
and transferred to nitrocellulose membranes using the novex iblot system (Life Technologies) and a LI-
COR Odyssey CLx imager (LI-COR). Primary antibodies were used at a 1:1,000 dilution and included 
the following: anti-DSG1 (sc-20114, Santa Cruz Biotechnology), anti-CAPN14 (HPA035720, Sigma-Al-
drich), anti-HSP-90 (61014, BD Biosciences), anti-CAPN1 (HPA005992, Sigma-Aldrich), and anti–β-actin 
(A5441, Sigma-Aldrich). Secondary antibodies were used at 1:10,000 and included the following: goat 

Figure 7. Effect of calpain 14 overexpression on desmoglein 1 expression. EPC2 cells transduced with empty vector (EV), calpain 14 overexpression vector (CAPN14), 
nonsilencing control (NSC), or CAPN14 gene-silencing (KD-1 and KD-2) vectors were grown at the air-liquid interface (ALI) and analyzed by (A) Western blot analysis 
for desmoglein 1 (DSG1). Quantitation of the 50-kDa DSG1 band intensity normalized to the full-length DSG1 band intensity is shown. (B) Immunofluorescence of 
DSG1 (green) in ALI culture; DAPI is shown in blue. (C) Western blot analysis of the CAPN14 gene-silencing effect on IL-13–mediated appearance of a DSG1 immu-
noreactive molecular species (50-kDa band) and quantitation of the 50-kDa DSG1 band intensity normalized to full-length DSG1 band intensity. (D) Immunofluores-
cence of DSG1 (green) in ALI-cultured EPC2 cells with and without IL-13 stimulation and CAPN14 gene silencing; DAPI is shown in blue. (E) ALI immunofluorescence 
intensity relationship of CAPN14 (green) and DSG1 (purple) and (F) colocalization of CAPN14 (green) and DSG1 (purple); DAPI is shown in blue. Data are representa-
tive of 3 independent experiments performed with replicates (n = 3–6). For A and C, data are expressed as the mean ± SEM; ***P < 0.001; statistical significance 
determined using a 2-tailed t test. Original magnification, ×20. Scale bar: 10 μm.
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anti-mouse (926-68070, LI-COR) and goat anti-rabbit (926-3221, LI-COR). Blots were visualized using the 
Odyssey CLx system (LI-COR) and were quantified using Image Studio (LI-COR).

RNA sequencing and bioinformatic analyses. RNA isolated from ALI cultures was subjected to RNA sequenc-
ing at the CCHMC Gene Discovery and Genetic Variation Core as previously described (28). The paired-end 
sequencing reads were aligned against the GRCh37 genome model using TopHat 2.04 with Bowtie 2.03 (29, 
30). The separate alignments were then merged using Cuffmerge, with RefSeq gene models as a reference. The 
aligned reads were then quantified for differential expression analysis using Cuffdiff  (31). Statistical signifi-
cance was determined using a t test with a threshold of  P < 5 × 10–2 and a 2-fold cutoff  filter in GeneSpring 
11.5 (Agilent Technologies Incorporated). The GEO accession number for this data set is GSE65335.

EPC2 cell culture. The esophageal epithelial cell line (human telomerase reverse transcriptase–immortal-
ized EPC2 cell line) was a gift from Anil Rustgi (University of  Pennsylvania, Philadelphia, Pennsylvania, 
USA) (32). EPC2 cells were cultured in keratinocyte serum–free media (Life Technologies) supplemented 
with bovine pituitary extract, epidermal growth factor, and amphotericin (Life Technologies).

ALI culture system. For the ALI culture system, EPC2 cells were grown to confluence while fully sub-
merged in low-calcium ([Ca2+] = 0.09 mM), keratinocyte, serum-free media (Life Technologies) on per-
meable supports with 0.4-mm pores (Corning Incorporated). Confluent monolayers were then switched 
to high-calcium ([Ca2+] = 1.8 mM), keratinocyte, serum-free media for an additional 5 days. To induce 
epithelial stratification and differentiation, the culture medium was removed from the inner chamber of  
the permeable support in order to expose the cell monolayer to the air interface. Differentiated esophageal 
epithelial equivalents were analyzed 5 to 7 days after exposure.

Lentiviral transduction. EPC2 cells were transduced with shRNA targeting the 3′ UTR of  CAPN14 or 
a NSC shRNA using the Mission RNAi system (SHCLNG-NM_001145122, Sigma-Aldrich) or overex-
pression constructs (CAPN1, CAPN14, empty vector) using the PLVX-puro vectors (Clontech). Lentiviral 
particles were prepared at the CCHMC Viral Vector Core facility. Forty-eight hours after transduction, 
cells were selected for stable integration using puromycin (1 mg/ml). Overexpression and gene silencing 
efficiency, as compared with NSC shRNA– or empty vector–transduced cells, was assessed by quantitative 
PCR, Western blot, and immunofluorescent staining, as described herein.

Immunofluorescent histochemical microscopy. For immunohistochemical staining, formalin-fixed, paraf-
fin-embedded distal esophageal biopsies and ALI-cultured epithelium were serially sectioned and deparaf-
finized using xylene followed by graded ethanol washes. Heat-induced epitope retrieval in sodium citrate 
buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) was used, and endogenous peroxidase activity 

Figure 8. Model of calpain 14 function. IL-13 stimulates calpain 14 (CAPN14) expression and desmoglein 1 (DSG1) downregulation. In addition, CAPN14 leads 
to the loss of DSG1 expression, which, together with IL-13–mediated effects, causes an impaired barrier function. In addition, CAPN14 has a regulatory role 
on the epithelial structure, as CAPN14 gene silencing induces disorder of the IL-13–mediated changes. We propose that CAPN14 acts as a regulator of IL-13–
induced epithelial restructuring. The activity of CAPN14 is likely finely tuned to effect proper restructuring. If CAPN14 is overactive, there is a gross disruption 
of epithelial integrity. If CAPN14 is underactive, the restructuring process is likely constrained, leading to a disordered epithelial response to IL-13.
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was quenched in 2% H2O2. Slides were blocked in phosphate-buffered saline with 3% goat serum for 1 
hour followed by overnight incubation at 4°C in the following primary antibodies (2 mg/ml): mouse anti-
DSG1 (sc-2011; Santa Cruz Biotechnology) and rabbit anti-CAPN14 (HPA035720, Sigma-Aldrich). Slides 
were then washed and incubated for 1 hour at room temperature with either anti-rabbit Alexa Fluor 488 
(A11008, Life Technologies) or anti-mouse (A11012, Life Technologies) (1:250). Nuclei were stained with 
DAPI. Histochemical staining of  slides was performed with H&E stain. Cross-sectional area of  H&E-
stained sections was calculated using image processing with ImageJ (NIH).

Transepithelial resistance and paracellular flux assays. Transepithelial resistance measurements and para-
cellular flux assays using FITC-dextran (average molecular weight 4 kDa) were performed as previously 
described (33). In vitro measurements for transepithelial resistance following ALI culture were assessed 
using an EVOM (World Precision Instruments Inc.). Fluorescence was read using the Biotek Synergy2 
Multi-Mode microplate reader.

Calpain activity assay. EPC2 cultures were lysed with Mammalian Protein Extraction Reagent lysis buf-
fer (Pierce, 78501) in the presence of  1 mM EDTA and 1 mM dithiothreitol on ice. rCAPN14 used in this 
assay was obtained from Lifeome. It was produced as amino acids 43–684, with the predicted molecular 
weight of  78 kDa. Recombinant or purified protein was diluted in calpain activity buffer (100 mM Tris-
HCl, pH 7.4, 10 mM CaCl2, 1 mM DTT) to 250 nM unless otherwise noted. Calpain activity was measured 
with the Promega Calpain-Glo protease assay according to the manufacturer’s instructions. Briefly, 25 μl 
of  lysate or diluted protein was incubated for 15 minutes with reaction buffer, and the luminescence was 
read at 37°C using the GloMax-Multi+ Microplate Multimode Reader (Promega). For inhibitor studies, 
inhibitors were added prior to the start of  the assay. Concentrations of  inhibitors were as follows: 50 μM 
acetyl-calpastatin (2950, Tocris), 20 μM MDL-28170 (M6690, Sigma-Aldrich), 100 μM PD151746 (Santa 
Cruz Biotechnologies), and 100 μM E-64 (Sigma-Aldrich). Baseline measurements of  Calpain-Glo buffer 
alone (Promega) were subtracted from results. For irreversible inhibitor E-64, fluorescence measurements 
were performed on the same instrument using irradiation λEx = 365 nm and reading aminomethylcoumarin 
signal at λEm = 410–460 nm.

Statistics. Statistical significance was determined using a 2-tailed t test, and P < 0.05 was considered sig-
nificant. All statistical analyses were performed using GraphPad Prism (GraphPad Software Incorporated).

Study approval. The use of  patient biopsies in this study was reviewed and approved by the CCHMC 
Institutional Review Board, Cincinnati, Ohio, USA. Subjects provided informed consent prior to their 
participation in the study.
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