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Eosinophilic esophagitis (EoE) is an allergic inflammatory esophageal disorder with a complex
underlying genetic etiology often associated with other comorbidities. Using whole-exome
sequencing (WES) of 63 patients with EoE and 60 unaffected family members and family-based
trio analysis, we sought to uncover rare coding variants. WES analysis identified 5 rare, damaging
variants in dehydrogenase E1 and transketolase domain-containing 1 (DHTKDT7). Rare variant
burden analysis revealed an overabundance of putative, potentially damaging DHTKD1 mutations
in EoE (P = 0.01). Interestingly, we also identified 7 variants in the DHTKD17 homolog oxoglutarate
dehydrogenase-like (OGDHL). Using shRNA-transduced esophageal epithelial cells and/or patient
fibroblasts, we further showed that disruption of normal DHTKD1 or OGDHL expression blunts
mitochondrial function. Finally, we demonstrated that the loss of DHTKD1 expression increased
ROS production and induced the expression of viperin, a gene previously shown to be involved in
production of Th2 cytokines in T cells. Viperin had increased expression in esophageal biopsies

of EoE patients compared with control individuals and was upregulated by IL-13 in esophageal
epithelial cells. These data identify a series of rare genetic variants implicating DHTKD1 and
OGDHL in the genetic etiology of EoE and underscore a potential pathogenic role for mitochondrial
dysfunction in EoE.

Introduction

Eosinophilic esophagitis (EoE) is a chronic allergic disorder that presents in infancy as vomiting and
failure to thrive and as dysphagia and food impaction in adulthood (1, 2). Evidence is emerging that
EoE involves the interplay of genetics and environment (3-5). Most genetic studies have focused on
analysis of common genetic variants, and linkages at chromosomes 2p23 and 5922 have been found (6,
7). Gene expression profiling and immunologic analyses have revealed that the disease is characterized
by intense type 2 immune associated inflammatory processes (8, 9).

Although genetic predisposition has been demonstrated in EoE, the non-Mendelian inheritance pattern and
polygenic nature of the disease have hindered the identification of disease-causal variants (2, 5, 6, 8). GWAS
and candidate gene studies have identified select genes contributing to EoE risk, such as thymic stromal lympho-
poietin (7SLP) and more recently calpain 14 (CAPNI14); however, the causal variants remain controversial (6, 7,
10-13). There is now an increased recognition of the key role of environmental factors (exposures) (3).

Molecular analyses have identified IL-13 as a potent mediator of many pathologic features of the esopha-
geal epithelium in EoE, including hyperplasia, barrier dysfunction, and release of proinflammatory chemo-
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kines and cytokines (9, 14-17). IL-13 is the chief stimulus for the production of eotaxin-3 (chemokine [C-C
motif] ligand 26, encoded by CCL26), an eosinophil-selective chemoattractant and activating cytokine, as well
as CAPN14 from esophageal epithelial cells. In fact, in vitro stimulation of primary esophageal epithelial cells
with IL-13 alone can elicit a substantial portion of the disease-specific transcriptional responses (e.g., the EoE
transcriptome) observed in inflamed esophageal tissues ex vivo (8, 13, 14, 18). Further evidence highlighting
the critical role of IL-13 in EoE pathogenesis has come from a recent clinical trial showing a positive effect of
anti-IL-13 treatment on esophageal eosinophilia and gene expression in patients (17).

In addition to atopic disorders such as atopic dermatitis and asthma (19, 20), EoE has been observed
in the presence of other comorbidities, including a spectrum of inherited connective tissue disorders
(CTD) characterized by hypermobility syndrome, suggesting common disease pathways (21). For instance,
TGF-B—mediated fibrotic responses have been implicated in both esophageal remodeling and dysmotility
in EoE and the CTDs Marfan syndrome and Loeys-Dietz syndrome (21-25). Acquired mitochondrial
dysfunction, often associated with coenzyme Q deficiency, has been noted in a cohort of patients with
EoE (26). Mitochondriopathies can affect virtually all organ systems with various phenotypic manifesta-
tions. During allergic inflammatory responses, mast cell degranulation — which has been demonstrated
to occur in the esophagus of patients with EoOE — is dependent on mitochondrial translocation to sites of
exocytosis; conversely, mast cells and eosinophils can also secrete mitochondrial components that, in turn,
can induce mast cell degranulation and histamine release (27-30). Disrupted synthesis of mitochondria by
haploinsufficiency of the intracellular phosphatidylcholine transport protein steroidogenic acute regula-
tory protein—related (StAR-related) lipid transfer domain protein 7 (StARD?7) in epithelial cells results in
spontaneous allergic responses in mice, highlighting the potential of mitochondrial dysfunction to induce
inflammatory responses (29, 31). In addition, activated eosinophils can also release mitochondrial DNA
traps into the extracellular space as an antibacterial defense mechanism (30). Despite these findings, how-
ever, no direct link between mitochondrial dysfunction and EoE has been reported.

As the number of genome-wide susceptibility loci associated with complex diseases continues to grow,
an emphasis has now been placed on identifying causal variants that alter the expression or protein function
of the associated genes, particularly those functions mediated by rare variants. Here, we report the genetic
analysis of protein-coding variants in EoE through whole-exome sequencing (WES) of 37 unrelated fami-
lies containing 63 patients with EoE and 60 unaffected family members. We identified 10,746 rare muta-
tions predicted to be damaging, including 9 damaging de novo mutations and 477 damaging compound
heterozygous variants in 181 genes, many of which are involved in innate immune system function. Inter-
estingly, WES analysis revealed enrichment in rare, damaging variants in dehydrogenase E1 and transke-
tolase domain—containing 1 (DHTKDI), a nuclear gene involved in mitochondrial lysine metabolism and
ATP production (32, 33). In particular, we identified a potentially novel nonsense (arginine [Arg] 834*)
of a 2-generation family with EoE and phenotypes suggestive of mitochondriopathy and a potentially
novel splicing mutation (c.1897-1 guanine [G] > adenine [A], transcript NM_018706.6). Notably, DHT-
KDI Arg834* resulted in haploinsufficiency in the affected family members through nonsense-mediated
decay (NMD). Both the loss of DHTKD! (through shRNA transduction of esophageal epithelial cell lines)
and the ¢.1897-1G>A mutation (in patient esophageal fibroblasts) impaired mitochondrial function. We
also identified 7 potentially damaging variants in the DHTKD1 homolog oxoglutarate dehydrogenase-
like (OGDHL), and patient fibroblasts harboring a missense mutation (c.406 cytosine [C] > thymine [T],
p-proline [Pro] 136 serine [Ser], transcript NM_001347819.1) in OGDHL also revealed mitochondrial dys-
function, including generation of ROS. Lastly, we show that DHTKDI depletion in esophageal epithelial
cells in vitro increased transcripts of radical S-adenosyl methionine domain—containing 2 (RS4AD?2) (also
known as viperin), a Th2 promoting gene in T cells, both at baseline and with IL-13 treatment. Taken
together, these data suggest genetic insult of DHTKDI and OGDHL as predisposing factors in driving mito-
chondrial dysfunction and molecular pathways linked to the progression of allergic inflammation.

Results

WES analysis of EoE. Analysis of WES data from the study cohort, including the filtering methods used to iden-
tify variants and the analyses performed, are depicted in Figure 1. WES was performed on 63 EoE patients from
25 unrelated trios and 12 multiplex families composed of 2 or more related patients with EoE. We focused on
identifying rare variants with a minor allele frequency (MAF) < 0.01 that were predicted to be damaging to pro-
tein function (including de novo mutation events). In addition, we sought to identify compound heterozygous
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Figure 1. EOE WES study design. Schematic
depicting the workflow for whole-exome
sequencing (WES) filtering of rare, damag-
ing variants, de novo variants, and compound
heterozygous variants in 63 patients with
eosinophilic esophagitis (EoE) and 60 unaf-
fected family members. Filtering details

can be found in Methods. Alt, alternate; GQ,
genotype quality score; DP, read depth; MAF,
minor allele frequency; KBAC, kernel-based
adaptive cluster. Asterisk indicates one of the
families (trio) included an unaffected sibling
and a grandparent.

variants, using an initial MAF threshold of <0.05 for 1 variant and a MAF <0.01 for a second variant in the
same gene; notably, less than 10% of the 442,356 coding variants had a MAF < 0.05 (nz = 40,333). Using these
filtering parameters, we identified a total of 10,725 rare, putatively damaging mutations in 63 patients with EoE;

of these mutations, Sanger sequencing was used to validate 9 de novo variants, each of which occurred in only
1 patient with EoE (Supplemental Table 1; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.99922DS1). In particular, we identified a de novo variant in dedicator of cytokinesis 8
(DOCKS), whose encoded protein is critical for lymphocyte survival and function; notably, DOCKS loss-of-func-
tion mutations result in combined immunodeficiency characterized by severe atopy, including EoE (34-36). We
also identified an Arg264 glutamine (Gln) de novo variant identified in myeloid differentiation primary response
88 (MYDSS); interestingly, this mutation is proximal to a leucine (Leu) 265 Pro gain-of-function mutation in
MYD&S that is associated with B cell lymphoma and Waldenstrom macroglobulinemia (37, 38).

We also identified 477 compound heterozygous variants in 181 genes and used Sanger sequencing to vali-
date 14 variants in 7 genes (Supplemental Table 2). Notably, 5 of 7 genes have a previous genetic association
(7) and/or potential functional implications in EoE pathophysiology (8, 39—41). Arachidonate 15-lipoxygenase
(ALOX15), one of the most highly induced genes in the esophageal mucosa of patients with active EoE, was

found to contain 2 compound heterozygous variants (8, 42). Compound heterozygous variants were also found
in IL5RA, the gene encoding the o subunit of the receptor for IL-5, an essential cytokine driving eosinophil
maturation and survival (39). Laminin subunit o 5 (LAMAY5), encoding a key cell adhesion molecule necessary
for gastrointestinal development, also had 2 compound heterozygous variants (43). In addition, 2 compound
heterozygous variants, including a nonsense mutation at Gln370, were identified in 7ZLR 10, whose protein prod-

uct has been shown to act as an antiinflammatory-pattern recognition receptor that antagonizes TLR2 signaling
(44). Lastly, 2 compound heterozygous variants in WD repeat-containing protein 36 (WDR36), which resides in

the EoE susceptibility locus on chromosome 5g22 (6, 7), were found.
DHTKDI mutation in multiplex family with EoE. In an effort to identify causal variants, we focused our analy-

sis on a multiplex family (family 443) exhibiting an autosomal dominant pattern of inheritance with extreme
EoE phenotypes (Table 1 and Figure 2A). The affected mother (443, 1.1) and all three offspring (443, 11.1-3)
have EoE diagnoses (including proton pump inhibitor [PPI] resistance) and multiple underlying atopic con-
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Table 1. Patient phenotypes of affected members of family 443 and patient 2.0

Subject

Sex

Age (years)

Peak esophageal

eosinophil levels (per
HPF)

Food allergies
Environmental
allergies

Atopic dermatitis
Asthma

Allergic rhinitis
Allergic conjunctivitis
Other EGID
Mitochondrial
phenotype

[Normal range]

Family 443
11 111 1.2 1.3 2.0
Female Male Female Female Female
36 1 9 7 21
185 65 59 54 20
Yes Yes Yes Yes Yes
Yes No Yes Yes No
No No No No No
Yes Yes No No No
Yes No No Yes Yes
Yes No No No Yes
No No No No No
elevated AST levels elevated AST levels elevated AST levels elevated AST levels Normal LFTs
(38 U/1) (121U/1) (43 u/1) (67 U/I)
[14-36 U/1] [10-36 U/I] [5-36 U/I] [15-60 U/I]

Constipation and
gastroparesis, pain,

Constipation food intolerance

Constipation Pain, food intolerance

Rhabdomyolysis
following anesthesia:
elevated CPK levels =

1,868-3,558 U/I

[50-350 U/I1]

Hypermobile Ehlers-
Danlos syndrome

Muscle weakness,
fatigue
Low coenzyme Q10 (% Complex IV deficiency
reduce = 0.787)
[0.94-0.98]
Hyperopia

Muscle weakness Fatigue

HPF, high-power field; EGID, eosinophilic gastrointestinal disorder; CPK, creatine phosphokinase; LFT, liver function test; AST, aspartate aminotransferase

ditions. In addition, the offspring presented with phenotypic characteristics suggestive of mitochondriopathy,
including gastrointestinal dysmotility, rhabodymyolysis (in 1 individual following anesthesia), kidney dysfunc-
tion, hypotonia, fatigue, and hyperopia. Notably, offspring I1.3 also has the hypermobile form of Ehlers-Dan-
los syndrome, exhibiting skin elasticity and joint hypermobility with a Beighton score of 8; CTDs including
Ehlers-Danlos syndrome have been identified as comorbidities of EoE (21, 45). No esophageal disease, atopy,
or mitochondriopathy was reported in the unaffected father (1.2). Among the 90 rare (MAF > 0.01), maternally
inherited (i.e., autosomal dominant) variants predicted to affect protein function, we identified and validated by
Sanger sequencing a potentially novel nonsense Arg834* mutation in the gene encoding DHTKD1 (Figure 2A).

DHTKDI mutations are enriched in EoE. Four other rare, damaging mutations in DHKTD! were identified
among 37 exomes of unrelated patients with EoE, including 3 nonsynonymous variants and 1 potentially novel
splicing variant (Table 2 and Figure 2, B and C). We validated the c.1897-1G>A splicing mutation, which occurs
immediately before exon 11 of DHTKDI, in family 808 by Sanger sequencing (Figure 2B). Despite the index
patient (808, II.1) and his mother (808, 1.1) being heterozygous for ¢.1897-1G>A, neither exhibited any pheno-
type suggestive of a potential mitochondriopathy, further suggesting that this variant is more likely to be associat-
ed with EoE. We next sought to determine whether DHTKD] was enriched for rare variants in EOE. The Exome
Aggregation Consortium (ExAC) database (http://exac.broadinstitute.org/) identifies 243 DHTKD1 amino
acid—altering variants in the European (non-Finnish) population. From the MAF of these variants, it is expected
that only 6.3% of the European population contains DHTKD1 amino acid—altering variants compared with
the 18.75% (n = 7) identified in the 37 unrelated patients with EoE (P = 0.0015 y? with Yates correction). The 5
variants detected in the EoE cases were identified in 1.3% of the European population (P= 1.7 x 107%) (Table 2).
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Figure 2, Rare variants in DHTKD1 in EoE.
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individuals are noted by shaded symbols)
11 1.2 11 1.2 and chromatograms from Sanger sequencing
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(11.1) and his unaffected mother (1.1) in fam-
2 11 1.2 ily 808 (B). Schematic of the DHTKD1 gene
locus. The DHTKD1 variants noted above the
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(with references in brackets) are indicated
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c rs78189904
c.488G>A ¢.2500C>T
p.Arg163GIn p.Arg834*
rs147571909 rs145082960
¢.1079T>C c.2585G>T
p.Val360Ala c.1897-1G>A p.Ser862lle
DHTKD1
NM_018706
Exon: 1 2 3 45 67 8 910 1112 13 14 151617
c.1A>G c.1455T>G rs117225135
p-Met1 p.Tyr485* c.2185G>A
[Danhauser, et al.] [Xu, et al] p.Gly729Arg
c.1228C>T [Danhauser, et al.]
p.Arg410*

[Danhauser, et al.]

Among the 113 DHTKDI variants detected in the European American population in the National
Heart, Lung, and Blood Institute (NHLBI) GO Exome Sequencing Project (ESP) data, these variants were
undetected or detected in less than 0.7% (MAF = 2.0 x 10 to 6.1 x 107°) (data not shown). In order to
determine whether DHTKDI was enriched for rare, damaging variants in EoE, rare variant association test-
ing was performed on 37 unrelated patients with EoE and 379 European ancestry controls from the 1000
Genomes Project (http://www.internationalgenome.org/) (Supplemental Table 3). Indeed, a significant
association (P = 0.01) between DHTKDI rare, damaging variants and EoE was observed, suggesting that
DHTKDI] variants are linked to EoE, independently of mitochondriopathy.

Esophageal DHTKDI expression in multiplex family with EoE. Gene expression profiling of esophageal
biopsies by RNA sequencing (RNA-seq) demonstrated that esophageal expression of DHTKDI was mod-
erately increased (P = 6.7 x 107, fold change 1.67) in an unrelated cohort of patients with active EOE (n
= 8) compared with normal controls (NL; # = 6) (Figure 3, A and B). Regardless of their disease activity
at the time of biopsy, members of family 443 with EoE had significantly lower DHTKD! expression than
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Table 2. Rare, damaging DHTKD1 variants identified by WES in patients with EoE

Position”

12126716
12133603
12148244
12160845
12162193

dbSNP 138 ID

1578189904
rs147571909
N/A
N/A
rs145082960

EoE
Classification Exon  Base change Amino acid ESP MAF® HETs®  Genotypes®

change (n) (n)

Nonsynonymous 3 c.488GC>A p.Arg163Gin 0.0012 1 37
Nonsynonymous 6 €.1079T>C p.Val360Ala 0.0061 4 37
Splicing 1 c.1897-1G>A N/A N/A 1 37
Stop gain 15 €.2500C>T p.Arg834* N/A 4 55
Nonsynonymous 16 €.2585G>T p.Ser862lle 0.0002 2 18

AGenome build hg19 coordinates; ®National Heart, Lung, and Blood Institute (NHLBI) ESP European MAF; ‘number of patients with EoE with heterozygous
genotype (includes unrelated and related patients); number of patients with EoE and genotypes called. A, adenine; Ala, alanine; Arg, arginine; C, cytosine;
dbSNP, single nucleotide polymorphism database; DHTKD1, dehydrogenase E1and transketolase domain-containing 1; EoE, eosinophilic esophagitis;

ESP, Exome Sequencing Project; G, guanine; GIn, glycine; ID, identification; lle, isoleucine; HETs, heterozygotes; MAF, minor allele frequency; Ser, serine; T,
thymine; Val, valine; WES, whole-exome sequencing.

insight.jci.org

the EoE cohort (P = 0.029); interestingly, disease remission (443, 11.2) had lower levels than disease flare
(443, II.1 and I.1) within family 443 (Figure 3, A and B). A closer look at the RNA-seq read depths from
the affected family 443 members revealed a disproportionate percentage of reads (87.0%—95.4%) detecting
the reference C allele relative to the alternate T allele, suggesting NMD of the transcript with the T allele
(Figure 4A). We validated the effect of ¢.2500C>T, p.Arg834*, which creates a unique Ddel recognition
sequence in exon 15, on DHTKDI] transcript levels using RFLP mapping. PCR from esophageal cDNA
samples from NL individuals and individuals with EoE from family 443 was performed across exons 14—16
of DHTKDI (Figure 4B); the resulting amplicon also contains a natural Ddel restriction site 14 bp from
the 3’ end as a positive control. Cleavage with Ddel demonstrated a similar fragment pattern between the
heterozygous carriers from family 443 and a homozygous NL individual, indicating a lack of amplification
from transcripts containing the alternate A allele in the affected family members (Figure 4B). IHC staining
detected DHTKD1 protein throughout the esophageal epithelium in patients with EoE and lower expres-
sion, primarily in the basal region, in NL individuals (Figure 5). The staining intensities were reflective of
the RNA-seq data: a more intense staining in patients with active EoE relative to NL individuals. Similar to
the trends noted for family 443 and disease activity in the RNA-seq data (Figure 3B), DHTKD1 expression
was reduced in the individual I1.2 regardless of disease state (Figure 5).

DHTKDI gene silencing reduces mitochondrial function. Given the haploinsufficiency in family 443, we aimed
to determine the effects of reduced DHTKDI expression on mitochondrial function in a cell type relevant to
EoE. Therefore, we used shRNA to knock down DHTKDI expression (compared with a nonsilencing control
[NSC] shRNA) in an esophageal epithelial cell line (EPC2) (Figure 6A). DHTKDI knockdown had no observ-
able effect on cell differentiation under baseline conditions, as evident by H&E staining of air-liquid interface
(ALI) cultures (Figure 6B). DHTKDI knockdown resulted in reduced ATP production and blunted basal
and maximal respiration rates in DHTKDI-deficient cells compared with control cells (Figure 6C). We also
observed a significant increase in ROS (H,O,) production with DHTKD! depletion (Figure 6D).

In addition to esophageal epithelial cells, mitochondrial function testing was performed using primary
esophageal fibroblasts from an NL patient and the patient with EoE with the heterozygous ¢.1897-1G>A splic-
ing mutation (individual II.1 from family 808). The c.1897-1G allele and the flanking sequence at the 5’ bound-
ary of exon 11 are highly conserved across multiple species (Supplemental Figure 2). In silico analysis using
Human Splicing Finder (http://www.umd.be/HSF3/) (46) indicated that ¢.1897-1G>A ablates the canonical
splice acceptor site at the boundary of exon 11, causing an alternative splice site 11 bases into exon 11 that
produces a predicted frameshift and truncation of DHTKD1 protein (Figure 7A). Compared with the NL fibro-
blasts, the EoE fibroblasts from patient II.1 of family 808 had significantly attenuated mitochondrial function, as
evidenced by decreased ATP production and reduced basal and maximal respiration rates (Figure 7B).

Genetic variants in the DHTKDI homolog OGDHL. Given the abundance of DHTKD] variants across
multiple patients with EoE, we hypothesized that perturbing DHTKD associated processes may be a wide-
spread theme involved in disease pathology. Genetic variants in OGDHL, a nuclear gene that encodes a
predicted functional homolog of DHTKDI (47), was identified independently in a 21-year-old patient with

https://doi.org/10.1172/jci.insight.99922 6
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Figure 3. DHTKD1 expression in EoE. Heatmap from RNA sequencing of patient esophageal biopsies showing log, fragments per kilobase of transcript per
million mapped reads (FPKM) values for dehydrogenase E1 and transketolase domain-containing 1 (OHTKD1) expression in normal controls (NL, n = 6; open
squares), unrelated patients with active eosinophilic esophagitis (EoE) (n = 8, shaded circles), and select, affected individuals from family 443 (boxed with
dashed line): 1.1 and 111 (active disease, shaded triangle) and 1.2 (inactive disease, open triangle) (A). Data are plotted by FPKM in a profile plot below in A
and clustered in B; bars in B represent the mean + SD. Statistical analysis was performed using one-way ANOVA (and nonparametric) with Dunn’s multiple
comparisons test. *P < 0.05 and **P < 0.01 compared with NL unless otherwise noted.
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EoE and clinical presentation of chronic fatigue and exercise intolerance who was being evaluated in the
Mitochondrial Disorders Program at CCHMC. This patient (referred to as 2.0 in Table 1) had c.406C>T
mutation in OGDHL that causes a Pro-to-Ser missense change at position 136 (p.Pro136Ser) (Figure 8, A
and B), which is predicted to be damaging using SIFT prediction and Polymorphism Phenotyping version 2
(PolyPhen-2) (data not shown). The patient’s clinical background is described in Table 1. In brief, she expe-
rienced vomiting, stomach pain, and difficulty feeding as a child. A diagnosis of EoE was made at 12 years,
and the patient was unsuccessfully treated with food trials but improved with prednisone. She eventually
became dependent upon total parenteral nutrition, but her clinical symptoms progressed to include chronic
fatigue, heat intolerance, and postural orthostatic tachycardia syndrome. She has an extensive work up
for possible mitochondrial disease. She had complex IV deficiency as seen on muscle biopsy, but electron
microscopy, mitochondrial DNA whole-genome sequencing, liver function, acylcarnitine level, organic
acids, amino acid profiles, lactate/pyruvate levels, electromyogram, and brain MRI were all normal.

To further test the hypothesis that mutations of OGDHL are associated with EoE, we mined the WES
data for damaging mutations in the OGDHL genes and identified 2 rare, damaging mutations (Table 3).
‘We next sought to identify additional OGDHL coding variants and performed Sanger sequencing of the 23
exons of OGDHL in a separate cohort of 49 patients with EoE. These direct sequencing efforts identified 5
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generated from the C vs. T allele (B, upper panel). Gel electrophoresis after RFLP mapping performed on individuals 11, 1.1, and I1.2 and normal control
individual (NL) homozygous for the C allele (B, lower panel).+ CTL, positive control.

additional OGDHL coding variants (Table 3 and Figure 8, A and B); similar sequencing efforts of the same
cohort did not identify additional DHTKD] variants (data not shown). Five of 7 OGDHL variants have not
been reported in the NHLBI ESP6500 data, whereas the remaining 2 variants were detected with MAFs
of 0.0028 and 0.0042 (Table 3). These results support that mutations in both DHTKD! and its homolog
OGDHL are associated with EoE. Notably, mitochondrial function testing on fibroblasts from this patient
harboring the c.406C>T variant demonstrated attenuated mitochondrial function similar to the results of
the patient’s muscle biopsy and the effects of the DHTKDI c.1897-1G>A mutation (Figure 8C).

We ended up identifying 7 variants in OGDHL in patients with EoE. OGDHL exhibits high
sequence homology to DHTKD1 and acts on a similar metabolic pathway (47) (Figure 8D and Supple-
mental Figure 1). To examine the possible mechanisms of how the variants possibly affect the protein
function, we mapped all the variants found in OGDHL to the 3-D protein structure. As shown in Fig-
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(inactive). Images from 2 patients are shown for both the NL and unrelated active EoE groups (representative of 6 patients per group). Scale bar: 50 uM.
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ure 9, we found that some of the missense variants in OGDHL (Pro136Ser, alanine [Ala] 630 valine
[Val], glutamic acid [Glu] 262 lysine [Lys], phenylalanine [Phe] 734Ser, and Ala877Ser) were buried
inside the protein and that other putative pathogenic variants (Argl196 histidine [His]) were at the pro-
tein surfaces. Surprisingly, we did not observe variants around the ligand-binding pocket. In general,
variants buried inside the protein affect the stability of the protein, whereas variants on the surface are
more likely to affect the protein-protein interaction (48). The variant Ala877Ser appears to be partially
exposed and lies at the periphery of the structure, which could destabilize OGDHL.

Inflammatory gene expression enriched in multiplex family with EoE and DHTKD1 mutation. We were interested
in determining how, in the context of a proallergic inflammatory environment, the loss of DHTKDI could
contribute to EoE pathogenesis. We sought to determine family-specific changes within the 1,607 EoE tran-
scriptome genes (8) in individuals I.1 and II.1 from family 443 when compared with other patients with active
EoE. Thirty-six EoE transcriptome genes were found to be significantly dysregulated in the select, affected
members of family 443 (I.1 and I1.1) compared with unrelated patients with EoE (P < 0.05, fold change > 2.0)
(Figure 10A and Supplemental Table 4). Moreover, the family 443—specific gene signature was significantly
enriched in immune/inflammatory response genes — including CCL26, which was upregulated 2.3-fold in
the affected members of family 443 compared with other patients with active EOE — and also enriched in the
mast cell genes carboxypeptidase A3 (CPA3) and tryptases o/1 and B2 (TPSABI and TPSB2, respectively)
(Figure 10B and Supplemental Table 4). The increase in CCL26 was not due to differences in esophageal IL13
levels, which were not significantly different across the 2 cohorts (data not shown). Gene network analysis
also showed enrichment of 3 genes encoding mitochondrial outer membrane proteins (RSAD2, acyl-CoA syn-

https://doi.org/10.1172/jci.insight.99922 9
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Figure 6. DHTKD1 deficiency impairs mitochondrial function in esophageal epithelial cells. Quantitative PCR showing efficiency of gene silencing by dehy-
drogenase E1and transketolase domain-containing 1-specific (OHTKD1-specific ) shRNA compared with a nonsilencing control (NSC) shRNA in esophageal
epithelial cell lines (EPC2) (A). Assessment of epithelial differentiation by H&E staining of EPC2 cells expressing NSC or DHTKD1 shRNA grown at the air-liquid
interface (ALI) (B). Scale bar: 50 uM. Measurement of mitochondrial function (oxygen consumption rate [OCR]: basal respiration, ATP production, and maximal
respiration) (C) and H,0, production (D) in EPC2 cells expressing NSC (black circles) or DHTKDTshRNA (black triangles). Data in A are a representative of 3
independent experiments performed in triplicates, images in B are representative image from 3 independent experiments performed in triplicates, and data in
C are from 4 cycles per measurement and at least 6 wells for each cell line. Data in D are representative of 3 independent experiments performed in quadrupli-
cate. Datain A and D are presented as the mean + SEM compared with NSC or time 0 in D, and data in C are presented as mean + SD. Statistical analysis done
via 1-way ANOVA (and nonparametric) with Holm-Sidak multiple comparison test (A); unpaired t tests with Gaussian distribution and 95% confidence interval
(C€); 1-way ANOVA (and nonparametric) with Tukey multiple comparisons test (D). *P < 0.05; **P < 0.01; and ****P < 1x 10",

thetase long chain family member 5 [ACSL5], and IFN-a inducible protein 27 [IFI27]) that were significantly
dysregulated in individuals from family 443 (Figure 10B). Notably, 12 of the 36 family 443—specific genes,
including RSAD2 and ACSL5, were differentially regulated after IL-13 treatment in an esophageal epithelial
cell line grown in a 3-D ALI culture system (15) (P < 0.05, fold-change > 2.0) (Figure 10C).

In an effort to mechanistically connect the DHTKDI haploinsufficiency with exacerbated Th2 responses,
we focused on the increased expression of RSADZ2 that was observed in family 443 and in IL-13—treated cells.
RNA-sequencing of esophageal biopsies from EoE and normal patients indeed showed that RSAD2 was ele-
vated in diseased individuals (Figure 10D). RSAD?2 encodes a protein known as viperin, an intracellular IFN-
inducible antiviral protein (49) that has been shown to promote Th2 cytokine production in T cells. Using
our in vitro system, DHTKDI gene silencing led to a significant increase in RSAD2 expression at baseline
compared with control shRNA (nonsilencing control; NSC) cells (Figure 10E). Interestingly, 24-hour treat-
ment of DHTKDI-deficient cells with IL-13 increased RSAD2 expression relative to IL-13—treated NSC cells.

insight.jci.org  https://doi.org/10.1172/jci.insight.99922 10
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Discussion

The data presented herein provide the first genetic and functional evidence to our knowledge supporting an
association of DHTKDI and OGDHL variants and mitochondrial dysfunction with EoE. We have identified 2
DHTKDI mutations in patients with EoE, Arg834* in family 443 and c.1897-1G>A in family 808, which alter
endogenous DHTKD] expression and/or impair mitochondrial function. A recent study demonstrated reduced
mitochondrial respiratory chain activities and coenzyme Q10 (CoQ10) levels in muscle tissue from patients
with EoE (26). Indeed, individual I1.3 from family 443 had a history of low plasma CoQ10 levels while on a
formula-supplemented diet devoid of CoQ10. Given the muscle pathology in family 443 (e.g., muscle weak-
ness, constipation), future studies to fully assess mitochondrial function in the muscle tissue of these patients are
warranted. However, in addition to the DHTKDI mutations in families 443 and 808, we observed enrichment
in rare, potentially damaging DHTKDI mutations in a larger cohort of patients with EOE when compared with
individuals without EoE of similar ancestry from the 1000 Genomes Project. We also identified rare mutations
in the DHTKDI homolog OGDHL, adding credence to the potential importance of DHTKD1/OGDHL in the
2-oxoglutarate/2-oxoadipate pathway as an underlying genetic predisposition to EoE and to the idea that this
may, in part, contribute to the associated mitochondrial phenotype in a subset of patients.

Interestingly, DHTKD1 and OGDHL are structurally and functionally related and have simi-
larity with 2-oxoglutarate dehydrogenase (OGDH), although they function in distinct steps in
2-oxogulutarate/2-oxoadipate metabolism. The OGDH complex converts 2-oxoglutarate to succinyl-
CoA and CO,. This complex, also known as the a-ketoglutarate dehydrogenase complex, is composed of
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Table 3. Rare, damaging OGDHL variants identified in EoE patients by WES or Sanger sequencing in patients with EoE

Position® dbSNP 138 ID Classification Exon Base change Amino acid change ESP MAF®
50964936 N/A Nonsynonymous 3 €.261G>C p.GIn87His 0
50960756 N/A Nonsynonymous 4 c406C>T p.Pro136Ser 0
50960186 15141198160 Nonsynonymous 5 c.587G>A p.Arg196His 0
50958997 N/A Nonsynonymous 7 c.784G>A p.Glu262Lys 0
50950997 rs141335151 Nonsynonymous 15 c.1889C>T p.Alag30Val 0
50947825 5143105288 Nonsynonymous 17 €.2201T>C p.Phe734Ser 0.0042
50944528 rs140281439 Nonsynonymous 21 €.2629G>T p.Ala877Ser 0.0028

AGenome build hg19 coordinates (chromosome 10); ENational Heart, Lung, and Blood Institute (NHLBI) ESP European MAF. A, adenine; Ala, alanine; Arg,
arginine; C, cytosine; dbSNP, single nucleotide polymorphism database; EoE, eosinophilic esophagitis; ESP, Exome Sequencing Project; G, guanine; GIn,
glycine; Glu, glutamine; 1D, identification; Ile, isoleucine; HETs, heterozygotes; His, histidine; Lys, Lysine; MAF, minor allele frequency; OGDHL, oxoglutarate
dehydrogenase-like; Phe, phenylalanine; Pro, proline; Ser, serine; T, thymine; Val, valine; WES, whole-exome sequencing.

OGDH (E1), dihydrolipoamide succinyltransferase (DLST, E2), and lipoamide dehydrogenase (DLDH,
E3) (50). Structure-function analysis showed that DHTKD1 and OGDHL are highly homologous to
OGDH (E1). It appears that OGDHL represents a more recently discovered isoform of OGDH, whereas
DHTKD1 mainly differs from its homologs at the N-terminus and substrate-binding pocket (Supplemen-
tal Figure 1) (47). Both OGDHL and DHTKD1 have a high probability of localizing to the mitochondria
and comprise the 2-oxo acid dehydrogenase and transketolase domains. The N-terminal part of E1 is
known to control the heterologous protein-protein interactions (47, 50). Hence, the structural differences
between E1 and the E1-like proteins (DHTKD1 and OGDHL) in these regions may point to the different
interactions. A functional study also suggests that DHTKD1 and OGDHL are similar to the OGDH E1
component and play an important role in energy production (51). In vitro depletion of DHTKD]1 via
RNA interference led to reduced production of ATP, suggesting an essential role for DHTKD]1 in normal
mitochondrial function and energy production (32).

Compared with DHTKD1, OGDHL preserves all the structural features of E1 associated with
the substrate specificity and has substrate specificity for 2-oxoadipate (47). The signatures of Ca%*-
binding sites were found in the Ca?*-activated OGDH and OGDHL but not in DHTKD1 (47). The
N-terminus of DHTKDI1 is about 60 amino acid residues shorter than that of OGDHL; even a
small deletion within this region in OGDHL may affect its interaction with another subunit and the
substrate-binding pocket. Therefore, DHTKD1 is most probably a structural analogue of OGDH.
These differences suggest changes in heterologous protein interactions and accommodation of more
polar and/or bulkier structural analogs of 2-oxoglutarate. This analog is most likely 2-oxoadipate,
as it was shown that DHTKD1 is involved in the decarboxylation of 2-oxoadipate to glutaryl-CoA.
Furthermore, DHTKD1 mutations increased levels of 2-oxoadipate in fibroblasts and can be nor-
malized upon lentiviral expression of the WT DHTKDI mRNA (33), demonstrating that DHTKD1
codes for the enzyme mediating the last step in the L-lysine degradation pathway (33). Additionally,
all patients in this study were found to carry mutations either in DHTKDI or in OGDHL, suggest-
ing that — despite their structural and functional similarity — there is no redundancy or functional
compensation between them. Finally, the link between the enzymes (DHTKD1 and OGDHL) in the
lysine metabolic pathway and EoE provides potential targets for EoE treatment.

Patients with the mutations in OGDHL presented with EoE and dysfunction of mitochondria. Notably,
we observed a similar effect of the OGDHL ¢.406C>T, p.Pro136Ser mutation on mitochondrial function
in patient fibroblasts. The patient’s clinical presentation, biochemical evidence in muscle biopsy, and fibro-
blast and morphologic studies all support mitochondrial dysfunction. Although other groups have shown
that the loss of OGDHL is associated with increased AKT signaling and cell survival, albeit under baseline
(i.e., noninflammatory) conditions (52), the molecular mechanism of how OGDHL-driven mitochondrial
dysfunction contributes to EoE has yet to be determined. These findings, along with the variable pheno-
types seen in the reported patients, underscore the genetic and phenotypic heterogeneity associated with
mitochondriopathies and further suggest that the particular disease manifestation may be dictated by either
a second genetic event or an environmental stimulus.
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Mitochondrial dysfunction and the generation of ROS have been demonstrated to modify asthma-like
responses in allergen-challenged mice (53, 54). Our data, as well as those from other groups, have shown
increased ROS production in DHTKDI-deficient esophageal epithelial and hepatic carcinoma (HepG2) cell
lines, respectively. Notably, DHTKDI gene silencing in esophageal epithelial cells had a significant increase in
ROS, which was in line with what has previously been reported in HepG2 cells (32). With regard to EoE, the
increase in ROS production could heighten esophageal epithelial cell sensitivity to the Th2 cytokine milieu.
For instance, IL-13 signaling through JAK1 and ERK can stimulate ROS generation in intestinal epithe-
lial cells, which, in turn, can potentiate IL-13 activation of ERK and STAT6, forming a positive-feedback
mechanism (55). Thus, DHTKDI deficiency in family 443 may exacerbate disease flares and contribute to
the altered EoE transcriptome gene expression. Our findings that the 36 EoE transcriptome genes specifically
dysregulated in family 443 were significantly enriched in immune/inflammatory responses and that one-third
of these genes were also regulated by IL-13 in an in vitro system support this hypothesis.

The functional studies presented herein have demonstrated a role for DHTKDI and OGDHL in regulating
mitochondrial function within the structural cells of the esophagus, specifically fibroblasts harboring the poten-
tially novel DHTKD! splicing mutation or OGDHL missense mutation esophageal epithelial cell lines deficient in
DHTKDI. Mitochondrial defects, however, can affect additional cells types, such as mast cells and eosinophils,
not analyzed in this study (27, 28, 30). In addition to the increase in ROS production, the loss of DHTKDI
resulted in increased expression of the mitochondrial gene RSAD?2 that was increased by IL-13 through an as-
yet undefined mechanism. RSAD2 is an EoE transcriptome gene that was upregulated by 6.9-fold in individuals
from family 443 with active disease compared with NL individuals, representing a 2.5-fold increase compared
with unrelated patients with active EoE. Interestingly, production of IL-4, IL-5, and IL-13 is attenuated in Rsad2-
deficient CD4" T cells after activation (56). Although our work on RSAD?2 has been done in epithelial cells, it is
interesting to speculate that RSAD2 could be involved early during disease onset (in epithelial cells or T cells).
Thus, further studies investigating the biological impact of loss-of-function variants of DHTKDI and OGDHL in
esophageal epithelial cells, together with studies in key immune cells (e.g., mast cells, eosinophils, and Th2 cells),
could provide additional insight into the pathologic effects of DHTKDI regulation of mitochondrial function
and the expression of Th2-promoting molecules such as RSAD2 in EoE.

We have also used WES to identify rare genetic variants in patients with EoE. Though disease cau-
sality has yet to be demonstrated for the de novo and compound heterozygous variants identified herein,
we present plausible candidate genes functioning in many pathways germane to the pathophysiology of
EoE (e.g., DOCKS, MYD88, ALOX15, ILSRA, LAMAS5, TLR10, and WDR36). Furthermore, by linking the
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Figure 10. Dysregulated EoE transcriptome genes in family 443. Heatmap from RNA sequencing of patient esophageal biopsies showing log, fragments
per kilobase of transcript per million mapped reads (FPKM) values for EoE transcriptome genes (n = 36) and significant dysregulation in family 443 individ-
uals I.1and 111 during active disease (dashed rectangle) compared with unrelated patients with active eosinophilic esophagitis (EoE) and normal controls
(NL) (P < 0.05, fold change > 2.0) (A). Network analysis of family 443-specific EoE transcriptome genes (red hexagons) showing significantly enriched Gene
Ontology (GO) terms (B). Heatmap from RNA sequencing of esophageal epithelial cell line (EPC2) cells grown at the air-liquid interface (ALI) showing log,
FPKM values of dysregulated genes in family 443 (from A) that are also regulated by IL-13 (+ 1L-13; 100 ng/ml for 6 days) in vitro (n = 12 genes) (P < 0.05,
fold change > 2.0 compared with untreated [untx] cells) (C). FPKM plot for RSAD2 from normal control (NL, n = 6; unshaded squares) and EoE patients
(EoE, n = 10; shaded circles) (D).Quantitative PCR for radical S-adenosyl methionine domain containing 2 (RSAD2) from nonsilencing control (NSC; black
circles) and dehydrogenase E1 and transketolase domain-containing 1 (DHTKD1) shRNA-transduced (black triangles) EPC2 cells untreated or treated with
IL-13 (100 ng/mL for 24 h) in the ALI system (E). Data in D are presented as mean + SD, and data in E are presented as the mean + SEM from 3 independent
experiments performed in triplicate and are normalized to untreated nonsilencing control (NSC) cells. Statistical analyses used were unpaired t test with
Welch's correction (D) and 1-way ANOVA with Sidak multiple comparison test (E). NL, normal control. *P < 0.05, **P < 0.01.

findings in genetically related EoE patients to a separate case of an EoE patient with a mitochondrial dis-
order, our data suggest mitochondrial dysfunction as a contributory pathway; this contributory pathway
would undoubtedly interact with additional genetic and environmental factors that contribute to type 2
immunity, at least in the context of the esophagus.

In summary, our findings provide potentially novel insights into the diverse landscape of rare genetic variants
present in EoE and underscore the level of genetic complexity of this rare disease and its related subphenotypes.
Our findings call attention to an underlying genetic predisposition to EoE focused on rare variants in DHTKDI
and OGDHL and present evidence that mitochondrial dysfunction contributes to variable disease phenotype.

Methods

Cell lines. Primary esophageal epithelial cells were isolated and cultured as previously described (9). The
immortalized human esophageal epithelial cell line (EPC2) (provided by Anil Rustgi, University of Penn-
sylvania, Philadelphia, Pennsylvania, USA) was cultured as previously described (57, 58).

Patients. All patients analyzed in this study were consented, and studies were approved by the CCHMC
IRB. WES data from a total of 65 patients with physician-diagnosed EoE and 63 unaffected family mem-
bers were assessed for rare, potentially damaging variants as described below. The patient characteristics of
the index family (family 443) are described in Table 1.
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WES. WES was performed in the CCHMC Genetic Variation and Gene Discovery Core, the Okla-
homa Medical Research Foundation (OMRF) Genomics facility, and Perkin Elmer. Libraries were pre-
pared using the Illumina TruSeq capture kit and sequenced on an Illumina Hiseq2000 to generate 100-base,
paired-end reads. Sequencing reads were aligned, and variant calls were made simultaneously following the
Genome Analysis Toolkit (GATK) Best Practices using the GATK Unified Genotyper (59-61).

WES variant filtering. Variant filtering was performed using SNP and Variation Suite (SVS) software
(Golden Helix Inc.) (Figure 1). Filters included minimum read depths >15, genotype quality scores >20,
and location within a region of segmental duplication defined as genomic regions of =1 kb exhibiting greater
than 90% sequence similarity. Genotype calls were filtered using alternate allele ratios of <0.15 for homo-
zygotes for the reference allele, 0.30-0.70 for heterozygotes, and >0.85 for homozygotes for the alternate
allele. In addition to the public databases described below, variant frequencies were filtered against an inter-
nal CCHMC database of WES data from 357 patients with various diseases, including macrophage-activat-
ing syndrome, systemic lupus erythematosus, and juvenile idiopathic arthritis. Rare variants were filtered
for using a MAF cutoft of <0.01 in the European ancestry populations from the 1,000 Genomes Project
Phase 1 and ESP6500SI-V2 data sets (http://www.internationalgenome.org/category/phase-1/) (62, 63). A
MATF threshold of <0.05 with rare variants was used to define compound heterozygous variants. Functional
predictions were made using the database for nonsynonymous single-nucleotide variant functional predic-
tions (dbNSFP) 2.3 (https://omictools.com/database-for-nonsynonymous-snps-functional-predictions-tool)
(http://evs.gs.washington.edu/EVS/); rare variants were considered to be potentially damaging if they were
predicted to not be tolerated or to not be benign in 4 of 5 algorithms (SIFT, PolyPhen2, MutationTaster,
MutationAssessor, and Functional Analysis Through Hidden Markov Models [FATHMM)]) (64-69).

DHTKDI rare variant burden analysis. Gene-based rare variant association testing was performed in SVS
using the kernel-based adaptive cluster (KBAC) method with permutation testing (# = 1,000) as described
by Liu and Leal (70): 43,482 rare, damaging variants identified as described above were compared between
37 unrelated patients with EoE and 379 control samples of European descent from the Phase 1 integrated
variant release v3 Exome data from the 1000 Genome Project.

Whole-genome expression profiling. RNA-seq was performed on patient biopsies from 6 healthy (nor-
mal) controls, 8 patients with active EoE, and 3 of the 4 affected individuals in family 443 (2 with
active EoE, 1 with in EoE remission) as described previously (8). The EoE transcriptome was defined
as those genes (7 = 1,607) showing a fold change >2.0 between all patients with active EOE and normal
controls at P < 0.05 (8). Analysis of the EoE transcriptome genes showing significantly altered levels
in the 2 assessed individuals in family 443 with active EoE compared with the 8 patients with active
EoE and the 6 normal controls was performed using a 1-way ANOVA with a Tukey post-hoc test and
Benjamini-Hochberg FDR (P < 0.05, fold change >2.0). Sequencing reads were visualized. RNA-seq
from esophageal epithelial cells grown at the ALI in the presence or absence of IL-13 (Peprotech,
catalog 200-13) was performed as described (6, 9). Genes showing significant dysregulation (1-way
ANOVA, P<0.05, fold change > 2.0) after IL-13 treatment (n = 781 genes) were intersected with those
altered in the affected family members (n = 33 genes), yielding 11 genes. All expression analyses and
hierarchical clustering were performed using GeneSpring GX (Agilent Technologies). RNA-seq data
are available in the GEO (GSE58640 and GSE65335).

Network analysis. EOE transcriptome genes (n = 36) identified as significantly dysregulated in family 443
were analyzed for functional enrichment using ToppCluster (71) with a P value cutoff of 0.05. Gene-level
network generation was performed using Cytoscape (72).

Sanger sequencing of DHTKDI and OGDHL. The 2 DHTKD] variants (c.2500C>T, p.Arg834* and
¢.1897-1G>A) identified by WES were validated by PCR and Sanger sequencing at the CCHMC Genetic
Variation and Gene Discovery Core. Chromatograms were analyzed using Sequencher software (Gene
Codes Corporation). Similarly, the OGDHL variants were validated from the WES data or identified by
PCR and Sanger sequencing at the CCHMC Genetic Variation and Gene Discovery Core. Chromatograms
were analyzed using DNASTAR Lasergene (DNASTAR Inc.).

The structures of DHTKD1/OGDHL were built off of the homologous structure of sucA for E. coli com-
plexed with AMP in a homodimer (73). The homology models were built using the homology modeling module
of Rosetta; the sequence alignments were generated using HHblits and confirmed using the multiple sequence
alignment server T-Coffee (74-76). The energy calculations of the destabilization of both internal structure and
the protein-protein binding were calculated using the FoldX program (77). The potential phosphorylation and
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modifications sites of DHTKD1/OGDHL were checked in the eukaryotic linear motif (ELM) resource to iden-
tify potential motifs and were checked in the experimental database of known sites, Phosphosite (78, 79). The
images were generated using PYMOL (The PyMOL Molecular Graphics System, Version 1.8, Schrodinger).

IHC staining. IHC staining for DHTKD]1 in esophageal biopsies was performed at the Pathology
Research Core at CCHMC). Deparaftinized slides were pretreated with EDTA for 30 minutes prior to stain-
ing with rabbit anti-DHTKD1 (HPA037950) (MilliporeSigma) at a 1:50 dilution or rabbit IgG as a negative
control (data not shown). Slides were developed using the Ventana ultraView Universal DAB Detection Kit
(Ventana Medical Systems Inc.) and then counterstained with hematoxylin and bluing reagent.

Restriction fragment length polymorphism mapping (RFLP). Using esophageal biopsy cDNA (generated as
described below), a coding region of DHTKDI spanning exons 14-16 was amplified by PCR and left untreat-
ed or treated with the restriction enzyme Ddel (New England Biolabs, catalog R0175S) for 1 hour at 37°C.
Fragmentation patterns were analyzed by electrophoresis using a 1% agarose gel.

DHTKDI gene silencing by shRNA. Lentivirus production from the pGIPZ lentiviral plasmid (Thermo
Fisher Scientific) containing an NSC shRNA or shRNA targeting DHTKD] was performed at the CCHMC
Viral Vector Core facility. Stably transduced EPC2 cells were generated by negative selection in puromy-
cin, which was maintained in the culture media throughout all experiments. DHTKD! knockdown effi-
ciency was assessed by quantitative PCR (qPCR) as described (15) using the following primers: forward (5’
- GCTGGAGAATGTGCCTGAAA - 3) and reverse (5' - CCTCAAGTGAGGCCTCTTCC - 3").

Esophageal epithelial cell culture system. The culture system has been described previously (15). Briefly,
untreated EPC2 cells or EPC2 cells expressing shRNAs were grown to confluence on semipermeable mem-
branes. Cells were then grown submerged in high-calcium (1.8 mM) media for 5 days, after which the
media from the upper chamber was removed; cells were then grown for an additional 6 days at the ALI,
untreated or in the presence of IL-13 (100 ng/ml).

Mitochondrial function testing. Mitochondrial function (basal and maximal respiration rates, ATP pro-
duction) in shRNA-expressing EPC2 cells (20,000 cells per well) and primary esophageal fibroblasts
(10,000 per well) was assessed using the XF Cell Mito Stress Test Kit Assay according to the manufacturer’s
protocol (Seahorse Bioscience) and as described (80). Briefly, ATP production measurements were done
using Seahorse XF analyzer after treating cells with carbonyl cyanide-4-(trifluromethoxy) phenylhydrazone
(FCCP), and ATP production rate was calculated based on the oxygen consumption after FCCP treat-
ment, thus capturing ATP production rate. H,O, production was measured in shRNA-expressing EPC2
cells using the Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (Invitrogen) as described (16).

gPCR. RNA isolated from esophageal biopsies and the ALI samples were used for cDNA synthesis
(iScript, Bio-Rad). qPCR analysis using SYBR Green was performed (Bio-Rad). Primers used for ampli-
fication of (and normalization to) the housekeeping gene GAPDH have been described previously (15).
Normalized data were assessed for statistical significance using an unpaired, two-tailed ¢ test with Welch'’s
correction and a significance threshold of P < 0.05.

Statistics. Statistical analysis was performed using Prism 6.0 software. Comparison between 2 groups of
data was done using a 2-tailed ¢ test, and group comparisons were performed using ordinary 1-way ANO-
VA with Tukey’s or Dunn’s correction for multiple comparisons where appropriate. A statistical probability
of P < (.05 was considered significant. Dot plots were plotted showing both error bars, + SEM or SD.

Study approval. This study involving human subjects was conducted under an approved IRB (Cincinnati
Children’s Hospital Medical Center) protocol number 2008-0090. An informed consent form was received from
the subjects prior to inclusion in the study. Study participants were also made aware that their involvement in the
study was voluntary and their declination to participate did not interfere with their standard of care.
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