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SUMMARY

Cellular transitions and microenvironmental conditions,
such as reflux-associated and tumor-associated low pH,
underlie Barrett’s esophagus and metastatic processes. Low
pH–responsive genes supporting transitions of Barrett’s
esophagus–associated dysplastic and adenocarcinoma cells
were defined by small interfering RNA library screening and
high-content analysis.
BACKGROUND & AIMS: Esophageal adenocarcinoma (EAC) de-
velops from within Barrett’s esophagus (BE) concomitant with
gastroesophageal reflux disease (GERD).Wound healing processes
and cellular transitions, such as epithelial–mesenchymal transi-
tions, may contribute to the development of BE and the eventual
migratory escape of metastatic cancer cells. Herein, we attempt to
identify the genes underlying esophageal cellular transitions and
their potential regulation by the low pH environments observed in
GERD and commonly encountered by escaping cancer cells.

METHODS: Small interfering RNA library screening and high-
content imaging analysis outlined changes in BE high-grade
dysplasia (HGD) and EAC cell morphologies after gene silencing.
Gene expression microarray data and low pH exposures studies
modeling GERD-associated pulses (pH 4.0, 10 min) and tumor
microenvironments (pH 6.0, constant) were used.
RESULTS: Statistical analysis of small interfering RNA
screening data defined 207 genes (Z-score >2.0), in 12 distinct
morphologic clusters, whose suppression significantly altered
BE-HGD cell morphology. The most significant genes in this list
included KIF11, RRM2, NUBP2, P66BETA, DUX1, UBE3A, ITGB8,
GAS1, GPS1, and PRC1. Guided by gene expression microarray
study data, both pulsatile and constant low pH exposures were
observed to suppress the expression of GPS1 and RRM2 in a
nonoverlapping temporal manner in both BE-HGD and EAC
cells, with no changes observed in squamous esophageal cells.
Functional studies uncovered that GPS1 and RRM2 contributed
to amoeboid and mesenchymal cellular transitions, respec-
tively, as characterized by differential rates of cell motility,
pseudopodia formation, and altered expression of the mesen-
chymal markers vimentin and E-cadherin.

CONCLUSIONS: Collectively, we have shown that low pH mi-
croenvironments associated with GERD, and tumor invasive
edges, can modulate the expression of genes that triggered
esophageal cellular transitions potentially critical to coloniza-
tion and invasion. (Cell Mol Gastroenterol Hepatol
2020;10:601–622; https://doi.org/10.1016/j.jcmgh.2020.05.002)
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The prevalence of esophageal cancer has increased
significantly both in Canada and in the United States
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Abbreviations used in this paper: A-T, A minus T; BE, Barrett’s
esophagus; COP, constitutive photomorphogenesis; dNTP, deoxyri-
bonucleotide; EAC, esophageal adenocarcinoma; ECM, extracellular
matrix; GERD, gastroesophageal reflux disease; HCA, high-content
imaging analysis; HGD, high-grade dysplasia; mRNA, messenger RNA;
MTT, 3-[4, 5-dimethylthiazol-2-yl] 2, 5-diphenyltetrazolium bromide;
PBS, phosphate-buffered saline; RNR, ribonucleotide reductase;
siRNA, small interfering RNA.
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(2.8%).1–4 This increase, despite screening programs for
preliminary lesions,3 has been attributed to the continued
increase in the diagnosis of esophageal adenocarcinoma
(EAC) over that of squamous cell carcinoma of the esoph-
agus, whose rates have decreased.4 Furthermore, the poor
5-year survival rates for esophageal cancer in Canada (14%)
and the United States (18%) add to the growing need to
understand the etiology and develop targeted therapeutics
to treat or manage this deadly disease.

EAC is derived from a precursor lesion known as Bar-
rett’s esophagus (BE), which develops at the lower gastro-
esophageal junction as a consequence of ongoing
gastroesophageal reflux disease (GERD). The origins of this
metaplasia have been the subject of much debate with no
significant consensus of understanding between trans-
commitment of squamous cell lineages, cardia-resident stem
cells, or stem cells deriving from the esophageal submucosal
glands.5–9 However, recent evidence points toward BE stem
cells that may have the potential to migrate from their
niche and expand to replace the damaged epithelium
through a process of wound healing analogous to
epithelial–mesenchymal transitions.10–12 The development
of high-grade dysplasia (HGD) within BE also is associated
with localized remodeling of BE glandular structures, likely
facilitated by similar cellular transitions. Thus, it may be
hypothesized that inflammatory factors or refluxate con-
stituents released upon damage to the esophageal surface
epithelium supports the expanding population of BE stem
cells and associated HGD through a poorly understood
mechanism.

EAC is a highly metastatic cancer, whose invasive po-
tential is partially facilitated by the lack of serosa sur-
rounding the esophagus. Subsequent invasion of the tumor
cells into surrounding lymph nodes correlates with poor
patient prognosis.13,14 It is suggested that only a fraction of
tumor cells acquire the capacity for invasion and dissemi-
nation through a separation from the primary tumor,
migration, colonization, and metastatic growth at a distant
site.15–18 Dissemination of tumor cells involves the use of
dynamic morphologic features to navigate the differing tis-
sue geometries and escape the original tumor before
migrating to distant sites. This movement is underlined by a
sequence of locomotive cellular extensions and contractions,
as well as adhering to and releasing from the local sub-
strates.19 These hijacked developmental transitions such as
epithelial–mesenchymal, mesenchymal–epithelial, and amoe-
boid transition have been found to confer cancer cells with
useful attributes promoting invasive, locomotive, and migra-
tory potential in addition to cancer stem cell–like properties
necessary in surviving anoikis.20–25 During the process of tu-
mor escape, cancer cells are simultaneously reacting to, or
following signals provided by, chemotactic or haptotactic
gradients in the extracellular matrix (ECM) and cell adhesion
molecules (integrins and cadherins) expressed on cell sur-
faces. Many of these signals are provided by the local and
distal microenvironments such as gradients of vascular
epithelial growth factor induced in response to hypoxia-
inducible factor 1A–mediated oxygen-sensing transcriptional
programs. Less commonly understood is the role of tissue-
specific pH levels as a microenvironmental support for
metastasis. However, low extracellular pH, sometimes termed
acidosis, is observed in the hypoxic cores of solid tumors,
where lengthy paths of diffusion exist. These paths are sug-
gested to drive aggressive phenotypes through increased
matrix metalloproteinase production, metastases, and
invasion.26–29 Furthermore, recent evidence has suggested
that cancer cells also encounter acidified environments at
tumor-stromal borders that correlate with greater levels of
invasion.26

Thus, defining regulators of morphologic changes in BE
and EAC cells that can support their expansion and metas-
tasis may allow targeted therapies at either end of the
esophageal adenocarcinoma sequence. Here, high-
throughput small interfering RNA (siRNA) screening in
BE-HGD cells, that reflect phenotypes shared by BE, HGD,
and EAC, was used in conjunction with high-content imaging
analysis (HCA) of cell morphology. This analysis uncovered
gene-dependent regulation of epithelial–mesenchymal and
amoeboid transitions in BE-HGD and EAC cells. Further-
more, we show that environmental exposures, reflecting
GERD and the low pH associated with hypoxic tumor cores,
suppress the expression of newly defined regulators of
these transitions.
Results
High-Content Imaging of BE-HGD Cell
Morphology After siRNA Library Screening

An siRNA screening protocol (Figure 1A) using a cell line
representing Barrett’s-associated high-grade dysplasia,
CP-D BE-HGD cells, a druggable genome siRNA library
consisting of 6033 siRNA pools and HCA of cytoskeletal
proteins (F-actin, a-tubulin, and Hoechst) was used as pre-
viously described.30 To reduce data dimensionality (8 im-
ages per well, 7000 wells, 4 channels), initial analysis and
data transformations of screening images was performed
using a singular analytic parameter measuring the differ-
ence between the overall area of the cell (F-actin) and that
of tubulin staining (A minus T [A-T] parameter), thus
reflecting extensions, contractions, or bundling associated
with cellular transitions. Locally weighted polynomial
regression normalization first was performed to account for
cell shape changes as a consequence of alterations in cell
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Figure 1. Screening metrics of high-content and high-throughput imaging analysis of esophageal cell morphology after
siRNA druggable genome library screening. (A) Flow diagram of the siRNA library screening process in BE-HGD cells using
measurement of morphologic parameters as determined through staining patterns, size, intensity, shape, location of F-actin,
a-tubulin, and the nucleus (Hoechst). (B) Locally weighted polynomial regression (lowess) prenormalization of raw screening
data, using the A-T parameter, which tracks overall cellular dynamics, controlled for changes in cell shape associated with
variations in cell densities. Cell counts were determined by nuclear staining of images. Red dots and green dots represent
negative and positive controls from screening data, respectively. (C) Plate normalized (to negative controls) values of A-T
parameter showing significant separation of negative and positive controls throughout the screening plates. siNT, control
nontargeting siRNA pool; siPOS, positive control siRNA pool targeting GATA6.
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density that occur as a result of gene loss-mediated cell
death, growth inhibition, or regional variations (Figure 1B).
Optimal library screening quality was then assessed using
the A-T parameter with a Z factor greater than 0.5, defined
through the performance, and separation, of negative and
positive controls (Figure 1C).

Statistical Z-score ranking of the normalized A-T
parameter defined 207 siRNA targeted genes affecting
cell morphology independent of cell density at a Z score
>2 (Table 1). Notably, genes within the top 10 of this
list whose suppression resulted in altered morphologies
included KIF11, RRM2, NUBP2, P66BETA, DUX1, UBE3A,
ITGB8, GAS1, GPS1, SERPINE, and PRC1. Gene Ontology
analysis of the 207 genes ranked by their A-T Z-scores (Z
> 2) highlighted an enrichment (13-fold) of genes asso-
ciated with mitotic cell-cycle control and transitions
specifically in negative regulation of mitotic cell cycle
(Gene Ontology: 0045930) in keeping with the relation-
ship between mitosis, cytokinesis, and changes in cell
morphology as regulated by, for example, KIF11 and
PRC1 (Table 2). Multiparameter analysis measuring
discrete changes (N ¼ 32 distinct morphologic parame-
ters) in overall cell and nuclear polarity (level or
roundness), nuclear positions, distances between mem-
brane and nucleus, intensity of tubulin or F-actin stain-
ing, among many others, was used to project the overall
functional effect of gene loss through changes in cell
morphology. Hierarchical clustering of genes, as initially
defined by A-T parameter (207 genes Z > 2), with
multiple morphologic parameters next was used to study
the relationships between changes in cell shape/
morphology and specific gene sets (Figure 2A). This
multiparameter HCA data resulted in 12 distinct
gene–morphology clusters, as classified by the HCA soft-
ware (Figure 2A and Table 3). Illustrative examples of
the morphologic features associated with silencing of
genes within these clusters are shown in Figure 2C and
expanded in Figure 3, and show the scale and dynamics
of changes in cell morphology.
Gene Silencing-Dependent Changes in Cell
Morphology Are Associated With Altered Cell
Migration

The relationships between the cell phenotypes
observed after siRNA-mediated gene suppression were
examined through verification experiments, as well as
their ability to migrate in scratch wound assays. The genes
RRM2, ITGB8, GPS1, NOL1, MYO9B, and SPRY1 were
selected to represent a cross-section of the differing
morphologic clusters observed in preceding experiments.
The silencing of these genes in BE-HGD cells, using alter-
nate siRNA pool builds, resulted in similar changes in
cell shape to that observed in the original screen
(Figure 4A). HCA analysis of these images, using analogous
morphologic parameters, resulted in similar levels of
significant alteration to that observed in the original
siRNA screening data (Table 4). Scratch-wound assays
were next performed at 72 hours after transfection
followed by measurement of cell migration into the



Table 1.siRNA-Targeted Genes Affecting the A-T Parameter as Ranked by Z Score

Gene ID
Entrez
gene

Z-
score Gene ID

Entrez
gene

Z-
Score Gene ID

Entrez
gene

Z-
score

KIF11 3832 7.31 XRCC2 7516 3.47 CD24 934 3.00

RRM2 6241 5.54 WNT7B 7477 3.36 CSTF3 1479 2.99

NUBP2 10101 5.06 BRE 9577 3.31 TFRC 7037 2.98

P66BETA 57459 4.91 KCNQ4 9132 3.27 TNNT2 7139 2.98

DUX1 26584 4.83 HOXD3 3232 3.24 AQP8 343 2.97

UBE3A 7337 4.34 TRIM32 22954 3.19 HOXB13 10481 2.97

ITGB8 3696 4.31 CYLD 1540 3.18 HMGN4 10473 2.95

GAS1 2619 4.02 PLXNA1 5361 3.13 RNF144 9781 2.93

GPS1 2873 4.02 CDC25B 994 3.13 FSCN2 25794 2.92

SERPINI1 5274 3.98 CPOX 1371 3.13 DPF2 5977 2.91

PRC1 9055 3.92 SERPINF1 5176 3.12 ZFP64 55734 2.90

RNF32 140545 3.88 ACOX2 8309 3.11 DNMT3B 1789 2.89

FBXO32 114907 3.73 GBP1 2633 3.10 FGA 2243 2.89

MTVR1 23625 3.66 LHB 3972 3.09 NFKBIB 4793 2.88

HMGN1 3150 3.64 RDH8 50700 3.08 USP11 8237 2.86

CASP8AP2 9994 3.62 GABPA 2551 3.08 CD79A 973 2.86

PRDM8 56978 3.57 TMEM4 10330 3.06 SALL3 27164 2.85

SPRY1 10252 3.54 CRLF2 64109 3.04 C9ORF100 84904 2.84

NOL1 4839 3.52 TM4SF4 7104 3.01 AGL 178 2.83

RAG1 5896 3.48 HOXA4 3201 3.00 NR1D2 9975 2.83

Gene ID
Entrez
gene

Z-
score Gene ID

Entrez
gene

Z-
score

CDC6 990 2.82 EPB42 2038 2.61

DIABLO 56616 2.77 RING1 6015 2.60

KRT18 3875 2.76 HOXA7 3204 2.60

BTG4 54766 2.76 ACY1 95 2.58

FRAG1 27315 2.74 HSF2 3298 2.58

AQP3 360 2.74 PSMB4 5692 2.56

NCOA7 135112 2.72 MLL 4297 2.55

TCOF1 6949 2.72 RSU1 6251 2.54

DAXX 1616 2.72 TNC 3371 2.54

LGALS3BP 3959 2.69 ACADVL 37 2.52

IL27RA 9466 2.68 CDC42EP3 10602 2.50

ARHGDIG 398 2.68 SPINK5 11005 2.50

COL18A1 80781 2.68 ABCC3 8714 2.50

SERPINI2 5276 2.67 XPMC2H 57109 2.49

TNFRSF13B 23495 2.67 CTGF 1490 2.48

MDS1 4197 2.66 NGFRAP1 27018 2.47

LRP8 7804 2.62 NR4A1 3164 2.47

SMARCA1 6594 2.62 AXIN1 8312 2.46

TNFSF11 8600 2.62 CCNB3 85417 2.45

DBI 1622 2.61 GPR135 64582 2.44
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scratched area at 96 hours. Silencing GPS1 and SPRY1
expression resulted in significant increases in the rate of
scratch-wound closure (Figure 4B and C), which was not
associated with changes in either cell viability (Figure 4D)
or exact cell counts (Figure 4E). Suppression of MOY9B
similarly resulted in significantly increased scratch-
wound closure, despite a significant decrease in cell
number and proliferative potential (Figure 4). Compara-
tively, silencing of RRM2 and ITGB8 resulted in significant
effects on proliferative potential (Figure 4D and E),
which consequently negatively affected scratch-wound
assays. Thus, alterations in morphologic parameters



Table 2.Over-represented Gene Ontologies Associated With Z Score–Ranked Screening Results

PANTHER GO-Slim Biological process GO code Fold enrichment Raw P valuea FDR

Negative regulation of mitotic cell cycle GO:0045930 13.82 2.97E-04 2.81E-02

JAK-STAT cascade GO:0007259 10.71 7.21E-04 4.63E-02

STAT cascade GO:0097696 10.71 7.21E-04 4.47E-02

Mitotic cell-cycle phase transition GO:0044772 8.78 3.64E-04 2.97E-02

Regulation of cell-cycle process GO:0010564 8.37 4.47E-04 3.21E-02

Regulation of cell proliferation GO:0042127 6.7 3.74E-04 2.92E-02

Positive regulation of cellular process GO:0048522 5.95 2.42E-04 2.56E-02

Mitotic nuclear division GO:0140014 4.61 2.03E-04 2.61E-02

Mitotic cell cycle GO:0000278 4.53 2.32E-04 2.78E-02

Mitotic cell-cycle process GO:1903047 4.53 2.32E-04 2.61E-02

FDR, false discovery rate; GO, Gene Ontology; JAK, Janus Kinase; PANTHER, Protein ANalysis THrough Evolutionary Re-
lationships; STAT, Signal transducer and activator of transcription proteins.
aFisher exact test.

2020 BE-HGD Cellular Transitions Defined by HCA 605
translated into altered cell migration characteristics,
validating the high-throughput imaging approaches used
in this study.
Exposure of Esophageal Cells to Low pH
Environments, Replicating GERD-Associated and
Tumor Cores, Suppresses GPS1 and RRM2
Levels

Acidic microenvironments are commonly associated
with hypoxic tumor cores, invasive tumor edges, and,
obviously, GERD.9,12,26 Finally, acidic environments and
exposures have been observed to induce
epithelial–mesenchymal phenotypes in a variety of cell
types including BE cells.12 Therefore, we next examined
whether low pH exposure could alter the expression of
genes that impact cellular morphologies, as defined earlier
by HCA of siRNA library screening data. Using previously
published gene expression microarray analysis data of EAC
cells exposed to low pH,31 the expression of the 207 sig-
nificant siRNA targets from the earlier-described screening
data was investigated. GPS1 and RRM2 were selected
through this investigation because genes with the highest
cell morphology Z scores (within top 10) (Table 4) that
were responsive to low pH and, as noted in preceding ex-
periments, resulted in distinctive cell shapes when gene-
silenced. This analysis suggested that both GPS1 and
RRM2 expression may be suppressed by low pH exposure in
SKGT4 EAC cells (Figure 5A). Subsequent validation in EAC
cells exposed to continuous low pH 6.5, as used in the
original gene expression microarray study,31 showed an
immediate decrease in GPS1 messenger RNA (mRNA) levels
that persisted over 2 hours, before returning to basal levels
at 4 hours (Figure 5B). Compared with GPS1 levels, sup-
pression of RRM2 mRNA in response to continuous low pH
6.5 exposure was delayed until 4 hours, and thus did not
overlap with that of GPS1 (Figure 5B). Simulated GERD
insults using pulsatile exposure of BE cells to pH 4.5 (10
min)32 followed by return to a normal pH of 7.4, similarly
resulted in an immediate decrease in GPS1 mRNA levels
that persisted for 5 hours (Figure 5C). Again, a decrease in
RRM2 levels occurred in response to a pulsatile pH level of
4.5, which did not overlap with the initial loss of GPS1.
Thus, both GPS1 and RRM2 levels may be suppressed in
response to environmental conditions common to both
hypoxic tumor cores and BE/EAC-associated GERD
exposure.
GPS1 Suppression Promotes BE and EAC Cell
Migration Through Epithelial–Amoeboid–Like
Transition

GPS1, also known as COP9 signalosome complex 1 (CSN1)
or constitutive photomorphogenesis (COP)S1, is a component
of the COP9 signalosome regulating protein NEDDylation (the
binding of a neural precursor cell expressed developmentally
down-regulated protein 8 (NEDD8)), most notably, of cullin-
RING ligases, thus controlling protein ubiquitination and
impacting a diverse array of cellular events, including cell
cycles, through ubiquitin-mediated protein turnover.33,34 b-
catenin levels, controlled by cycles of ubiquitination, are
centrally implicated in the metastatic phenotypes of many
cancer types through catenin/cadherin complexes.35–39

Figure 6A shows the morphologic parameter data at the in-
dividual per cell level, highlighting the consistency of the
overall shape change in GPS1-silenced cells. Under flow
cytometric cell-cycle analysis, no expansion of GO/G1 or sub-
G1 populations, or any notable global changes in cell-cycle
distribution, was noted in GPS1-silenced CP-D BE-HGD cells
when compared with the nontargeting siRNA-transfected
cells (Figure 6B). However, silencing GPS1 expression in
both BE-HGD and EAC cells resulted in stabilization of
b-catenin protein expression in esophageal cells at 72 and
96 hours after siRNA transfection (Figure 6C and E). Inter-
estingly, GPS1 levels were observed to accumulate signifi-
cantly in control resting cells over 72 hours as cell culture
vessel density increased and cells became nonmotile
(Figure 6D and F).
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Figure 2. (See previous page). Hierarchical clustering of high-content and high-throughput morphologic parameters
with siRNA-targeted genes defines gene–morphology clusters. (A) Hierarchical clustering of both siRNA-targeted genes
(side, vertical), at A-T parameter Z > 2 as the cut-off value, and associated cell morphologic parameters (n¼ 32, top horizontal)
measured by In Cell Investigator suite, highlights 12 distinct morphologic clusters. (B) Z score bar chart of genes (A-T
parameter Z � 2) ordered by location within hierarchical clusters. (C) Zoomed screening images of cell shapes from selected
siRNA-targeted genes (KIF11, GPS1, RRM2, PRC1, CDC6, CTGF, BTG4, NOL1, AXIN1, MYO9B, UBE3A, PPP1R10) clusters.
Control nontargeting siRNA (siNT) and GATA6 represent negative and positive screening controls, respectively. Green and red
pseudocolorization represent a-tubulin and F-actin staining, respectively. Nc, nucleus.

Table 3.Gene Membership of Cluster From Hierarchical Clustering in Figure 2

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6 Cluster 7 Cluster 8 Cluster 9 Cluster 10 Cluster 11 Cluster 12

SERPINI1 NUBP2 NGFRAP1 CAMKIINALPHA TMEM4 APOC4 BTG4a NOL1a LRP8 NFKBIB CPOX LBP

WNT7B GABPA RRM2a ACOX2 ACADVL TNNT2 ARHGDIG NCOA7 CD79A IL27RA HMGN4 TWIST1

KIF11a HOXB13 P66BETA AQP3 CDC42EP3 KCNQ4 PME-1 CD24 SPINT2 POLR2B PAFAH1B3 ACP2

CASP8AP2 ZFP64 DUX1 GAS1 CDC6a SUPT6H SKP2 DIABLO LGALS3BP GBP1 PRDM8 ZIC3

DBI HSF2 ITGB8 CCND1 GLI2 SRP72 PSMB4 ABCC3 LHB FBXO32 RAG2 ALPL

TNFSF11 PHF1 SPRY1 RNF32 DACH2 RSU1 GGT2 CES1 SPINK5 AQP8 FGD1 CPT2

FGA GPS1a HOXA7 KRT18 MTA1 RDH8 ACADSB PLXNA1 UNC5B BIA2 XPMC2H

GSTT2 XRCC2 ACY1 PRC1a CTGFa COL18A1 THRAP5 TCOF1 CSTF3

C9ORF100 CCNB1 C6ORF108 AGL DAXX TRIM32 DNMT3B NR1D2 PCOLCE

DPEP3 TOP2A HOXA4 MTVR1 LCHN EPB42 OLIG2

TAF6L TNFRSF21 MDS1 CRLF2 CTSC AQP2 DRPLA

FSCN2 MLL SERPINF1 HOXD3 IFNA7 ZNF74

SALL3 AVP CSH1 SERPINI2 TNC

NRGN FRAG1 BRE NCF1 PPP1R10a

ZNF160 PARC CCNB3 STAT5A HSPB2

ITGB1BP2 SMURF2 OAS3 MMP25 NRL

HMGN1 AXIN1a TCF12 DELGEF

GSPT1 SMARCA1 RASAL2 UBE3Aa

TFRC RNF144 FECH USP11

GML GPR135 GJB2 DPF2

PRDM13 NOS2A OXT

GRAP NR4A3 CDC42

CYLD APOC1 IGHG3

MK-STYX ILF2 CPN2

XCL2 P4HB BUB3

TNFRSF13B TM4SF4 IGHG4

HLA-B MYO9Ba LOC94431

GPR142 CTSK NR5A2

CLTCL1 FLJ10665 ARPP-19

CMRF35 CDYL RAB38

RAG1 SUFU FGD6

RXRA TFAP2BL1 NPPA

SCNN1A

SERPING1

TLE4

RING1

NR4A1

DNAI1

NR2F6

TIEG2

APOA4

aGene identifiers are those with images in Figures 2 and 3.
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Figure 3. Expanded screening images of BE-HGD cells after siRNA-mediated silencing of genes selected from pre-
ceding gene–morphology clustering. Images represent of each gene–morphology cluster as defined by hierarchical clus-
tering of genes statistically significant at the Z � 2 cut-off value in the A-T parameter as detailed in Figure 2. Green and red
pseudocolorization represent a-tubulin and F-actin staining, respectively. Control nontargeting siRNA (siNT) and GATA6
represent negative and positive screening controls, respectively.
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Figure 4. Changes in cellular morphology impacts cellular migration. (A) Changes in BE-HGD cell morphology as indicated
by screening data were confirmed in independent experiments (n ¼ 3) using an alternate siRNA format to that of the original
screen (siOn-target plus). (B) Scratch-wound assays performed in confluent cells (n ¼ 6) transfected with siRNAs targeting
RRM2, ITGB8, GPS1, NOL1, MYO9B, and SPRY1. (C) Representative images of significantly affected wells. (D) Cell count and
(E) cell viability after silencing of RRM2, ITGB8, GPS1, NOL1, MYO9B, and SPRY1. Negative, negative control growth media
without fetal calf serum; Positive, positive control, epidermal growth factors in culture media. *P < .01, **P < .001, and ***P <
.0001. NS, not significant in Student t testing.
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Cell motility is achieved through changes in actin- and
tubulin-mediated structural alterations in cell morphology,
leading to F-actin protrusions such as those observed in
preceding validation experiments (Figure 4A). Confocal mi-
croscopy thus was performed upon resting and GPS1
silenced BE-HGD cells to further investigate actin, tubulin,
and cortactin dynamics that underpin cellular locomotion
and invasive phenotypes. Nested tubulin staining around
the nucleus in addition to well-dispersed multiprocess actin
filament staining was observed in nontargeting siRNA-



Table 4.Summarized Table of HCA Parameter Results After Imaging of Separate Validation Experiments Using Alternate siRNA Pools in BE-HGD Cells

Parameter Resting siNT siRRM2 siITGB8 siCSN1 siNOL1 siMYO9B siSPRY1

Nuclear
displacementa

0.638 ± 0.058 0.68 ± 0.078 1.539 ± 0.066 0.899 ± 0.062 0.837 ± 0.049 0.974 ± 0.038 0.901 ± 0.086 0.92 ± 0.041

Cell area
(a-tubulin)b

761.65 ± 103.71 839.14 ± 83.77 2282.11 ± 46.43 1034.36 ± 56.03 916.07 ± 29.99 1060.9 ± 53.87 963.23 ± 11.25 1098.4 ± 49.62

Organelle area
(F-actin)c

604.89 ± 66.01 659.01 ± 55.14 1996.41 ± 65.51 799.54 ± 34.57 651.29 ± 7.94 810.17 ± 2.81 716.56 ± 10.94 865.19 ± 44.75

Cell area –

organelle aread
156.75 ± 38.25 180.12 ± 29.75 285.70 ± 35.48 234.82 ± 21.51 264.78 ± 36.19 250.79± 1.47 246.67 ± 0.38 233.25 ± 35.14

Cell counte 3907.5 ± 720.62 3523.1 ± 654.06 472.5 ± 68.98 2043 ± 337.36 2566.667 ± 186.73 1850.17 ± 35.26 1526.83 ± 131.1 1739 ± 93.86

aDistance between the nucleus and cell center of gravity divided by the gyration radius.
bTubulin area of the identified cell body.
cActin area of the identified cell body.
dArea between the actin and tubulin.
eCell number calculated by nuclear stain.

610
Phipps

et
al

Cellular
and

M
olecular

Gastroenterology
and

Hepatology
Vol.10,No.3



2020 BE-HGD Cellular Transitions Defined by HCA 611
transfected cells (Figure 7A). However, in GPS1-silenced
cells, clear F-actin polymerization was observed in large
foci that extended beyond the staining pattern of tubulin,
which had retracted and stabilized to form a microtubule
organizing center behind the F-actin–rich leading edge of
the pseudopodium (Figure 7A). Next, the ability of these
pseudopodia to facilitate locomotive and invasive
phenotypes was validated further through localization of the
actin–nucleation–promoting factor, cortactin in resting and
GPS1-silenced cells. Cortactin (green) punctate cellular
staining was dispersed throughout resting cells with no
distinct colocalization with F-actin (red) (Figure 7C). Strik-
ingly, colocalization was observed between F-actin and
cortactin in the pseudopodia of GPS1-silenced cells identi-
fied by the pattern of the yellow punctate staining in the
cellular protrusions (Figure 7D). Comparatively, the
dispersed nonpolymerized F-actin (red) and cortactin
(green) staining in the cytoplasmic/perinuclear region of
GPS1-silenced cells did not form any yellow puncta indica-
tive of colocalization. This finding further verifies that the
pattern of staining specifically in the pseudopodia is indic-
ative of interaction at the point where the leading locomo-
tive, sensing, or invasive cellular edge had formed
(Figure 7D). The overall pattern of F-actin, b-tubulin, and
cortactin staining is suggestive of an amoeboid-like move-
ment and transition of BE-HGD cells, representing a midway
point between BE and EAC.

Amoeboid-like transitions are associated commonly with
increased cellular motility. Live cell imaging of GPS1-
silenced BE and EAC cell lines showed significantly
increased motility over that of nontargeting siRNA-
transfected cells. Cell tracking analysis performed in CP-D
BE-HGD (Figure 8A–D) and SKGT4 EAC cells
(Figure 8E–H) showed that GPS1-silenced cells showed
significantly increased velocity (Figure 8C and G), increased
accumulated distance (distance inclusive of changes in di-
rection) (Figure 8D–H), and Euclidean distances (distance in
a straight line), supportive of an amoeboid transition and
motility in response to GPS1 suppression.

Increased Expression of the RRM2B Subunit of
the Ribonucleotide Reductase Holoenzyme After
Low pH Exposure

The ribonucleotide reductase (RNR) enzyme that cata-
lyzes the formation of ribonucleotides and de-
oxyribonucleotides is composed of 2 subunits formed
through the association of the RRM1 subunit with either the
RRM2 or RRM2B partner subunit.40 In normoxia, the RRM1/
RRM2 variant is preferred to the RRM2B partnership that
becomes predominant under hypoxic conditions where it
sustains survival, maintains DNA replication of cancer cells,
and avoids the accumulation of DNA damage.41 Constant
low pH exposure of EAC cells, replicating hypoxic tumor
Figure 5. Low pH exposure, simulating GERD and tumor-
associated environments, suppresses GPS1 and RRM2
expression in a temporal fashion. (A) Matrix heatmap of GPS1
and RRM2 expression in previously published gene expression
microarray data of low pH-mediated signaling in SKGT4 cells. (B)
Independent validation of GPS1 and RRM2 expression (n ¼ 3)
levels after continuous exposure to pH 6.5 in SKGT4 cells, (C)
simulating a hypoxic tumor core with low pH over 4 hours or
pulsatile exposure of BE-HGD cells simulating a reflux event (pH
4.5 for 10 min) followed by measurement over 8 hours. *P< .01,
**P < .001, and ***P < .0001 in Mann–Whitney nonparametric
testing. Rel., relative.



Figure 6. GPS1 silencing results in consistent cell phenotype and b-catenin accumulation without affecting the cell
cycle. Individual cell values from (Ai) morphologic A-T and (Aii) organelle inclusion/cell intensity parameters in siGPS1-
transfected (n ¼ 1059 individual cells) and nontargeting siRNA (n ¼ 2818) wells from HCA data from an independent vali-
dation study. (B) Flow cytometric analysis of cell-cycle dynamics after silencing of GPS1 shows no changes from nontargeting
control transfected cells. (C and D) Expression levels of GPS1, b-catenin, and actin (loading control) by Western blot after
siRNA-mediated silencing of GPS1 in (C) BE-HGD CP-D cells and (D) SKGT4 EAC cells over 96 hours. (E and F) Densitometry
of proteins normalized to actin loading control levels from 3 replicate experiments. *P < .01, **P < .001, and ***P < .0001 in
Student t testing.
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Figure 7. (A and B) Cortactin-positive pseudopodia formation is increased in GPS1-silenced BE-HGD cells. Confocal
imaging of nucleus, b-tubulin, and F-actin in (A) control nontargeting or (B) GPS1-silenced cells. Expanded panels show
zoomed composite image of all 4 panels with arrows highlighting nested tubulin, microtubule organizing center (MTOC) for-
mation, nonfocal F-actin, and polymerized F-actin in pseudopodia extensions. (C and D) Confocal imaging of F-actin and
cortactin immunostaining in (C) control nontargeting siRNA-transfected and (D) GPS1-silenced cells. Expanded panel shows
zoomed composite image of all 4 panels from GPS1-silenced cells; arrow shows co-localization of F-actin with cortactin in
pseudopodia-like protrusions. (E) Graphic representation (created with BioRender.com) of nonmotile and motile cells where
the MTOC is localized behind a leading-edge protrusion filled with polymerized F-actin and colocalized cortactin.
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cores and acidic invasive edges, was found to result in sig-
nificant induction of RRM2B expression at the same time as
RRM2 expression was reduced (4 hours post exposure) in
replicated experiments (Figure 9B). Similarly, this RRM2 to
RRM2B switching occurred in BE-HGD cells exposed to
pulsatile pH 4.5 exposure (replicating GERD), reaching
maximal levels of RRM2B induction at 4 hours postpulse
(Figure 9C). Thus, GERD constituents such as gastric acid
suppress RRM2 expression in a cell type–specific manner,
with potential ramifications for bypassing DNA replication
stress in BE/EAC cells types, and for processes such as
wound healing that underlie metastasis and the develop-
ment of BE.
RRM2 Silencing Results in
Epithelial–Mesenchymal Transition

The striking elongations or polarizations observed in
RRM2-silenced BE-HGD cells (Figures 2 and 3) are specific
to the RRM2 subunit with no such phenotypes observed in
siRNA screening data of RRM1 and RRM2B knockdown
(Figure 10). Individual cell level screening data of A-T
morphologic and cell gyration radius parameters show the
strength and significance of the observed changes in RRM2-
silenced BE-HGD cell morphology throughout the entire cell
population (Figure 11A and B). However, clear differences
in cell number were observed between nontargeting siRNA
control wells and siRRM2-transfected wells, indicative of
changes in cell proliferation or apoptosis resulting from
RRM2 silencing. Under flow cytometric cell-cycle analysis,
RRM2 silencing resulted in decreased G0/G1 cell pop-
ulations (55% ± 2.6%), increased S phase (10.2% ± 1.8%),
and increased sub-G1 phase (31% ± 2.6%) cell populations
in comparison with nontargeting siRNA-transfected EAC
cells in flow cytometric analyses (G0/G1, 80.3% ± 2.2%; S
phase, 2.4% ± 0.4%; sub-G1, 7.9% ± 1.7%) indicative of
some cell-cycle arrest and apoptosis (Figure 11C). However,
a significant surviving cell population showed obvious
morphologic changes irrespective of cell-cycle arrest or
apoptosis with significant elongation, centrally located nu-
cleus, and apparent F-actin foci suggestive of
epithelial–mesenchymal transition (Figures 10 and 11A).
Tracking under live cell imaging highlighted distinct elon-
gations and extensions directing BE-HGD cell movement in
RRM2-silenced cells in addition to trailing and/or tethering
of the hindmost foot/extension. No significant distances
were traveled, however, by RRM2-silenced BE-HGD or EAC
cells (Figure 11D and E). The epithelial–mesenchymal
transition markers E-cadherin and vimentin were next
examined in RRM2-silenced BE-HGD and EAC cells, showing
decreased E-cadherin and increased vimentin expression
when compared with nontargeting control-transfected cells

http://BioRender.com


Figure 8. GPS1 suppresses cellular locomotive velocity and accumulated distances in BE-HGD and EAC cells. Individual
live cell tracking data in BE-HGD CP-D cells from live imaging of (A) control nontargeting (siNT) and (B) GPS1-silenced
(siGPS1) cells. (C) Velocity and (D) accumulated distances of BE-HGD CP-D cells from live imaging of control transfected
(siNT) or cells after GPS1 silencing. Individual cell tracking data of SKGT4 EAC cells transfected with (E) control nontargeting
(siNT) or (F) GPS1 targeting (siGPS1) siRNAs. (G) Velocity and (H) accumulated distances of SKGT4 EAC cells after GPS1
silencing or nontargeting transfection. ****P < .00001 in Student t testing.
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at 96 hours, consistent with the development of a mesen-
chymal phenotype (Figure 11F). Thus, changes in RRM2
levels may underlie epithelial–mesenchymal phenotypes
and transitions that have been shown to contribute to
metastasis, genomic instabilities, and aneuploidy, common
events in esophageal adenocarcinogenesis.42
Discussion
By using siRNA library screening, in conjunction with

high content imaging analysis of cell morphology, this study
uncovered genes whose expression levels selectively dictate
modes of BE and EAC shape change and cell motility,
through facilitating cellular transitions such as epithelial-
mesenchymal and amoeboid. We further showed that
exposure of esophageal cells to low pH, simulating GERD
and tumor microenvironments, suppressed the expression
of newly defined regulators of amoeboid and mesenchymal
transitions, GPS1 and RRM2, respectively. Thus, microenvi-
ronmental conditions may support cellular transitions
crucial in the metaplastic transformation observed during
BE and in the metastasis of EAC cells in later stages of
esophageal adenocarcinogenesis.

EAC is an aggressive cancer associated with distant
metastasis in the lungs and liver. Numerous models propose
native microenvironmental surfaces, such as collagen,
muscle fibers, and both inner and outer endothelial surface
as cancer disseminating roadways.22 Path-clearing alter-
ations to normal and tumor tissue architectures, such as
degradation of the ECM by epithelial–mesenchymal
transition-associated cancer cell–secreted matrix metal-
loproteinases, also are suggested to create tracts on which
cancer cells may navigate these roadways. Conversely, path-
finding amoeboid-like movement associated with amoeboid
transitions are suggested to allow cancer cells to navigate
through ECM fibers independent of protease activity,20

adapting morphologically to pre-existing spaces. In a
recent rodent model of esophageal reflux disease, involving
surgical attachment of the jejunum to the esophagus, it was
discovered that neoglandular epithelium distal from the
surgical site was derived from jejunal stem cells rather than
esophageal resident progenitors.10 Furthermore, progres-
sive expansion of the neoglandular epithelium into the
reflux-induced ulcer bed was observed. These findings
suggested that invasive and wound healing processes,
induced by ulceration, promoted the local expansion of the
glandular lesion but also facilitated distal colonization away
from the site of surgical attachment. Critically, epithelial to
mesenchymal transition-mediated wound healing processes
were observed to play a significant role in these coloniza-
tions. Thus, our identification of 207 genes underlying
altered esophageal cell morphologies that may impact
mesenchymal and amoeboid transitions in BE-HGD cells, or
additional as yet undefined transitions, may be critical in
understanding not only the metastatic process, but the
mechanisms through which BE colonizes the lower
esophagus.

Microenvironments of differing pH levels are encoun-
tered as cancer cells move through tissues. A decrease in
extracellular pH is a common characteristic of hypoxic



Figure 9. Suppression of RRM2 levels in response to low
pH exposure is mitigated by induction of the RRM2B
subunit. (A) Gene expression microarray (GEM) heatmap of
RNR subunit proteins RRM1, RRM2, and RRM2B (no GEM
probe on platform) expression in SKGT4 cells exposed to low
pH 6.5 exposure over time (GATA6 and SOX2 are provided as
validated comparators). (B and C) Independent validation of
RRM1, RRM2, and RRM2B expression after exposure of EAC
cells to (B) continuous (pH 6.5) simulating tumor hypoxic
cores, or (C) BE-HGD cells to pulsatile low pH (pH 4.5, 10 min)
simulating reflux exposure in replicate experiments (n ¼ 3). *P
< .01 and ***P < .0001 in Mann–Whitney testing. FC, fold
change; Rel., relative.
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tumor cores26,43–46 and was also recently observed at
tumor–stromal boundaries where it facilitates tissue inva-
sion.27 Furthermore, the reflux-mediated colonization of rat
esophagus by jejunal cells, and subsequent in vitro evidence
of a GERD-induced mesenchymal phenotype in BE cell lines,
are suggestive of the ability of low pH exposure to promote
BE stem cell colonization.10,12 In vivo low pH microenvi-
ronments associated with hypoxic conditions, GERD expo-
sure, or at metastatic edges, are dynamic environments that
may have both immediate and cumulative effects difficult to
mimic in vitro. Cells undergoing dynamic transitions be-
tween epithelial, mesenchymal, ameboid, and other transi-
tions necessary for colonization, likely encounter differing
pH environments at differing points of transition. Its is likely
that these pH challenges may result in transition-stage-
–dependent effects adding to the overall complexity of the
relationships between microenvironment and cell
morphology/transitions. In our study we selected pH chal-
lenges consistent with tissues exposures that would allow
significant cell signaling effects but avoid levels of cell death
in cell line culture models, thus allowing the investigation
and exploration of these relationships. Furthermore, in
esophageal cells and associated microenvironments, chal-
lenged by tissue and environmental pH changes, the genes
underlying these processes are ill-defined. Thus, our study
focused on genes such as GPS1 and RRM2, whose expression
in esophageal cells was affected by low pH exposure, and
whose suppression resulted in altered cellular transitions.

Silencing of GPS1 in esophageal CP-D BE-HGD cells
resulted in an amoeboid-like morphology, a loss of cell po-
larity, significantly faster cellular locomotion, and cortactin-
positive pseudopodia consistent with an amoeboid transi-
tion. This transition is associated with less-adhesive in-
teractions with the basement membrane and, consequently,
a faster rate of cell motility than that of cells undergoing
EMT.20,21,23 GPS1 is a member of the COP9 signalosome
central to the deneddylation of cullin-RING E3 ubiquitin li-
gases and thus the ubiquitinylation cycle of protein modi-
fication, activation, and turnover.33 Ubiquitination, and thus
degradation of proteins such as b-catenin, can have wide-
ranging cellular effects. The increased b-catenin levels
observed in GPS1-silenced cells suggested possible alter-
ations in ubiquitination pathways that might impact cat-
enin/cadherin or WNT/catenin pathways. However,
inhibition of other COP9 proteins CSN2 (COPS2), CSN3
(COPS3), or CSN5 (COPS5) did not result in any significant
changes in morphology screening data. Thus, GPS1 was the
only significant member of the COP9 and NEDD8 pathway
whose suppression resulted in significant morphologic
changes. The increased migration, velocity, and b-catenin
levels in response to GPS1 loss, as we have observed,
therefore is more consistent with COP9-independent GPS1
function. GPS1 is known to be a binding partner for a variety
of kinases, such as ITPK1, mediating suppression of c-Jun
phosphorylation,47 and its inhibition in NIH3T3 cells
resulted in down-regulation of c-Jun N-terminal kinases 1
(JNK1) mRNA and protein expression.47 Thus, facilitation of



Figure 10. Polarized phenotype is specific to RRM2-silenced BE-HGD cells. Representative images (n ¼ 8) of siRRM1-,
siRRM2-, and siRRM2B-transfected wells highlighting the lack of cell polarizations in either RRM1- or RRM2B-silenced BE-
HGD cells. Actin, red; tubulin, green; nucleus, blue.
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Figure 11. (A and B) Epithelial–mesenchymal transition occurs in a population of apoptotic-resistant cells after RRM2
silencing. Individual values from (A) morphologic A-T and (B) cell gyration radius parameters in siRRM2-transfected (n ¼ 1059
individual BE-HGD cells) and nontargeting siRNA (n ¼ 2818) wells (inset shows cell morphologies of siNT- or siRRM2-
transfected cells). (C) Flow cytometric analysis of cell-cycle distribution in RRM2-silenced and nontargeting transfected
(siNT) cells showing decreased cell proliferation (G0/G1), increased apoptosis (sub-G1), and increased S phase in RRM2-
silenced BE-HGD cells. (D and E) Accumulated (D) distance and (E) velocity measured from live imaging of BE-HGD cells
transfected with control (siNT) or RRM2 (siRRM2) targeting siRNA pools. (F) Expression of RRM2 E-cadherin, vimentin
(epithelial-mesenchymal transition markers), and b-actin (loading control) proteins by Western blot in BE-HGD (CP-D) and EAC
(SKGT4) cells at 96 hours after transfection with control (siNT) or RRM2 (siRRM2) targeting siRNA pools. All experiments,
except screening data, were performed N ¼ 3, representative blots are shown. *P < .01, **P < .001, ***P < .0001 in Student t
test.
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increased cell motility may be through numerous mecha-
nisms, and will form the basis of future studies.

RRM2 and RRM1 encode the traditional subunits of the
RNR enzyme, which catalyzes the formation of ribonucleo-
tides and dNTPs. Thus, the S-phase cell-cycle arrest,
decreased rates of scratch-wound closure, and increased
apoptosis observed in our study after RRM2 silencing may
result in part from effects on dNTP synthesis rates. How-
ever, under hypoxic conditions, RRM1 may preferentially
form the RNR enzyme through binding to RRM2B (p53-
inducible ribonucleotide reductase) after loss of RRM2
expression.41 This RNR subunit switch is suggested to occur
to preserve ongoing replication without DNA damage and
was observed in a number of cancer cell lines including
esophageal cells. In our study, both low pH exposure at
levels modeling hypoxic tumor cores and pulsatile exposure
modeling GERD similarly suppressed RRM2 expression and
induced RRM2B mRNA in BE and EAC cells. A previous
study in hepatocellular carcinoma cells observed that
markers of epithelial–mesenchymal transition are increased
after RRM2B suppression.48 However, no significant effects
on cell morphology was noted in RRM2B-silenced esopha-
geal cells in our study. The significant increase in cellular
polarity, loss of CDH1/E-cadherin expression, and gain of
vimentin expression in surviving RRM2-silenced esophageal
cells is suggestive of further commitment toward a mesen-
chymal phenotype.

Exposure to low pH is one of many environmental and
external factors encountered by cells during metastasis or
colonization, but one of the most pertinent during early
stages of esophageal adenocarcinogenesis. Thus, the multi-
parametric data set developed in our study of
gene–morphology relationships in BE-HGD cells was used
initially to investigate the ability of low pH challenge to
modulate the expression of genes underlying mesenchymal
and ameboid transitions in these cells. However, this data
set also may be used to uncover relationships between
cellular transitions and other factors underlying the devel-
opment of BE and EAC such as genomic instability, poly-
ploidy, inflammatory, immune regulatory, microbial, and
metabolic factors. For example, the genes PRC1, KIF11, and
CDC25B, with known roles in cytokinesis and mitosis, were
uncovered to result in distinctive morphologic changes and
multinucleated cells upon silencing in this study. Future
studies may investigate these relationships through rean-
alysis of the HCA imaging data with particular focus on
phenotypes underlying, for example, cytokinesis and mitotic
control such as multinucleation. Furthermore, verification of
the earlier-described findings in a wider array of esophageal
cell lines, and more advanced models, may expand and
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further detail the relationships between low pH, cellular
morphology, and locomotion in future studies. Nonetheless
the identification of the changes outlined in BE-HGD cells,
which still retain features of metaplastic change and the
potential for formal malignant change, suggests that these
findings have implications in the process of esophageal
carcinogenesis.

The HCA imaging data set produced in our study and the
identified genes provide a rich data source for reanalysis in
future studies with a focus on different cellular parameters. In
our initial study, we showed that cellular transitions may be
triggered through GPS1 and RRM2 expression levels and that
both of these genes are responsive to low environmental pH,
critical throughout themetaplasia–dysplasia–adenocarcinoma
sequence of the esophagus. Targeting amoeboid and mesen-
chymal transition processes mediated by GPS1 and RRM2 in
future studies may provide avenues for the prevention of BE
emergence andEACmetastasis. Thus, this data set provides the
basis for future studies examining wide-ranging interactions
between cellular transitions, locomotion, development, and
colonization by BE, BE-HGD, and EAC cell types.

Materials and Methods
Cell Lines, Culture and Treatment

SK-GT-4 (11012007) cells were obtained from the Eu-
ropean collection of authenticated cell culture collection and
were cultured in RPMI-1640 without L-glutamine media
with 10% fetal bovine serum (Gibco, Invitrogen, Carlsbad,
CA), and added penicillin/streptomycin/L-glutamine (Gibco,
Invitrogen). CP-D BE-HGD cells (CP-18821) were obtained
from the American Type Culture Collection and maintained
in bronchial epithelial base/growth media (Lonza, Mis-
sissauga, Canada) with bullet kit additives and 5% fetal
bovine serum (Gibco, Invitrogen). Cells were fed every 2
days, and subcultured at 72 hours, before overconfluence,
using trypsin-EDTA (Gibco) in Hank’s balanced salt solution
for detachment. Exposure of cells (5 � 105 in 6-well plates)
to constitutive or pulsatile exposure was performed in
triplicate independent experiments as follows: cell culture
media was titrated to either pH 6.5 or pH 4.5 with hydro-
chloric acid under sterile conditions. Cell culture media in
all wells was stored and replaced with base growth media
without additives to wash remaining culture media away.
The remaining media was removed by vacuum manifold
before addition of base growth media with no additives at
either pH 6.5 or pH 4.5. Pulsatile exposure was achieved by
replacing media at pH 4.5 with the stored culture media
from that specific well after 10 minutes of exposure to low
pH followed by continuation of the experiment. RNA ex-
tractions were performed 2 hours before media changes and
throughout the experiments to control for change in gene
expression that might be owing to environmental changes
unrelated to pH environment.

siRNA-Mediated Silencing
As previously described, siRNA siGenome-SMARTpool

(Dharmacon, GE Healthcare, Horizon Discovery, Water-
beach, UK) were used for initial screening followed by
siON-TARGETplus build (Dharmacon) in all other validation
experiments as an alternate verification strategy.30 siRNAs
were delivered to cells using Dharmafect transfection re-
agent (DF1-4; Dharmacon) in a reverse-transfection proto-
col with a cell culture media change at 24 hours after
transfection. Validation of siRNA knockdown was achieved
by Western blot and real-time reverse-transcription poly-
merase chain reaction for respective proteins (N ¼ 3 bio-
logical replicates in 2 cell lines) and mRNAs (N ¼ 3 technical
and biological replicates) at 72–96 hours after transfection
with siRNA.

Protein Expression Analysis
Lysis of cells for protein expression analysis was ach-

ieved through M-PER lysis reagent (Pierce, Thermofisher)
following the manufacturer’s instructions, followed by pro-
tein quantitation by microbicinchoninic acid assay (Pierce,
Thermofisher, Waltham, MA) with absorbance at 562 nm in
a spectrophotometer (Tecan, Männedorf, Switzerland).
Western blot was used to measure protein expression
through 12% sodium dodecyl sulfate–polyacrylamide gel
electrophoresis followed by transfer to a polyvinylidene
difluoride membrane in semidry conditions in a power
blotter (Pierce, Thermofisher, Waltham, Massachusetts, US),
as previously described.30 Polyvinylidene difluoride mem-
branes were blocked with milk protein–based blocking so-
lution. Primary antibodies anti-GPS1 (sc-365617; Santa Cruz
Biotechnology, Dallas, TX), anti-RRM2 (ab712476; Abcam),
anti–E-cadherin (Purified Mouse Anti–E-Cadherin, clone 36;
Becton Dickinson, San Jose, CA), antivimentin (sc-66001;
Santa Cruz Biotechnology), anti–b-catenin (Purified Mouse
Anti–b-Catenin, cone 14; Becton Dickinson, Franklin Lakes,
NJ), and anti–b-actin (Sigma, St. Louis, MO) were combined
with horseradish–peroxidase–linked secondary anti-mouse
(31430; Invitrogen, Thermofisher, Waltham, Massachu-
setts, US) and anti-rabbit (31460; Invitrogen, Thermofisher,
Waltham, Massachusetts, US) antibodies as required. After
incubations with either primary or secondary antibodies,
membranes were washed (5 � 10 min) with phosphate
buffered saline-tween 20 (PBST) followed by chemilumi-
nescent detection with ECL Western Blot Substrate (Pierce,
Thermofisher) and the LAS-3000 CCD lightbox imager
(Fujifilm Life Sciences, Tokyo, Japan).

Gene Expression Analysis
Real-time reverse-transcription polymerase chain reac-

tion analysis of gene expression was performed with TaqMan
chemistry (Applied Biosystems, Foster City, CA; Thermo-
fisher). RNA was extracted from cells with RNeasy columns
(Qiagen, Hilden, Germany) and converted to complementary
DNA with a reverse-transcription High-Capacity comple-
mentary DNA Reverse Transcription Kit (Applied Biosystems,
Thermofisher) before polymerase chain reaction using a
7900HT and Quantstudio 3 thermocyclers with predesigned
real-time primers and probes (Applied Biosystems). Fold
changes were calculated using the DDCt method of relative
quantification with glyceraldehyde-3-phosphate dehydroge-
nase (Hs99999905_m1) as the denominator control gene.
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GPS1 (Hs00358804_m1), RRM1 (Hs01040698_m1), RRM2
(Hs00357247_g1), and RRM2B (Hs00968432_m1) primers
also were used. Statistical significance was performed using
GraphPad (Prism, San Diego, CA), and the nonparametric
Mann–Whitney test for technical (N ¼ 3) and biological (N ¼
3) replicates.

High-Throughput siRNA Library Screening
The siRNA library screen was performed as previously

described30 using the BE-HGD cell line CP-D and the drug-
gable genome library (siGenome format; Dharmacon) con-
sisting of 6022 siRNA pools (4 individual gene-targeting
siRNAs at 20 mmol/L) formatted in 76 library plates (96-
well v-shaped bottom). Negative (n ¼ 6) and positive con-
trols (n ¼ 6) consisting of nontargeting and GATA6-
targeting siRNAs were placed within inner wells of the
second column of 96-well screening plates. Automated
dispensing (Thermofisher) was used to distribute the siRNA
library over the screening plates followed by siRNA reverse
transfection. At 96 hours after transfection the culture me-
dia was removed and replaced with phosphate-buffered
saline (PBS) for 10 minutes followed by fixation of cells in
4% paraformaldehyde in PBS. The cells were permeabilized
with 0.3% Triton X-100 (Sigma) in PBS followed by blocking
in 3% bovine serum albumin in PBS for 30 minutes at room
temperature. The primary mouse anti–a-tubulin in 3%
bovine serum albumin–PBS was next added to the cells at a
dilution of 1:2000 for 1 hour at room temperature, followed
by 3 washes with 0.01% Tween 20 in PBS. The cells then
were incubated in the dark for 30 minutes in a mixture of
Alexa Fluor 488 anti-mouse secondary antibody (1:500),
phalloidin–tetramethylrhodamine isothiocyanate (1:250),
and Hoechst 33342 (1:5000) in the bovine serum albumin
blocking agent. The cells were washed another 3 times with
0.01% Tween 20 in PBS before final storage in PBS and
imaging (In Cell Analyzer 1000; GE Life Sciences, Piscat-
away, NJ) of 9 fields per well.

High Content and Confocal Imagining Analysis
The analysis of the acquired images then was performed

with the Investigator software package (GE Healthcare) in
conjunction with the R statistical programming language
using CellHTS2 (https://bioconductor.org) and RNAither
(https://bioconductor.org) platform for statistical analysis
of high-throughput RNA interference screens. The mea-
surement of the difference in the overall area occupied by F-
actin (phalloidin) and tubulin was used in the initial sta-
tistical interpretation and transformations through
normalization to the median of the nontargeting negative
controls (n ¼ 6) per plate. Plates with significant outliers
(plates 22 and 75) were identified in the screen owing to
cell infection and systemic error and thus removed from
further analyses. Data were rescaled further through robust
Z score normalization that substitutes outlier-insensitive
median and median absolute deviation for means and SD
as follows: Z-score ¼ (x – median)/median absolute devia-
tion. Changes in cell morphology dependent on cell density
were controlled through locally weighted least squares
regression transformation. Following these steps, Z-score
ranking highlighted 207 gene-targeting siRNAs at a signifi-
cant level Z-score >2.0. Multiparameter (n ¼ 32) analysis
then was performed on the images (9 fields per well) from
these 207 gene-targeting siRNAs to further investigate the
relationships between gene expression and morphologic
function using In Cell Analyzer software (GE Life Sciences).
Confocal imaging (Zeiss, Oberkochen, Germany) of F-actin,
a-tubulin, and cortactin was performed as per the earlier-
described staining protocol with the addition of cortactin
antibody (sc-55579; Santa Cruz) at a 1:50 dilution.
Cell Viability and Apoptosis Assays
Cell viability was examined through flow cytometry,

3-[4, 5-dimethylthiazol-2-yl] 2, 5-diphenyltetrazolium
bromide (MTT) and cell counting assays. In MTT as-
says the cells were plated into 96-well plates at a
concentration of 2 � 105 cells/mL before siRNA reverse
transfection as detailed earlier. After appropriate treat-
ment times, 10 mL of MTT reagent was added to cells
and incubated for 3 hours. Detergent reagent (100 mL)
was added to lyse the cells and shaken after 4 hours to
fully dissolve formazan crystals before measurement of
absorbance at 570 nm on the VERSAmax Microplate
Reader (Molecular Devices, Sunnyvale, CA). Flow
cytometry assays were performed as follows: cells (1 �
106) were suspended in PBS and fixed by rapidly
admixing with a Pasteur pipette into 10 mL ice-cold
70% ethanol for 2 hours followed by centrifugation
for 5 minutes at 200 � g. After the ethanol was dec-
anted, 50 mL DNA extraction buffer (0.2 mol/L phos-
phate citrate buffer, pH 7.8) was added to the tubes and
incubated for 30 minutes at 37�C. The cells were
centrifuged for 10 minutes at 1500 � g, and the DNA
was stained for 15 minutes at room temperature in the
dark, with 1 mL propidium iodide/Triton X-100/RNase
A solution (Sigma). Propidium iodide–treated cells were
analyzed immediately using a FACScan cytometer (FACS
Calibur, Becton Dickinson). The percentage of apoptotic
cells was calculated from the sub-G1 peak of the DNA
histograms, and 10,000 events routinely were taken
from each cell sample for calculation. Direct measure-
ments of cell counts were achieved through Hoechst
(33342) nuclear staining as detailed earlier, followed by
nuclear counting in the HCA imager (In Cell Analyzer
1000; GE Life Sciences) with 9 fields per well.
Cell Migration and Time-Lapsed Imaging Assays
Cells seeded in a 96-well plate at a density of 1.2 � 104

cells were reverse-transfected with respective siRNAs as
outlined earlier. Seventy-two hours after transfection sterile
200-mL pipette tips were used to create a linear scratch in
cell monolayers. Images were captured using the In Cell
1000 automated microscope immediately after scratching
(time ¼ 0), and again at 96 hours after transfection (time ¼
24 h). The percentage of wound closure was calculated
using the following formula: ([area at time 0 – area at time
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24]/area at time 0) � 100. Replacement with serum-free
media was used as a negative control, and epidermal
growth factor (10 ng/mL) was used as a positive control for
cell migration. The area of the wound was quantified by
Java’s ImageJ software (National Institutes of Health,
Bethesda, MD) using the polygon selection mode (http://
rsb.info.nih.gov). The migration of cells into the wounds
was expressed as a percentage of wound closure: % wound
closure¼ ([At¼ 0 h - At¼ 24 h]/At¼ 0 h)� 100%, whereby
At ¼ 0 hours is the area measured immediately after
wounding the cell monolayer, and At ¼ 24 hours is the
wound area. Significance of biological replicates (n ¼ 3) was
examined with the Student t test in in GraphPad. Time-lapsed
cell imaging of cell nondirectional locomotion was achieved
through transfection of 5 � 103 cells with respective siRNAs
followed by time-lapsedwhite-light imaging at 72 hours after
transfection throughout a 24-hour time period collecting 384
intervaled images until the end point at 96 hours. Manual cell
tracking was performed using ImageJ with 18 individual cells
tracked in each image stack file.
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