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Abstract

Multiple genome-wide association studies (GWAS) studies have linked Forkhead Box F1
(FOXF1) to Barrett’s esophagus (BE). Understanding whether FOXF1 is involved in initiation

of Barrett’s metaplasia could allow FOXFL1 to be used for risk stratification and for therapy.
Two-dimensional cell cultures and 3-dimensional organoid cultures and well-annotated human
biopsies were used to determine the role of FOXF1 in BE pathogenesis. Multiple established
esophageal squamous and BE cell lines were tested in gain- and loss-of-function studies. Initiation
of a BE like metaplastic change was evaluated by measuring characteristic cytokeratins and
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global gene expression profiling and by culturing organoids. Epithelial-mesenchymal transition
(EMT) was evaluated by immunostaining for E-cadherin, vimentin and Snail, and by cell motility
assay. Columnar esophageal epithelium of BE patients exhibited higher expression of FOXF1
compared to normal squamous esophageal epithelium of GERD patients (P<0.001). Acidic

bile salts induced nuclear FOXF1 in esophageal squamous cells. FOXF1 overexpression in
normal esophageal squamous cells: a) increased columnar cytokeratins and decreased squamous
cytokeratins, b) converted squamous organoids to glandular organoids and c¢) switched global
gene profiles to resemble that of human BE epithelium (P=2.1685e-06 for upregulated genes and
P=8.3378e-09 for downregulated genes). FOXF1 inhibition in BE cell lines led to loss of BE
differentiation markers, CK7 and mucin 2. Also, FOXF1 induced EMT and promoted cell motility
in normal esophageal squamous epithelial cells. FOXF1 induced genes mapped to pathways such
as Cancer, Cellular Assembly and Organization, DNA Replication, Recombination, and Repair.
In conclusion, FOXF1 promotes a BE like columnar phenotype and cell motility in esophageal
squamous epithelial cells, which may have a critical role in BE development. FOXF1 should be
studied further as a biomarker for BE and as a target for BE treatment.
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Introduction

The annual incidence of esophageal adenocarcinoma (EAC) in white men with Barrett’s
esophagus (BE) has increased by 10-fold from 0.6/100,000 to 6/100,000 over the past

40 years.! Although the risk is lower in other cohorts, the risk has continued to increase
annually by 2.9% in women.2 Most disturbing is the fact that the largest increase

was seen in age groups younger than 50, in both men and women.2 Other data have
highlighted the alarming statistic that by 2030, 1 in 100 men in the developed world

may be at risk for esophageal adenocarcinoma (EAC).3 Also, the survival rates have
improved only marginally with ~81% dying within five years.* The primary pathway to
EAC is via Barrett’s esophagus (BE), a metaplastic response to gastroesophageal reflux
disease (GERD). Understanding molecular mechanisms behind BE development can help
us understand the natural history of this disease and may lead to novel therapies to halt
the rapid increase in EAC rates. There are multiple theories for origin of BE: squamous-
to-columnar transdifferentiation or transcommitment, extension of submucosal glands and
cell migration from the gastroesophageal junction to include gastric cardia stem cells® or
transitional basal cells® or residual embryonic cells.” Implicit in all of these models are
the concepts of reflux-induced damage and wound healing that create opportunities for the
development of BE.8

Several large-scale population genetics studies have found FOXFI to be significantly
associated with BE and its complication, EAC, in white9-17 as well as non-white
populations.18 FOXF1 belongs to the forkhead box (FOX) family of transcriptional
regulators characterized by a distinct forkhead DNA-binding domain.1® Various FOX
proteins exhibit transcriptional plasticity that allows them to regulate gene activation,
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transcriptional repression and modulation of epigenetic factors.19 This versatility enables
FOX family to determine cell fate in various biological systems. FOXFI gene is highly
conserved across species and implicated in embryonic digestive tract morphogenesis.2°
Deletion of FOXF1 gene cluster is associated with developmental anomalies of the
esophagus.?! A recent study showed that esophageal atresia can increase the risk of BE

by four-fold suggesting that genes important in esophageal development may be linked

to BE development.22 FOXF1 may be a common link. Importantly, although multiple
transcription and growth factors have been previously implicated in BE development,23-29
FOXF1 may be particularly important because of its newly recognized status as a pioneer
factor,30: 31 one that may promote the activity of other transcription factors in determining
cell lineage by improving chromatin accessibility. The role of FOXF1 in BE development
is poorly understood. We used a combination of human material, gain-of-function and
loss-of-function studies in well-established /n vitro models to evaluate the role of FOXFIin
BE development. Although several groups of investigators have reported strong association
of FOXFIwith BE and EAC in epidemiologic studies, to the best of our knowledge, our
study is the first to investigate the functional effects of FOXFI in BE development.

Materials and Methods

Human studies

Procurement of human specimens and disease definitions—Participants were
randomly selected from an ongoing repository of patients with BE and related

conditions.32 33 The repository has been reviewed and approved by the local Institutional
Review Board annually and allows the collection of clinical data, tissue and serum
specimens from patients with GERD and BE. All patients sign informed consent prior to
enrollment. To maintain confidentiality, each patient is assigned a unique study number

that does not use any of the 18 identifiers outlined in the institutional guidelines. GERD

is defined on the basis of a validated questionnaire that systematically enquires about the
presence of heartburn and regurgitation. Patients with GERD were further subclassified

as the ones with erosive esophagitis (EE) and the others with non-erosive reflux disease
(NERD). BE is defined by a) presence of columnar lined esophagus at least 1 cm in length
and b) intestinal metaplasia in biopsies. In BE patients we obtain 1-2 biopsies every two cm
from the Barrett’s segment and 1-2 biopsies from the squamous esophagus two cm proximal
to the proximal extent of BE. In GERD patients, we obtain 1-2 biopsies one cm and five cm
above the gastroesophageal junction. All biopsies are bisected, and one piece is placed in
formalin for histology and the other piece is placed in RNAlater or is snap frozen in liquid
nitrogen for molecular studies. All specimens for molecular studies are stored at —80 degrees
C.

Histologic evaluation of human specimens—All biopsies were reviewed by an
experienced gastrointestinal pathologist according to the criteria outlined by Montgomery
et al.,3* as has been done for multiple previous studies.3> 36 Intestinal metaplasia was
confirmed by the presence of goblet cells. If dysplasia was detected, a second experienced
gastrointestinal pathologist reviewed the biopsies. A final diagnosis was reached by
consensus, if there was disagreement.
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Molecular evaluation of human specimens—We included those BE specimens with
histologically confirmed intestinal metaplasia but without dysplasia. For GERD biopsies,

we included the biopsy specimens obtained from the squamous esophagus one cm above

the gastroesophageal junction. We chose the one cm rather than five cm location because
acid and bile exposure would be higher at the one cm location. We measured FOXFI gene
expression using gPCR and FOXF1 protein using immunohistochemistry. These methods are
described below.

In vitro experiments

The conversion of squamous cells to a Barrett’s like metaplastic morphology was evaluated
by measuring the expression of specific BE associated columnar cytokeratin markers (CK?7,
CK20, Muc?2) and squamous cytokeratin markers (CK10 and CK13), by gPCR, IHC and

IF. Also, we measured global changes in FOXFI transfected cells (in triplicate) by next
generation sequencing (details below) and compared them to differentially expressed genes
between GERD and BE patients. To evaluate the potency of FOXFI transfection, we
performed dose-dependent FOXFI transfection after serial dilution by a factor of 10 (up

to 10%-fold). The cytokeratin-based endpoints were measured at each concentration. The
experimental techniques are described below.

Cell culture—Multiple established cell lines were used, normal esophageal squamous
cell lines: EPC2 (kind gift from Anil Rustgi, University of Pennsylvania, PA), NES-
B10 and NES-G4 (kind gift from Souza lab, Baylor Scott & White, TX) and Het1-A
(ATCC, Manassas, VA and BE cell lines, BAR-T (kind gift from Souza lab, Baylor Scott
&White, TX). Culture conditions for the aforementioned cell lines have been previously
described.37-40 All cell lines were maintained at 37°C in 5% carbon dioxide.

Acid and bile treatment—To mimic epithelial cell exposure to reflux condition (i.e.,
acid/bile),*1-43 normal esophageal squamous cell lines were treated with acid and bile salts
(deoxycholic acid (Calbiochem, catalog# 264101), taurochenodeoxycholic (Calbiochem,
catalog#580217)) and glycocholic (Calbiochem, catalog# 360512) acids. Bile acid mixture
contained these bile salts in 1:1:1 ratio with concentrations ranging from 50 to 400 uM. To
determine the conditions for acid and bile exposure, cells were exposed to varying pH and/
bile salt concentrations. Cell viability was measured using the MTT assays to determine the
conditions that the cells could tolerate with <10% loss (Supplementary Data 1). Based on
the above data, in all experiments, cells were treated with acid at pH 5.5 for 30 minutes

or acidic bile (100 pM @ pH 5.5) for 30 minutes because lower pH or higher acidic bile
concentrations led to >10% cell loss. This bile salt concentration is within the range of
bile acid concentrations (30-820 uM with a median range of approximately 200 uM) seen
clinically in the refluxed gastric juice in BE patients,41-43

FOXF1 overexpression—Plasmid construct for FOXFI was generated at KanPro
Research Inc. at the University of Kansas, Lawrence, KS (product details in Supplementary
Data 1). Briefly, FOXF1 DNA template was purchased from GE Health Care. FOXF1 gene
was amplified by PCR using primers that introduced Nhel and Xhol restriction sites at

the 5” and 3’ end of the targeted gene, respectively. Both PCR products and the pPCMV6-
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AC-IRES-GFP vector were digested with the Nhel and Xhol restriction enzymes. The
inserts were ligated into the vector and the construct was confirmed by DNA sequencing at
GenScript, Inc. The vector, pPCMV6-AC-IRES-GFP, without inserts, was the empty vector.
Cells were transfected with FOXFI plasmid or empty vector by using Lipofectamine 2000
(Life Technologies, Carlsbad, CA). Dose-dependent FOXF1 transfection after serial dilution
by a factor of 10 (up to 10%-fold) from 4.0 g to 0.0004 pg was performed to determine

the plasmid dose that led to FOXF1 fold changes in vitro similar to those seen in human
specimens.

We also generated stable esophageal squamous cell lines that overexpressed FoxF1. We
transduced NESG4 cells with lentiviral particles carrying the corresponding cDNA and
GFP (Cat# RC218259L2V, Origene, Rockville, MD). Three days after transduction, GFP-
positive cells were sorted out by BD FACS Aria Il sorter (BD Bioscience, San Jose CA)
as previously done.** FOXF1 overexpression in the repopulated cells was confirmed by
western blotting.

FOXF1 inhibition—To inhibit FOXF1, BAR-T cells (patient-derived BE cell line) were
transduced with four different GFP-tagged FOXFI1 shRNA viral particles versus scrambled
non-target ShRNA (Cat# TL312936V, OriGene). The knockdown efficiency was examined
by western blotting. For immunofluorescent staining and stable cell line construction, cells
were transduced with a mixture of these four viral particles. Three days after transduction,
GFP-positive cells were sorted by flow cytometry.

3-Dimensional organoid culture—We followed an established method to cultivate
organoids from normal squamous esophageal epithelial cells.*> Two thousand NESG4
cells were resuspended in 25 pl of growth factor reduced matrigel (cat#356231, Corning,
New York) before being seeded into a 48-well plate. This 3D culture was maintained in
keratinocyte-SFM (KSFM) medium with supplementation of 50 pg/ml of bovine pituitary
extract, 1 ng/ml EGF, and 0.6 mM calcium chloride. Medium was changed every two days
until harvest. The culture was monitored daily for two weeks before harvest.

Immuno-staining of cultured cells—Immunocytochemistry was performed using our
previously described methods.#® Cells were fixed in 4% buffered formaldehyde, washed in
phosphate buffered saline (PBS), and incubated with primary antibodies (Supplementary
Data 1) overnight at 4°C. For immunofluorescent staining, we followed our published
method#* using antibodies listed in supplementary Table 1. Immunoassays were performed
using ImmPRESS HRP reagent kit (Vector Laboratories, Burlingame, CA, USA) per the
manufacturer’s protocol. Cells were counterstained with hematoxylin. A Leica digital
microscope was used for imaging.

Immunohistochemistry of tissue sections—Immunohistochemistry was performed
as previously described.*® Briefly, five uM tissue sections fixed in 4% buffered formalin
were deparaffinized, rehydrated using decreasing concentrations of alcohol, washed with
PBS and exposed to blocking serum (ImmPress, Vector Laboratories, Burlingame, CA. The
treated sections were then incubated with appropriate antibodies (Supplementary Data 1)
overnight in a humid chamber at 4°C. Immunoreactivity was detected using streptavidin-
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conjugated secondary antibodies (ImMmPRESS, Vector Laboratories) and counterstained
with hematoxylin. The stained sections were imaged with a digital microscope (Leica
Microsystems, Buffalo Grave, IL). Negative controls with omission of the primary antibody
were included. Sections of kidney tubules served as positive controls as suggested by the
manufacturer. All sections were scored by two gastrointestinal pathologists experienced

in immunohistochemical evaluation. A scoring system was adapted from a previously
published score.# Epithelial and stromal cells were separately scored: 0, no staining or
weak staining in < 10% of the cells; 1, weak staining in >40% or moderate staining in
10-40% of the cells; 2, moderate staining in >40% or strong staining in 10-40% of the cells
and 3, strong straining in >40% of the cells.*

Total and nuclear protein extraction and western blots—Total protein was
extracted using lysis buffer from Cell Signaling Technology (cat# 9803) per the
manufacturer’s protocols. Nuclear and cytosolic proteins were prepared using NE-PER
Nuclear and Cytosolic Extraction Reagents (cat# 78833, Pierce biotechnology, Rockford,
IL). Protein concentration was quantified by Bradford assay (Bio-Rad Laboratories,
Hercules, CA). Aliquots of 50 ug of total protein or 20 ug nuclear protein were resolved
by SDS-PAGE and transferred onto polyvinylidene difluoride membranes. The blots were
blocked in Blotto-Tween solution (5% nonfat dry milk, 0.05% Tween in PBS) for 1 hour
and then incubated in Blotto-Tween with the primary antibodies (Supplementary Data 1)
for 2 hours at room temperature. For loading control, the membranes were stripped and
re-probed with mouse anti-GAPDH for total protein, or rabbit anti-TFIID antibody for
nuclear protein. Labeled protein was visualized by using a chemiluminescence detection
system (ECL, Amersham, Piscataway, NJ).

Quantitative Reverse Transcription polymerase chain reaction—Briefly, we
prepared 250 ng of total RNA using Trizol, RNAzol (Molecular Research Center,
Cincinnati, OH, catalog# RN190) and reverse transcribed using the iScript™ cDNA
Synthesis Kit (BioRad, Hercules CA, catalog #170-8891)), Real time PCR was performed
with SsoFast™ EvaGreen® Supermix, (BioRad, Hercules CA, catalog #1725201))
according to the manufacturer’s protocol and as previously described.3% 46 Primers were
designed and manufactured by Integrated DNA Technologies (Coralville, 1A ). Sequences
are listed in Supplementary Data 1. We normalized expression using GAPDH as internal
control. Each primer set included a minus RT control and negative template control.
Triplicates of each sample were used for gPCR reactions. Subsequent data analyses were
performed using the average Cq for each sample. Fold changes were calculated by the
delta-delta Cq method in which the expression of the PCR product was compared to the Cq
value of an arbitrarily chosen sample (in this case one of the NERD samples) as we did
previously.3® Thus, all fold changes were in relation to the Cq value in that sample.

Epithelial to mesenchymal transition and cell motility assays—Epithelial to
mesenchymal transition (EMT) was measured by immunostaining for epithelial markers
such as E-cadherin and mesenchymal markers such as vimentin and Snail as we did
previously.** EMT was defined by decreased expression of E-cadherin and increased
expression of vimentin and Snail. Previously described scratch assay was used to determine
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the effect of FOXFI gene on EPC2 cell motility.#4 At 70-80 % confluency, scratch wounds
were made in the EPC2 cells (FOXFI-transfected and vector-transfected) using a pipette

tip. Scratched areas were photographed at Oh, 6h and 12h using a phase contrast inverted
microscope (Axiovert 100 TV, Carl Zeiss AG, Oberkochen, Germany). Objective analysis in
arbitrary units was performed using automated image function in Photoshop v. 20.0.8. The
measurement scale function turns the entire image into a grid with X and Y coordinates.
Using the ruler tool, a line was drawn across the wound. The wound width was then
calculated as the difference between the two X coordinates of that line. These measurements
were made at three locations along the wound length and the mean values were used for
analyses.

Next generation sequencing and Pathway analysis

RNA was extracted using RNAzol reagent (Molecular Research Center, Cincinnati, OH).
Total RNA sequencing was performed in an lllumina HiSeq 2500 sequencing machine
(IMlumina, San Diego, CA) at a 2x100 bp paired-end resolution. Details of library
preparation are provided under Supplementary Data 1. The strand-specific sequenced reads
were mapped to the human genome (GRCh38) using the STAR software.*8 Transcript
abundance estimates were calculated using the HTSeq software.*® The resulting gene
expression counts were analyzed using a Negative Binomial generalized linear model
(NB-GLM) from the edgeR package® to identify statistically significant differentially
expressed genes. The significance p-vales were adjusted for multiple hypotheses testing
by the Benjamini and Hochberg method. Biological functional and pathway analysis
was performed using Ingenuity Pathway Analysis (IPA) software (QIAGEN Inc.,
ingenuitypathway-analysis).

Statistical analysis

Results

Interobserver agreement between pathologists for FOXF1 protein expression was measured
by calculating Kappa values (k) with 95% confidence intervals.>! Kappa values reflect

the degree of agreement: 0-0.2=poor, 0.2-0.4=fair, 0.4-0.6=moderate, 0.6-0.8=substantial
and 0.8-1.0=excellent. ANOVA was used for multiple group comparisons. Post ANOVA
Pairwise comparisons were performed by Student’s t-test. All analyses were performed
using GraphPad v8.3.0. A Pvalue of <.05 was considered significant.

FOXF1 was uniquely expressed in the columnar epithelium of BE

FOXFI1 transcript and protein levels were evaluated in biopsy specimens from patients with
GERD (n=40, 20 with erosive esophagitis (EE) and 20 with non-erosive reflux disease
(NERD) and BE (n=20) (Table 1). Additionally, we examined the squamous esophagus

of BE patients at a distance of two cm from the proximal edge of BE. Quantitative PCR
showed FOXF1 expression to be seven-fold higher in Barrett’s epithelium compared to the
squamous epithelium of patients with NERD and EE and to the paired squamous epithelium
of patients with BE, all A<.01 (Figure 1).
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FOXFL1 protein expression was evaluated by IHC. All slides were reviewed by two
pathologists. The interobserver agreement between pathologists for various comparisons

was moderate to substantial with kappa values ranging from 0.41-0.86. The proportion

of patients with epithelial FOXF1 expression was significantly higher in BE patients
compared to GERD patients (85% versus 15%, P=0.01 for both) (Figure 1). Similarly,
the proportion of patients with stromal FOXF1 expression was significantly higher in
BE patients versus GERD patients (90% versus 10%, P=0.01 for both) (data not shown).
The above results demonstrate that FOXF1 is strongly expressed in columnar epithelium
compared to squamous epithelium.

Acid and bile upregulated FOXF1 in multiple normal esophageal squamous cell lines

Established in-vitro models of BE pathogenesis were used.>? Given that there is no universal
agreement on acid and bile concentrations for in vitro experiments, dose and duration based
tests were performed. EPC2 cells were exposed to incremental doses of acid alone and
acidic bile salts for varying durations (Supplementary Data 1). We found that pH 5.0 or

pH 4.0 but not pH 5.5 caused significant cell loss irrespective of duration of exposure.
Therefore, we chose pH 5.5 for all experiments. We also found that at pH 5.5, bile salts
caused significant cell loss at concentrations higher than 100 uM irrespective of duration

of exposure. Based on these data, we chose the final experimental conditions for acid

alone treatment to be pH 5.5 for 30 minutes and acidic bile salt treatment to be bile salt
concentration of 100 uM at pH 5.5 for 30 minutes. When treated under these conditions

for 30 minutes, acid as well as acidic bile salts increased FOXFI expression in EPC2

and Het-1A cells by IHC (Figure 2A). We then tested two newly established esophageal
squamous cell lines, NESB10 from a patient with BE and NESG4 from a patient without
BE#4. Time-based experiments showed that in both NESB10 and NESG4 cells, acidic bile
increase nuclear expression of FOXF1 by 10 to 15 minutes (Figure 2B). These results
suggest that both acid and acidic bile salts are strong stimuli for induction of FOXF1 in
multiple esophageal squamous cell lines.

FOXF1 overexpression caused human esophageal squamous cells to acquire a BE like
columnar phenotype based on molecular markers, organoid structure and global gene

profiles

Changes in molecular markers—We examined the effects of FOXFI transfection in
EPC2 esophageal squamous cells in dose-ranging experiments. Established columnar and
squamous markers were used as endpoints. We transfected FOXFI plasmid into normal
esophageal cells over a serial dilution by a factor of 10 that caused FOXFI expression to
change from 13-fold to 100,000-fold (data not shown). We found that the plasmid dose of
0.0004 g increased FOXF1 expression by 13-fold (data not shown) that approximates the
degree of fold change (~7-fold) seen in BE epithelium compared to squamous epithelium.
This dose was used for all subsequent experiments. We found that at all of these fold
changes, FOXF1 transfection increased columnar cytokeratins 18 and 7 and decreased
squamous cytokeratins 10 and 13 suggesting high potency of FOXFI (Figure 3). We then
used lentiviral vectors to stably overexpress FOXF1in NES-G4 esophageal squamous cells
(Figure 4A). FOXF1 overexpression induced well-known columnar cytokeratins, CK18 and
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CK7 and a BE differentiation marker, mucin 2, in NES-G4 esophageal squamous cells
(Figure 4B, 4C).

Organoid culture—Organoids of normal esophageal squamous epithelial cells were
spherical structures as shown in previous publications.*> When these cells were stably
transfected with FOXFL1, the organoids developed budding structures similar to budding
projections seen in previous studies® for columnar glandular epithelium (Figure 4D).

Global gene profiles after FOXF1 transfection—FOXF1 is a pioneer factor30: 31 and
can cause profound changes in cellular gene expression. Therefore, we assessed whether
changes in in vitro global gene expression profiles after FOXFI transfection correlated
with the differences in /n vivo global gene profiles between BE and GERD patients.

Using RNA sequencing, we found that genes that were highly upregulated after FOXF1
transfection /n vitro were also highly differentially upregulated between BE and GERD
patients (P=2.1685e-06) /n vivo and genes that were highly downregulated after FOXFI
transfection /n vitro were also highly differentially downregulated between BE and GERD
patients (P=8.3378e-09) /n vivo (Table 2). Raw /n vitro data are available at GEO accession
# GSE122481. The analyzed patient sequencing data are available as Supplementary Data
2. Together, the above results support a strong relationship between FOXFI gene expression
and initiation of a columnar type phenotype

Foxfl inhibition in Barrett’s cells led to reduced expression of BE differentiation markers

We then asked whether FOXFI was important for maintaining the differentiation status

of BE. We chose two well-known BE differentiation markers, CK7 and Muc2. Mucz? is
highly expressed in goblet cells that are the hallmark of BE epithelium.>* BAR-T cells were
transfected with four distinct FOXF1 shRNA clones. Although the clones B, C & D led to
inhibition of FOXF1, only clones C & D resulted in reduced expression of the BE molecular
marker CK7 (Fig. 5A). Alignment of the ShRNA clones to the UCSC genome browser
(GRCh38/hg38, Dec 13)°° showed that unlike clones C and D with 100% specificity to
FOXF1, clone B shRNA had 89% hit in chromosome 6 to FoxQ1, another member of the
FOX family, with as yet undefined interactions with FOXF1. This could explain discrepant
results caused by shRNA clone B. For further confirmation, we used immunofluorescence
to show that both clones C & D reduced BE molecular markers i.e., Muc2 and CK7 (Fig.
5B and 5C). These experiments suggest that FOXF1 is important for the maintenance of the
columnar BE epithelium.

FOXF1 induced EMT in esophageal squamous epithelial cells

Thus far, we determined that FOXF1 is intricately tied to maintenance of a columnar
phenotype. Based on our previous publication,** we hypothesized that FOXF1 may promote
migration of primed squamous cells from their native location to escape pro-squamous
stimuli and differentiate into columnar cells in a new environment. We evaluated FOXFI-
transfected esophageal squamous cells, EPC2, for EMT (Figure 6A). We found that the
expression of E-cadherin decreased while the expression of vimentin and Snail increased in
the FOXFI-transfected cells but not in the vector-transfected cells. Next, cell motility assays
were performed (Figure 6B). At both 6 and 12 hours, cells migration was more in FOXF1
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transfected cells compared to vector-transfected cells. Translating these results clinically,
these results suggest that FOXFI could promote migration of esophageal squamous cells to
populate reflux-induced esophageal wounds while committing them to a columnar fate to
promote Barrett’s like metaplasia.

Pathway analysis

To investigate the pathways regulated by FOXFI, we used RNAseq to measure gene
expression after FOXFI1 transfection (data deposited at GEO accession # GSE122481).
FOXF1 expression in vitro increased by 8.9-fold that closely approximates the 7-fold change
in expression seen in vivo in BE compared to GERD. At a threshold of FDR P value <0.05,
a total of 776 genes were upregulated and 594 genes were down-regulated. The IPA analysis
identified a total of 9 networks. Table 3 lists the top 3 networks that were comprised of

both upregulated and downregulated genes. One of the top networks was “Cancer, Cellular
Assembly and Organization, DNA Replication, Recombination, and Repair’ that has not
been linked to BE development. Previous data showed the BE mutational load to be high
(2.8 mutations/Mb), even before progression to invasive cancer, which is comparable to that
seen in many common invasive cancers such as prostate and breast.>6 Conventionally, DNA
repair pathways are believed to be dysregulated later in the process of carcinogenesis®’ but
our data raise the possibility that dysregulated DNA repair pathways may be an early event
in BE.

Discussion

FOXF1is uniquely and consistently linked to BE development and progression based on
multiple genetic epidemiology studies.®17 However, direct evidence for the role of FOXFI
in determining cell fate during squamous to columnar metaplasia has been lacking. To the
best of our knowledge, this is the first study confirming the functional relevance of FOXF1
in the pathogenesis of BE and validates the findings of genetic epidemiology studies.
FOXF1should be further studied as a useful diagnostic marker and as a therapeutic target in
BE.

Multiple BE development models have been proposed: transdifferentiation of native
terminally differentiated squamous cells to columnar cells, transcommitment of progenitor
squamous cells or cells from the submucosal glands to a specialized BE epithelium®®

and wound repair model with migration of glandular cells® or transitional cells® or

residual embryonic cells from the gastric cardia’ or diapedesis of circulating bone marrow-
derived cells.>® Our data favor the transcommitment model. We tested multiple esophageal
squamous cell lines, EPC2, Het-1A, NES-B10 and NES-G4 cells. All of the esophageal
squamous cell lines were patient-derived. Our results were consistent across multiple

cell lines. To confidently detect the transition from squamous to columnar after FOXF1
expression, we evaluated well-established squamous and columnar markers, compared /in
vitro global gene expression profiles to patient-based gene expression profiles in GERD
and BE and evaluated the change in organoid structure. We found that in our /n vitro
models, FOXFI-transfected esophageal squamous cells expressed columnar cytokeratins
seen in BE, exhibited changes in gene expression that correlated with /n7 vivo BE patient
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samples and developed tubular, glandular structures reminiscent of BE glandular epithelium
(Figure 4). Our study design also involved unique dose ranging experiments that have not
been typically performed while evaluating the effects of transcription factors in squamous
to columnar transition. These dose-ranging experiments showed high potency of FOXFI-
induced effects (Figure 3). To demonstrate the necessity of FOXF1 in maintaining the
columnar phenotype of BE, we used a combination of shRNA clones to inhibit FOXF1

in a BE cell line, BAR-T. When we inhibited FOXF1, well-known Barrett’s epithelial
markers, mucin 2 and cytokeratin 7, decreased tremendously (Figure 5). The metaplastic
initiation was accompanied by global gene expression changes in 776 upregulated and 594
downregulated genes (Table 2) as would be expected for a major epithelial switch and these
genes regulated multiple important pathways (Table 3). Together these data strongly support
an important role for FOXF1 in BE development.

FOXF1 was recently recognized to be a pioneer factor3% 31 based on experimental
observations that it can prime genes for expression by modulating chromatin accessibility,
thereby, allowing other transcription factors to change gene expression to determine cell
fate. Future studies should investigate FOXF1-induced changes in the chromatin state

by using techniques such as Chip-Seq and ATAC-seq. These could help us understand

the DNA binding sites and open and closed chromatin sites for FOXF1 to elucidate the
mechanisms by which FOXF1 influences transcription during BE development. FOXF1
has other important roles that could support an important role in squamous to columnar
metaplasia. There are multiple Gli binding sites in the non-coding regions close to FOXFI,
several of which are evolutionary conserved.20 Thus, FOXFI could mediate the effects of
hedgehog signaling, a pathway important to BE development, which in turn is regulated

by BMP signaling. Pathway analysis implicated DNA damage repair pathways in BE
development (Table 3). The concepts around BE progression are changing. Recent data
show that instead of slow stepwise progression, BE may rapidly progress to invasive cancer
over 24-48 months by catastrophic chromosomal damage.89 Based on the pathway analysis
of our data, where as many as 50% of the genes were altered in the network Cancer, Cellular
Assembly and Organization, DNA Replication, Recombination, and Repair, it is possible
that these pathways are altered early during BE development and thus prime BE epithelium
to undergo neoplastic transformation.

A novel finding of our work was that over-expression of FOXF1 in normal esophageal
squamous cells induced EMT that promoted cell motility. It is plausible that squamous cells
from the edges of reflux-induced wounds could migrate into areas of epithelial loss where
pro-columnar stromal signaling may revert these FOXFIZ-primed cells into an embryonic
columnar state. Our results are consistent with a study by Roudebush et al. in which acid
and bile exposure increased migration of esophageal squamous cells to lead to wound repair
and tissue regeneration.1 We previously showed that acid and bile salts induce EMT in
non-neoplastic Barrett’s BAR-T cells by VEGF signaling** predisposing to the development
of sub-squamous intestinal metaplasia in BE. The results of our current experiments are in
contrast to our previous publication where acid and bile treatment of normal esophageal
squamous cells did not induce EMT, even though our current experiments showed that acid
and bile robustly induced FOXF1. It is possible that EMT induction needs sustained rather
than transient expression of FOXFL1. Induction of EMT is consistent with the embryological
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behavior of FOXF1. Embryologically, FOXF1 is expressed in the splanchnic mesoderm and
is critical for EMT signaling during gut development.®2 Clinically, if one can imagine a 10
cm long segment of BE, transcommited squamous cells migrating locally from the edges

of the reflux-induced esophageal wounds may be more efficient than migration of cells
(transitional cells® or residual embryonic cells”) from the gastroesophageal junction across a
distance of 10 cm into the proximal esophagus. Thus, our work favors transcommitment as a
model for BE development, but we cannot exclude the possibility that FOXFI may promote
cell motility in other cell types such as transitional or residual embryonic cells to promote
migration of these cells proximally from the gastroesophageal junction.

The major strengths of our study were that we included human material as well as /in

vitro cell-culture and organoid models and performed gain-of-function and loss-of-function
studies. We chose robust endpoints: specific cytokeratin markers, global gene profiling

and change in organoid structure. We also studied the relationship between these markers
with the dose of FOXF1 that provides additional confidence into our observations. Our
study does have limitations but overall supports the findings of genetic epidemiology
studies that support FOXF1 as an important factor in the development of BE. Our study
population was dominated by males because the patients were enrolled at a Veterans’
hospital with male predominance. We do not have reason to suspect sex-based differences
in FOXF1 expression, but our findings should be evaluated in females with BE. We did not
study transgenic mice to evaluate the effects of FOXF1 knockout on BE development and
progression. We plan to study the effects on BE development by performing reflux-inducing
surgeries in FOXF1 knockout mice. We discovered specific downstream targets such as
PPM1H but could not elucidate them further, which should be done in future studies. The
FOXF1-transfected cells grew into organoids with budding structures similar to organoids
grown from human BE epithelium by other groups.>3 However, we did not observe other
characteristics such as central lumen, columnar orientation, surface microvilli and loss

of intracellular bridging. It is possible that FOXF1 initiates early metaplastic change in
squamous cells, but other factors may be needed for fully developed BE organoids. We did
not study whether FOXF1 is constitutively expressed in the normal intestinal epithelium.
The physiologic (in small intestine and large intestine) versus pathologic (in BE) expression
of FOXF1 should be further studied.

In conclusion, using established /in vitro models and clinical samples, we have shown that
FOXF1 may play an important role during BE development. Further research is needed to
understand whether FOXF1 can be a novel biomarker to identify GERD patients at risk for
BE and whether therapies targeted at FOXF1 can be used for cancer prevention in patients
with BE.
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Figure 1. FOXF1 expression in human specimens by gPCR (A) and IHC (B).
FOXF1 transcript and protein (brown staining) was higher in the BE epithelium compared

to the squamous epithelium of NERD or EE or BE-squamous. NERD, Non-erosive reflux
disease; EE, erosive esophagitis; BE-squamous, paired squamous mucosa from patients with
Barrett’s esophagus (BE). Fold changes were calculated by the delta-delta Cq method and
expressed in comparison to the Cq value of one of the NERD samples. Magnification 40x;
Scale bar = 100 pum. *indicates ~<.01.
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Figure 2. FOXF1 expression after acid and acidic bile treatment.
Four normal esophageal squamous cell lines, EPC2, Het-1A, NESB10 and NESG4 were

studied. At 70-80% confluency cells lines were exposed to acid at pH 5.5 and/or

acidic bile (bile salts @100 uM at pH 5.5.). In panel A, FOXF1 was evaluated by
immunocytochemistry (magnification 20x; scale bar = 24 pm) or immunofluorescence (scale
bar = 125 um) after being treated with acid and acidic bile for 30 minutes. In panel B,
extracts of nuclear proteins were blotted against FOXF1 after treatment with acidic bile for
duration varying from 5 minutes to 30 minutes.
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Figures 3. Dose-dependent effects of FOXF1 on squamous and columnar cytokeratins in normal

esophageal squamous EPC2 cells.

At 70% confluency, EPC2 cells were transfected with FOXFI at varying doses (0.0004-4
ug) or empty vector and columnar cytokeratins 18 (A) and 7 (B) and squamous cytokeratins
10 (C) and 13 (D) were measured by gPCR. Data represent mean = SEM of four

independent experiments.
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Figures 4. Effect of FOXF1 induction on columnar cytokeratins and organoid growth.
Panel A: Lentiviral GFP-tagged empty vector or FOXF1 cDNA into NESG4 cells led to

efficient transduction of FOXF1: IFin left panel, phase contrast microscopy in middle panel
and merge in right panel. Bar= 75 um. Panel B, Western blots were performed for columnar
cytokeratins, CK18 and CK7, after transfection with lentiviral GFP-tagged empty vector or
FOXF1cDNA. Panel C: IF was performed for Muc2, a well-established BE marker. Scale
bar =50 um. Panels D: Organoid cultures were established from GFP labeled cells sorted
by flow cytometry after transfection with empty vector or FOXF1 cDNA. Scale bar=50 uM.
The graph shows the proportion of budding organoids between cells transfected with empty
vector versus FOXF1 cDNA, */<.01.

Control-GFP

FOXF1-GFP cDNA

Control-GFP

Organoid formation rate (%)

FOXF1-cDNA

Lab Invest. Author manuscript; available in PMC 2022 July 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

De et al. Page 21

A scrambled FOXF1 shRNA
control A B c D
FOXF1 o g, s —_— . —

—  ——

L —— —— —— R —

B
Muc2 DAPI Merged
2 *
£% —_
EE ] *
Eg < g0
O
* 3 T
5 60
~ 0 2
W =
%2 g 40
O +
S §
gzo
-0 ]
w
éé go S O 9
""{:,, o 1.-" @(\e o‘\e
& & &
Cc
b DAPI Merged *
25 *
=]
E = = e
885 & 100+
[ 31 -
7 o
@
=
© -
4 £ 504
§% s 50
o € —
L < @
x% E 0-
= g S o0
PO
& &F &f

Figure 5. Effects of FOXF1 inhibition on well-known Barrett’s markers in patient-derived
Barrett’s cells.

Panel A: BAR-T cells were transfected with four different FOXF1 shRNA clones A-D
versus scrambled control and western blots were performed for FOXF1 and CK7. Panels B
and C: BAR-T cells were transfected with the GFP-tagged FOXF1 shRNA clones C & D
and imaged for Muc2 and CK7 by confocal microscopy (20x magnification). Scale bar =
50 um. Cells were counted from eight random fields for quantitative analysis. Graphs show
objective analysis of the fluorescence pictures, *P<.05.
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Figure 6. FOXF1 over-expression induced EMT and promoted cell motility in normal esophageal
squamous cells.

EPC2 cells at 70% confluency were transfected with FOXF1 (0.0004 pg) or empty vector.
Panel A, E-cadherin, Snail and vimentin were evaluated by immunocytochemistry. Panel
B, Cell motility assays were performed. Bar graph shows quantification of the wound
dimensions using Photoshop arbitrary relative units (see methods), *<0.05. Data represent
mean + SEM of three independent experiments. Magnification 20x; Scale bar = 24 pm.
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Patient Demographics

NERD (n=20) | EE (n=20) | BE (n=20)
Age 59+10.1 61+9.6 63+12.7
Gender 80% male 93% male | 95% male
Race All white All white All white
Hiatus Hernia | 45% 75% 88%
BM/ 27+5.3 29+4.7 32459

NERD, non-erosive reflux disease, EE, erosive esophagitis, BE, Barrett’s esophagus
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Table 2.

Comparison of changes in gene expression in EPC2 cells after /in vitro transfection with FOXFI compared to
empty vector with /n vivo differences in gene expression between BE and GERD patients

BE vs. GERD

up down

Foxf1 vs. empty vector up 246 (2.1685e-06) 84 (1) 776

down | 114(0.9994) | 171(8.3378¢-09) | 594

3154 2482

BE, Barrett’s esophagus, GERD, gastroesophageal reflux disease, up=upregulated genes, down=down-regulated genes. Genes were selected on the
basis of FDR Pvalue <0.05. For both patient samples and the cell lines (EPC2), three replicates were used. Numbers in red represent genes with a
similar pattern of expression in vitro and in vivo (Pvalues are in parentheses).
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