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Chronic exposure to hexavalent chromium induces esophageal
tumorigenesis via activating the Notch signaling pathway
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Abstract: Hexavalent chromium Cr(VI), as a well-established carcinogen, contributes to tumorigenesis for many human cancers,
especially respiratory and digestive tumors. However, the potential function and relevant mechanism of Cr(VI) on the initiation
of esophageal carcinogenesis are largely unknown. Here, immortalized human esophageal epithelial cells (HEECs) were induced
to be malignantly transformed cells, termed HEEC-Cr(VI) cells, via chronic exposure to Cr(VI), which simulates the progress
of esophageal tumorigenesis. In vitro and in vivo experiments demonstrated that HEEC-Cr(VI) cells obtain the ability of
anchorage-independent growth, greater proliferative capacity, cancer stem cell properties, and the capacity to form subcutaneous
xenografts in BALB/c nude mice when compared to their parental cells, HEECs. Additionally, HEEC-Cr(VI) cells exhibited
weakened cell motility and enhanced cell adhesion. Interestingly, HEECs with acute exposure to Cr(VI) failed to display those
malignant phenotypes of HEEC-Cr(VI) cells, suggesting that Cr(VI)-induced malignant transformation, but not Cr(VI) itself,
is the cause for the tumor characteristics of HEEC-Cr(VI) cells. Mechanistically, chronic exposure to Cr(VI) induced abnormal
activation of Notch signaling, which is crucial to maintaining the capacity for malignant proliferation and stemness of HEEC-Cr(VI)
cells. As expected, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine #-butyl ester (DAPT), an inhibitor for the Notch
pathway, drastically attenuated cancerous phenotypes of HEEC-Cr(VI) cells. In conclusion, our study clarified the molecular
mechanism underlying Cr(VI)-induced esophageal tumorigenesis, which provides novel insights for further basic research and
clinical therapeutic strategies about Cr(VI)-associated esophageal cancer.

Key words: Hexavalent chromium Cr(VI); Esophageal tumorigenesis; Malignant proliferation; Stemness; Notch signaling
pathway

1 Introduction Esophageal squamous cell carcinoma (ESCC) and
esophageal adenocarcinoma (EAC) are two main
pathological subtypes that show great variances in
their biological characteristics and geographical dis-
tribution (Abnet et al., 2018; Morgan et al., 2022).
Although current therapy for EC involves chemoradio-
therapy, esophagectomy, targeted therapy, and emerg-

ing immunotherapies, five-year survival rates of EC

Esophageal cancer (EC) ranks 7th and 6th in the
incidence of human malignant tumors and cancer-
related causes of death, respectively, which has been
a huge threat to human health (Sung et al., 2021).
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patients are approximately 12%—-20% (An et al., 2023).
Among all factors contributing to EC tumorigenesis,
environmental pollutants, especially carcinogenic metal
ions, attracted more and more research attention (Lee
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et al., 2016; Jiang et al., 2021; Nozadi et al., 2021;
Sohrabi et al., 2021).

Hexavalent chromium Cr(VI), a well-established
carcinogenic metal, is widely distributed in human liv-
ing environments due to its extensive applications in
industrial processes such as plating, stainless steel manu-
facturing, dyes and pigments, and leather tanning (Iyer
et al., 2023). Humans are exposed to Cr(VI) contami-
nation mainly through inhalation, drinking water, and
food (Sun et al., 2015). Once entering cells, Cr(VI) is
reduced to trivalent Cr(III) by glutathione, whereby
the production of reactive oxygen species (ROS), for-
mation of Cr-DNA adducts, damage and mutagenesis
of the genome, and mitochondrial dysfunction are con-
sidered dominant molecular mechanisms underlying
Cr(VI) toxicity (Chen et al., 2019). Cr(VI)-induced tu-
morigenesis has been reported in some murine models
and human cells (Islam et al., 2022). For instance, a two-
year study from the National Toxicology Program re-
vealed that chronic oral exposure to Cr(VI) (180 mg/L)
through drinking water induced the experimental rats
and mice to develop cancer in the oral cavity and the
small intestine, respectively (National Toxicology Pro-
gram, 2008; Stout et al., 2009). Male A/] mice with
inhalation exposure to Cr(VI) developed bronchio-
loalveolar adenomas and carcinomas in their lungs
(Zeidler-Erdely et al., 2020). After long-term exposure
(for 20 weeks) to Cr(VI), female C57BL/6J mice
formed colorectal cancer and displayed a significant
upregulation of proliferative cell nuclear antigen
(PCNA) (Zhang et al., 2020). So far, studies explor-
ing the effects of Cr(VI) exposure on human cells have
mainly focused on human bronchial epithelial cells
(16-HBE and BEAS-2B). For example, studies by Hu
et al. (2016, 2018) revealed that Cr(VI) exposure
induced hypermethylation of cyclin-dependent kinase
inhibitor 2A (CDKN2A4), tumor protein P53 (7P53),
and DNA repair genes in 16-HBE cells. Sun et al.
(2011) and Li PC et al. (2021) reported that Cr(VI)
exposure-mediated downregulation of hedgehog-
interacting protein (HHIP) significantly induced the
malignant transformation of BEAS-2B cells. However,
the association between Cr(VI) and esophageal tumor-
igenesis and its potential molecular mechanisms have
not been fully explored.

Notch signaling, as an evolutionarily conserved
pathway, deeply participates in the regulation of devel-
opment, homeostasis, and renewal in multiple tissues
and organs (Zhou et al., 2022). When ligand-mediated
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activation occurs, Notch receptors are cleaved three
times to be the active truncation. Then, the truncated
Notch protein is translocated into the nucleus to regu-
late the transcription of downstream target genes
(Kopan and Ilagan, 2009). Attributed to the crucial
and pleiotropic physiological roles of the Notch path-
way, its dysregulation has been reported to be closely
associated with the initiation, progression, immunother-
apy, and clinical prognoses in various human cancers
(Li et al., 2023; Cai et al., 2024). It is worth noting that
the activity status and potential function of the Notch
signaling pathway in esophageal epithelial cells with
chronic exposure to Cr(VI) remain largely unknown.

In the present study, immortalized human esopha-
geal epithelial cells (HEECs) were applied for long-
term exposure to Cr(VI), which simulates the pro-
gress of esophageal tumorigenesis. In vitro and in vivo
experiments were used to evaluate the malignant pro-
liferation of the transformed cell line, named HEEC-
Cr(VI). Mechanistically, we revealed aberrant acti-
vation of the Notch signaling in HEEC-Cr(VI) cells
based on RNA sequencing data. Furthermore, we as-
sessed the ability to proliferate malignantly in HEEC-
Cr(VI) cells treated with an inhibitor for the Notch
pathway. Our results illuminate the molecular mech-
anism underlying the initiation of EC induced by
Cr(VI), which provides important evidence and pro-
mising insights for further studies and treatment strat-
egies about Cr(VI)-associated EC.

2 Materials and methods
2.1 Cell culture

HEECs, also known as HEsEpiCs, were isolated
from the human esophagus in the ScienCell Research
Laboratories (Carlsbad, CA, USA). Detailed informa-
tion about HEECs can be found on the website (https://
sciencellonline.com/human-esophageal-epithelial-cells).
HEECs were purchased from the BeNa Culture Col-
lection (Beijing, China) and authenticated by Short
Tandem Repeat analysis with Tsingke Biotechnology
(Beijing, China). The Dulbecco’s modified Eagle’s
medium (DMEM) (10-013-CVRC; Corning, Shanghai,
China) supplemented with 1% (volume fraction)
penicillin/streptomycin (PS) (C125C5; NCM Biotech,
Jiangsu, China) and 10% (volume fraction) fetal
bovine serum (FBS) (FSP500; ExCell Bio, Jiangsu,
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China) was applied for cell culturing. All cells were
grown in an incubator with 5% CO, at 37 °C.

2.2 Establishment of transformed cells induced
by Cr(VI)

HEECs were cultured in the complete medium
(DMEM supplemented with 10% FBS and 1% PS)
containing 0.25 or 0.50 pmol/L of Cr(VI). When the
confluence of cultured cells was approximately 90%,
the cell passaging was performed. It should be noted
that the limited expansion capacity of HEECs restricts
their long-term cultures according to the information
from the ScienCell Research Laboratories. The potas-
sium chromate (K,CrO,) (216615; Sigma-Aldrich,
Shanghai, China) was applied for Cr(VI) exposure. In-
terestingly, HEECs with ongoing exposure to Cr(VI)
(0.25 pmol/L) displayed an increasingly strong capa-
bility for amplification. However, after a few weeks
of exposure to Cr(VI) (0.50 umol/L), HEECs failed to
maintain enough viability for the passaging. Every ten
generations, the soft agar colony formation assay was
applied to evaluate the anchorage-independent growth
of HEECs with chronic Cr(VI) exposure. Finally, after
60 generations of exposure to Cr(VI) (0.25 pmol/L),
the transformed HEEC cell line possessed the signifi-
cant capacity to anchorage-independently grow in the
soft agar and was named HEEC-Cr(VI).

2.3 Mice and xenograft models

BALB/c athymic nude mice (four weeks old;
male) were obtained from Beijing Vital River Labora-
tory Animal Technology Co., Ltd. (Beijing, China).
Mice were housed in a ventilated cage with a 12-h
light/dark cycle, a temperature between 18 °C and
23 °C, and 40%—60% relative humidity. To establish
xenograft models, each nude mouse was subcutane-
ously injected with 5x10° cells in the axillary fossa.
Tumor sizes were measured every 4 d and calculated
with the following formula: (longest-diameterxshortest-
diameter®)/2. The mice were euthanized when the
maximum volume of xenografts reached or exceeded
1000 mm’.

2.4 Soft agar colony formation assay

Cells were suspended in culture medium supple-
mented with 1% PS, 10% FBS, and 0.35% (3.5 g/L)
low-melting-point agarose (A4018; Sigma-Aldrich)
and were then added into six-well plates with medium

containing 0.50% low-melting-point agarose on the
bottom for three weeks. Detailed procedures and the
counting method were described in our previous study
(Li PCetal., 2021).

2.5 EdU incorporation assay

A total of 5x10° cells were cultured into each
well of a 96-well plate for 24 h. The BeyoClick™
EdU-594 Kit (C0078S; Beyotime Biotechnology,
Shanghai, China) was applied for the assay. After the
culture medium was discarded, 100 pL of 5-ethynyl-2-
deoxyuridine (EdU) solution was added into each well
for 2 h of incubation. Then, 4% (volume fraction) para-
formaldehyde was utilized to fix the cells. After being
washed with 3% (volume fraction) bovine serum albu-
min (BSA) and permeabilized by 0.3% (volume frac-
tion) Triton X-100, the cells were incubated with click
reaction buffer for 30 min followed by nuclear stain-
ing with Hoechst 33342 solution (AG51012; Accurate
Biology, Hunan, China). Images were captured using
a fluorescence microscope. The percentage of EAU-
positive cells was calculated using the following for-
mula: (EdU-stained cells/Hoechst-stained cells)*100%.
The assay was performed in three replicate wells.

2.6 Cell viability assay

A total of 3x10° cells were seeded into each well
of a 96-well plate. Then, 10 pL of cell counting kit-8
(CCK-8) reagent (CA1210; Solarbio, Beijing, China)
was added into each well on Days 0, 1, 2, and 3. After
2 h of incubation, the absorbance at 450 nm was mea-
sured by using an Infinite M200 PRO NanoQuant
microplate reader (TECAN, Switzerland). The mean
value of absorbance was calculated from three rep-
licate wells.

2.7 Plate colony formation assay

A total of 1x10° cells/well were cultured in a six-
well plate for about two weeks with a change of me-
dium every 3 d. Then, the colonies underwent fixation
with 4% paraformaldehyde and staining with 0.1%
(1 g/L) crystal violet. The following formula was ap-
plied to estimate the rate of plate colony formation:
(colonies number/1000)*x100%.

2.8 Sphere formation assay

Single-cell suspension was prepared in serum-free
DMEM/F12 medium (C11330500BT; Gibco, Shanghai,



China) supplemented with 20 ng/mL epidermal
growth factor (HY-P7109; MCE, Shanghai, China)
and 10 ng/mL basic fibroblast growth factor (HY-
P7004; MCE). The cells were then plated in ultra-low
attachment six-well plates (3471; Corning) at a density
of 2000 cells/well. The plates were gently settled in
an incubator for two weeks. Spheres more than 75 um
were counted and the following formula was applied to
calculate the rate of sphere formation: (sphere number/
2000)x100%.

2.9 Wound healing assay

Cells were seeded in six-well plates and were
grown to confluence. A standardized wound was intro-
duced by scratching the monolayer with a sterile
200 pL pipette tip. After scratching, cells were washed
with PBS and captured using a microscope with the
MShot Image Analysis System (MShot, Guangzhou,
China). Then, a medium containing 1% (volume frac-
tion) serum was added to each well. After 24 h of in-
cubation, wound images were captured to document
the closure rate. The relative closure rate was calculated
by the formula: 100%—(wound area after 24 h/initial
wound area)x100%.

2.10 Transwell assay

Transwell chambers (3422; Corning) with un-
coated upper surfaces and those precoated with BD
Matrigel Matrix (356234; Beijing Biolead Biology Sci
& Tech, Beijing, China) were used for the migration
and invasion assays, respectively. Cell suspension
(4x10* cells into 200 pL serum-free DMEM) was
planted on the upper surface of the chamber. Then,
the chamber was placed into a 24-well plate with each
well containing 600 L of DMEM medium with 10%
FBS for 48 h. The cells were fixed in 4% paraformal-
dehyde for 15 min, permeabilized by methanol for
15 min, and then stained with 0.1% crystal violet over-
night. After removing non-migrating or non-invading
cells, the staining images were captured using a mi-
croscope with the MShot Image Analysis System.
Three random fields of each chamber were selected
to quantify the migrating or invading cells.

2.11 Reverse transcription-quantitative polymerase
chain reaction (RT-qPCR)

Total RNA from cultured cells was extracted using
the RNA-Quick Purification Kit (DP419; TIANGEN,
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Beijing, China) following the instructions and then
subject to concentration detection using the NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific,
USA). Extracted RNA (1 pg) was utilized to synthesize
complementary DNA (¢cDNA) using the LunaScript™
RT SuperMix Kit (E3010; NEB, Beijing, China). Then,
quantitative polymerase chain reaction (QPCR) was car-
ried out using the Power SYBR" Green Master Mix
(4367659, Thermo Fisher Scientific) on the QuantStudio™
5 System (Thermo Fisher Scientific). The glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) messenger RNA
(mRNA) expression was detected as the internal con-
trol. The analytic method of 27**“* was applied to cal-
culate the relative mRNA levels of target genes. De-
tailed information about primer sequences is summa-
rized in Table S1.

2.12 Western blot analysis

Total proteins from cells were harvested with the
lysis buffer consisting of 10 mmol/L of Tris-HCI
(pH 7.4), 1% (0.01 g/mL) of sodium dodecyl sulfate
(SDS), and 1 mmol/L of Na,VO,. Then, the concentra-
tion of extracted protein was measured using a Nano-
Drop 2000 spectrophotometer (Thermo Fisher Scien-
tific). For the extraction of cytoplasmic and nuclear
proteins, the Minute™ Cytoplasmic and Nuclear Ex-
traction Kit for Cells (SC-003; Invent, Beijing, China)
was applied to lyse cells according to the instruc-
tions, followed by concentration measurement via the
BCA Protein Assay Kit (WB6501; NCM Biotech).
Equivalent amounts of cell proteins were separated
using sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and then transported to nitro-
cellulose membranes (HATF00010; Merck Millipore,
Beijing, China). After being blocked in Tris-buffered
saline (TBS) with 5% (volume fraction) skim milk,
the membranes were washed three times in TBS and
incubated with primary antibodies at 4 °C overnight,
followed by incubation with corresponding secondary
antibodies for 1 h at room temperature. The signals
from target proteins were detected using an enhanced
chemiluminescence (ECL) system (WBKLS0500;
Merck Millipore) and the Tanon Imaging System
(Tanon, China). The protein levels from three inde-
pendent experiments were quantified using the ImagelJ
software (Schneider et al., 2012). Antibodies used
here are listed in Table S2. The full and uncropped
western blots were present in the supplementary data
(raw data for western blot).



80 | JZhejiang Univ-Sci B (Biomed & Biotechnol) 2025 26(1):76-91

2.13 Immunofluorescence (IF) assay

A total of 150000 cells suspended in 3 mL of me-
dium were added into the Glass Bottom Cell Culture
Dish (BS-15-GJM; Biosharp, Anhui, China) to grow for
24 h. Then, the cells were fixed with 4% paraformalde-
hyde for 10 min, permeabilized by 0.3% Triton X-100
for 10 min, and blocked by 5% BSA for 1 h. The cells
were incubated with indicated primary antibodies at
4 °C ovemight followed by corresponding fluorescence-
conjugated secondary antibodies. After the treatment
with an antifade mountant containing 4',6-diamidino-2-
phenylindole (DAPI) (Solarbio, S2110), images were
captured by a confocal laser-scanning microscope
(LSM 800, Zeiss, Germany). The antibodies used for
immunofluorescence (IF) are summarized in Table S2.

2.14 RNA sequencing

Total RNAs from HEECs or HEEC-Cr(VI) cells
were extracted from three duplicate wells in six-well
plates with TRNzol universal agent (DP424; TIANGEN)
and sent to Novogene (Beijing, China) for RNA se-
quencing (RNA-Seq). RNA qualification was detected
using the Bioanalyzer 2100 system (Agilent Technolo-
gies, CA, USA). After constructing libraries with the
NEBNext” Ultra™ RNA Library Prep Kit for Illumina®
(NEB, E7530), we performed sequencing with the
[llumina NovaSeq 6000 (Illumina, USA) following
the 150 bp paired-end strategy. Paired-end clean reads
obtained from raw data (FASTQ sequence files) were
aligned to the Homo sapiens (GRCh38/hg38) by using
HISAT2 (v2.0.5) (https://dachwankimlab.github.io/
hisat2). Gene expression levels were normalized as
fragments per kilobase of transcript per million base
pairs sequenced. DESeq2 R package (v1.16.1) was ad-
opted to analyze the differentially expressed genes
(DEGs) between HEEC-Cr(VI) and HEEC groups
with the criteria of [log,(fold change)|>1 and adjusted
P-value<0.05 (Love et al., 2014). The Gene Ontology
(GO) analysis of the DEGs was plotted using an online
platform (https://www.bioinformatics.com.cn; last ac-
cessed on Nov. 10, 2023) for data analysis and visuali-
zation (Tang et al., 2023). Gene set enrichment analy-
sis (GSEA) was performed using GSEA software
(Subramanian et al., 2005).

2.15 Statistical analysis

Statistical analyses were conducted using the
Prism software version 8.0.1 (GraphPad, USA). All

experiments were performed independently at least
three times unless noted. The two-way analysis of
variance (ANOVA) test was performed for the sta-
tistical analyses of cell vitality assays and growth
curves of xenograft tumors, while other differences
between any two groups were determined using the
paired or unpaired #-test. Measurement data are pre-
sented as meantstandard deviation (SD). When the
P-value is less than 0.05, differences are considered
significant.

3 Resuults

3.1 HEEGCs acquiring malignant proliferation and
stemness phenotypes after chronic Cr(VI) exposure

As shown in Fig. 1a, the half maximal inhibitory
concentration (IC)) value of Cr(VI) for 24 or 48 h of
treatment is 7.198 or 4.208 pumol/L in HEECs. To
explore the potential effects of chronic exposure to
Cr(VI) on the initiation of EC, we continuously cultured
HEECs in the medium with 0.25 pumol/L of Cr(VI)
for 60 generations for approximately six months and
then obtained the transformed cell line, named HEEC-
Cr(VI) (Fig. 1b). The anchorage-independent growth
in soft agar has been considered a key phenomenon
for the malignant transformation of normal cells (Freed-
man and Shin, 1974; Shin et al., 1975). Our results re-
vealed that HEEC-Cr(VI) cells formed obvious col-
onies in soft agar while HEECs can hardly proliferate
under the same conditions (Fig. 1c), which suggests
that HEEC-Cr(VI) cells are derived from the malignant
transformation of their parental cells. To determine the
proliferative capacity of HEEC-Cr(VI) cells, we per-
formed the assays of EdU incorporation, CCK-8, and
plate colony formation. Our results demonstrated an
enhanced proliferation of HEEC-Cr(VI) cells when
compared to HEECs (Figs. 1d—1f). The acquisition of
malignantly proliferative potential is usually accom-
panied by an increase in cell stemness (Aponte and
Caicedo, 2017; Jing et al., 2021). As expected, a sphere
formation assay revealed a significantly enhanced
stemness in HEEC-Cr(VI) cells (Fig. 1g), which
was further supported by increased protein levels of
cellular-myelocytomatosis viral oncogene (c-Myc) and
sex-determining region Y-box 2 (SOX-2), markers for
cell stemness (Figs. 1h and S1). To evaluate the tumori-
genicity of HEEC-Cr(VI) cells in vivo, subcutaneous
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Fig. 1 Human esophageal epithelial cells (HEECs) acquiring malignant proliferation in vitro and in vivo after chronic
Cr(VI) exposure. (a) HEECs were treated with different doses of Cr(VI) for 24 or 48 h and then subjected to cell
viability detection via cell counting kit-8 (CCK-8) assays. The fitting curves were performed to calculate and plot the half
maximal inhibitory concentration (IC,,) values. (b) Schematic diagram clarifying the establishment of Cr(VI)-induced
malignantly transformed HEECs, named HEEC-Cr(VI). (¢) A soft agar colony formation assay was applied to evaluate
the anchorage-independent growth of HEECs and HEEC-Cr(VI) cells (n=3). (d—f) The proliferation of HEECs and
HEEC-Cr(VI) cells was assessed using the 5-ethynyl-2-deoxyuridine (EdU) incorporation (n=3) (d), CCK-8 (n=3) (e),
and plate colony formation assays (n=3) (f). (g) A sphere formation assay was applied to evaluate the stemness of HEECs
and HEEC-Cr(VI) cells. Representative images with a scale bar and their quantification are displayed (#=3). (h) The protein
levels of cellular-myelocytomatosis viral oncogene (c-Myc) and sex-determining region Y-box 2 (SOX-2) were detected
using western blot. -Actin was used as a loading control. (i-k) BALB/c nude mice (#=7) were subcutaneously xenografted
with HEECs or HEEC-Cr(VI) cells for 19 d. Tumor growth curve (i), the image of xenografts (j), and quantification for
tumor weights (k) are shown. All data for statistical analysis are displayed as mean+standard deviation (SD). Statistical
significance was determined by performing an unpaired #test (c, d, f, g, k) or a two-way analysis of variance (ANOVA) (e, i).

formation of xenograft in BALB/c nude mice was per-  subcutaneously (Figs. 1i—1k). Together, these results
formed. Consistent with the phenotypes in vitro, suggest that chronic exposure to Cr(VI) induced
HEEC-Cr(VI) cells, but not their parental cells HEECs to acquire malignantly proliferative capacity
(HEECs), displayed a significant ability to xenograft and stemness.
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3.2 Attenuated motility and enhanced adhesion in
HEEC-Cr(VI) cells

To explore the cellular motility of HEEC-Cr(VI),
we conducted wound healing assays and found the
migration capacity of HEEC-Cr(VI) cells was weak-
ened compared to HEECs (Fig. 2a). Similarly, tran-
swell assays revealed that the migration and invasion
of HEEC-Cr(VI) cells were attenuated compared with
HEECs (Fig. 2b). Additionally, when digested by tryp-
sin, HEEC-Cr(V]) cells took more time to detach from
the culture dish compared to HEECs (Fig. 2¢). In line
with the weakened cell migration and invasion, HEEC-
Cr(VI) cells exhibited an increased level of E-cadherin
and a reduced matrix metalloproteinase-2 (MMP-2)
protein expression when compared to HEECs (Figs. 2d
and S2). However, we did not observe distinct differ-
ences in the morphology of the two types of cells
(Fig. 2e). Collectively, HEEC-Cr(VI) cells possess the
characteristics of weaker cell motility and stronger cell
adhesion than their parental cells.
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3.3 Lack of HEEC-Cr(VI) characteristics in HEECs
with Cr(VI) acute exposure

To determine whether the phenotypes of malig-
nant proliferation and stemness in HEEC-Cr(VI) cells
are from the transformation induced by chronic Cr(VI)
exposure or from Cr(VI) itself, HEECs were treated
with 0.25 umol/L of Cr(VI) for 48 h. Our results dem-
onstrated that HEECs with acute treatment of Cr(VI)
failed to form colonies in soft agar (Fig. 3a). Similarly,
EdU incorporation or CCK-8 assays revealed no pro-
minent difference in proliferative capacity in HEECs
between acute exposure to Cr(VI) and vehicle control
groups (Figs. 3b and 3c¢), while plate colony formation
assays displayed a reduced number of colonies from
HEECs with acute exposure to Cr(VI) (Fig. 3d). Inter-
estingly, although acute exposure to Cr(VI) had no ef-
fects on the stemness of HEECs, the protein levels of
c-Myc and SOX-2 displayed a slight decrease upon
the treatment of Cr(VI) for 48 h (Figs. 3e, 3f, S3a,
and S3b). In addition, wound healing and transwell
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Fig. 2 Attenuated motility and enhanced adhesion in Cr(VI)-induced malignantly transformed human esophageal
epithelial cells (HEEC-Cr(VI) cells). (a) Wound healing assays were performed for the migration capacity of HEECs
and HEEC-Cr(V]) cells (n=3). (b) The ability of cell migration and invasion was evaluated using a transwell assay (n=3).
(c) HEECs and HEEC-Cr(VI) cells were subjected to the digestion of trypsin for the indicated time. Then, adherent cells
were counted (n=3). (d) Western blot analysis was applied to detect the protein levels of E-cadherin and matrix
metalloproteinase-2 (MMP-2) in HEECs and HEEC-Cr(VI) cells. B-Actin protein was applied as a loading control. (e) The
morphological characteristics of HEECs and HEEC-Cr(VI) cells under an inverted microscope. All data for statistical
analysis are presented as meantstandard deviation (SD). An unpaired 7-test was used to determine the statistical
significance in (a, b), while the two-way analysis of variance (ANOVA) was used in (c).
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Fig. 3 Lacking the characteristics of Cr(VI)-induced malignantly transformed human esophageal epithelial cells (HEEC-
Cr(VI) cells) in HEECs with Cr(VI) acute exposure. (a) HEECs were treated with Cr(VI) (0.25 pmol/L) or vehicle control
for 48 h, followed by soft agar colony formation assays to assess cell anchorage-independent growth (n=3). (b—d) The
5-ethynyl-2-deoxyuridine (EdU) incorporation (n=3) (b), cell counting kit-8 (CCK-8) (n=3) (c), and plate colony formation
assays (n=3) (d) were performed to detect the proliferative capacity of HEECs with or without exposure to Cr(VI)
(0.25 pmol/L) for 48 h. (e) HEECs were treated with Cr(VI) (0.25 pmol/L) for 48 h or not, followed by a sphere formation
assay to evaluate the stemness. Representative images with a scale bar and their quantification are indicated (n=3).
(f) Western blot analysis was performed to determine sex-determining region Y-box 2 (SOX-2) and cellular-myelocytomatosis
viral oncogene (c-Myc) protein levels in HEECs treated with Cr(VI) (0.25 pmol/L) for 48 h or not. Loading control for
western blot refers to B-actin protein levels. (g, h) The wound healing (#=3) (g) and transwell assays (#=3) (h) were used to
evaluate the migration and invasion of HEECs with or without acute exposure (48 h) to Cr(VI) (0.25 pmol/L). (i) E-Cadherin
and matrix metalloproteinase-2 (MMP-2) proteins were detected in HEECs with acute exposure (48 h) to Cr(VI)
(0.25 pmol/L) or not using western blot. f-Actin protein levels were applied for loading control. The data for statistical
analysis are indicated as meantstandard deviation (SD). Statistical significance was identified by applying an unpaired
t-test (a, b, d, e, g, h) or the two-way analysis of variance (ANOVA) (¢).

assays revealed that acute exposure to Cr(VI) dis-
played no alteration in the motility of HEECs (Figs. 3g
and 3h). Consistently, there was no change in protein
levels of E-cadherin or MMP-2 upon 48 h of exposure
to Cr(VI) (Figs. 31, S3c, and S3d). Together, these re-
sults support the suggestion that the biological charac-
teristics, especially the malignant proliferation and stem-
ness, of HEEC-Cr(VI) cells are derived from Cr(VI)-
induced transformation but not from Cr(VI) itself.

3.4 Abnormal activation of Notch signaling pathway
in HEEC-Cr(VI) cells

To explore potential mechanisms responsible for
HEECs’ malignant transformation induced by chronic
exposure to Cr(VI), we applied RNA-Seq to obtain
gene expression profiles from HEEC-Cr(VI) cells and
HEECs. As shown in Fig. 4a, when compared to
HEEC:s, a total of 2381 DEGs (1447 upregulated and
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Fig. 4 Abnormal activation of Notch signaling pathway in Cr(VI)-induced malignantly transformed human esophageal
epithelial cells (HEEC-Cr(VI) cells). (a) The volcano diagram was applied to show differentially expressed genes (DEGs)
between HEEC-Cr(VI) cells and HEECs according to the data from RNA sequencing (RNA-Seq). HEECs were used as
the control group. (b) Gene set enrichment analysis (GSEA) was conducted to evaluate the status of the Notch signaling
pathway in HEEC-Cr(VI) cells. (¢) The messenger RNA (mRNA) levels of Jagged 1 (JAG1), JAG2, NOTCH3, and hairy/
enhancer of split 4 (HES4) in HEECs and HEEC-Cr(VI) cells were detected using reverse transcription-quantitative
polymerase chain reaction (RT-qPCR). The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA levels were
used as an internal control. (d) JAG1 and JAG2 protein levels in HEECs and HEEC-Cr(VI) cells were determined by
western blot analysis. (e) Cytoplasmic and nuclear proteins from HEECs or HEEC-Cr(VI) cells were extracted and then
subjected to western blot for detecting active truncate of NOTCH3 protein (NICD3) levels. (f, g) Subcellular locations of
JAG2 (f) and NOTCH3/NICD3 proteins (g) were identified using immunofluorescence (IF) assays. (h—j) HEECs were
treated with 0.25 pmol/L of Cr(VI) or vehicle control for 48 h, followed by RT-qPCR to detect JAG1, JAG2, NOTCH3, and
HES4 mRNA levels (h) and by western blot to evaluate protein levels of JAG1, JAG2 (i), and NICD3 (j). The loading control
for the nuclear or cytoplasmic protein lysate was referred by Lamin-B1 or GAPDH protein levels. The data in (c, h) are
indicated as meantstandard deviation (SD) (n=3), and the statistical significance for the difference was identified using
an unpaired z-test. padj: adjusted P-value.



934 downregulated genes) were identified in HEEC-
Cr(VI]) cells following the conditions of adjusted P-
value<0.05 and [log,(fold change)|>1. The GO analy-
sis based on upregulated DEGs revealed the associ-
ation with the terms of epidermis development and
transcriptional activity, while downregulated DEGs
showed a close correlation to the extracellular matrix
and cell migration (Fig. S4), which is consistent with
the enhanced proliferation and attenuated mobility of
HEEC-Cr(VI) cells. Since HEEC-Cr(VI) cells acquired
malignant proliferation and stemness, we further ana-
lyzed the related signaling pathways, including Wnt,
Hedgehog, and Notch. GSEA results revealed abnor-
mal activation of the Notch signaling pathway, an ob-
vious inhibition of the Wnt signaling, and no signifi-
cant alterations of the Hedgehog pathway in HEEC-
Cr(VI) (Figs. 4b and S5). To verify the results from
RNA-Seq, we performed reverse transcriptase-qPCR
(RT-gPCR) to detect the mRNA levels of the Notch
signaling ligands (Jagged 1 (JAGI) and JAG2), recep-
tor (NOTCH?3), and downstream target (hairy/enhancer
of split 4 (HES4)), and determined their upregulation
at the mRNA level in HEEC-Cr(VI) cells (Fig. 4c).
Similarly, upregulated JAG1 and JAG2 protein levels
and increased nucleus accumulation of active truncate
of NOTCH3 protein (NICD3) were found in HEEC-
Cr(VI) cells (Figs. 4d, 4e, and S6). Additionally, IF as-
says revealed the increased JAG2 and NOTCH3 pro-
teins in cell membranes and the accumulation of nu-
cleus NICD3 protein in HEEC-Cr(VI) cells (Figs. 4f
and 4g). These results confirm the aberrant activation
of the Notch signaling in HEEC-Cr(VI) cells. Interest-
ingly, bioinformatics analysis based on Gene Expres-
sion Omnibus (GEO) datasets (GSE130078) (You
et al., 2019) and The Cancer Genome Atlas (TCGA)
database from the University of California Santa Cruz
(UCSC) Xeno platform (Goldman et al., 2020) showed
that mRNA levels of components in the Notch path-
way are upregulated in ESCC (Fig. S7), which further
supports the potentially key role of the Notch signal-
ing during Cr(VI)-induced malignant transformation
of HEECs.

To rule out the possibility that the activated Notch
signaling pathway is directly caused by Cr(VI) itself,
HEECs were exposed to 0.25 pumol/L of Cr(VI) for
48 h and were then subject to the detection of JAGI,
JAG2, NOTCH3, and HES4 expression levels. As
shown in Fig. 4h, the JAGI, JAG2, or HES4 mRNA

J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2025 26(1):76-91 | 85

level showed no obvious alteration in HEECs upon
acute exposure to Cr(VI), while NOTCH3 mRNA
expression was significantly decreased. Consistently,
the treatment of Cr(VI) (0.25 umol/L) for 48 h did not
affect the protein level of JAG1 or JAG2 (Figs. 4i,
S8a, and S8b). It should be noted that nucleus accu-
mulation of NICD3 protein was not altered in HEECs
upon acute exposure to Cr(VI) (0.25 umol/L) (Figs. 4j
and S8c). Taken together, these results indicate that
aberrant activation of the Notch signaling pathway is
the property of HEEC-Cr(VI) cells but not the con-
sequence directly caused by Cr(VI).

3.5 Impaired malignant proliferation and stemness
in HEEC-Cr(VI) cells upon Notch signaling
pathway blockage

To identify the function of the Notch signaling
pathway in the malignant phenotypes of HEEC-Cr(VI)
cells, the N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-
phenylglycine #-butyl ester (DAPT), a potent inhibitor
against the Notch signaling pathway, was applied.
Unsurprisingly, DAPT treatment not only decreased
NICD3 protein levels in the nucleus but also downregu-
lated HES4 mRNA expression in HEEC-Cr(VI) cells
(Figs. 5a, 5b, and S9a). Then, we evaluated the malig-
nantly proliferative capacity of HEEC-Cr(VI) cells
treated with DAPT or vehicle control. Interestingly,
DAPT treatment remarkedly diminished the anchorage-
independent growth of HEEC-Cr(VI) cells in soft
agar (Fig. 5c). In addition, DAPT-induced inhibition
on malignant proliferation of HEEC-Cr(VI) cells was
further confirmed by reduced EdU incorporation, at-
tenuated cell viability, and impaired formation of plate
colonies (Figs. 5d-5f). Similarly, sphere formation
assays revealed that the stemness of HEEC-Cr(VI)
cells was significantly impaired by DAPT treatment
(Fig. 5g). Further detection on c-Myc and SOX-2 pro-
teins demonstrated that DAPT treatment markedly
downregulated c-Myc expression but had no effect on
SOX-2 protein levels (Figs. Sh, S9b, and S9c), which
indicates that other pathways are involved in SOX-2
upregulation in HEEC-Cr(VI) cells. In addition, we
explored whether the activated Notch signaling path-
way regulates the weakened mobility of HEEC-Cr(VI)
cells. Wound healing and transwell assays revealed
that the migration and invasion of HEEC-Cr(VI) cells
were not altered by DAPT (Figs. 51 and 5j). Conform-
ably, DAPT treatment did not affect E-cadherin or
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Fig. 5 Impaired malignant proliferation and stemness in Cr(VI)-induced malignantly transformed human esophageal
epithelial cells (HEEC-Cr(V]) cells) upon Notch signaling pathway blockage. (a, b) HEEC-Cr(VI) cells were treated with
N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine #butyl ester (DAPT) (15 pmol/L), a potent inhibitor against the
Notch signaling pathway, or vehicle control for 48 h and then subjected to western blot to assess the protein level of active
truncate of NOTCH3 protein (NICD3) (a) and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) to
determine hairy/enhancer of split 4 (HES4) messenger RNA (mRNA) level (b). Lamin-B1 and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) protein were respectively used as a loading control for the nuclear and cytoplasmic protein
lysates. The GAPDH mRNA level was applied as an internal control for RT-qPCR. (¢) The anchorage-independent growth
of HEEC-Cr(VI) cells in DAPT (15 pmol/L) or vehicle control groups was evaluated by soft agar colony formation
assays. The treatment of DAPT (15 pmol/L) continued throughout the whole process of experiments (three weeks).
(d, ¢) HEEC-Cr(V]) cells were treated with DAPT (15 pmol/L) or vehicle control for 48 h. Then, the proliferation of treated
cells was evaluated by the 5-ethynyl-2-deoxyuridine (EdU) incorporation (d) and cell counting kit-8 (CCK-8) (e). (f) Plate
colony formation assays were applied to evaluate the proliferation of HEEC-Cr(VI) cells treated with DAPT (15 pmol/L) or
vehicle control. DAPT (15 pmol/L) treatment continued throughout the whole process of plate colony formation assays (two
weeks). (g) A sphere formation assay was used to assess the stemness of HEEC-Cr(VI) cells treated with DAPT (15 pmol/L)
or vehicle for the whole experimental process (two weeks). Representative images with a scale bar and their quantification
are shown. (h) HEEC-Cr(VI) cells were treated with DAPT (15 pmol/L) or vehicle for 48 h, and then subjected to
western blot analysis to detect sex-determining region Y-box 2 (SOX-2) and cellular-myelocytomatosis viral oncogene
(c-Myc) protein levels. p-Actin protein was applied as a loading control. (i, j) After treating HEEC-Cr(VI) cells with
DAPT (15 pmol/L) or vehicle for 48 h, the wound healing (i) and transwell assays (j) were applied to assess cell migration
and invasion. (k) Western blot analysis was used to detect the protein levels of E-cadherin and matrix metalloproteinase-2
(MMP-2) in HEEC-Cr(VI) cells treated with DAPT (15 pmol/L) or vehicle for 48 h. All data in (b—g, i, j) for statistical
analysis are displayed as meantstandard deviation (SD) (n=3). An unpaired 7-test was applied to identify the statistical
significance in (b, ¢, d, f, g, i, j), while the two-way analysis of variance (ANOVA) was used in (e).



MMP-2 protein level (Figs. 5k, S9d, and S9e). Collec-
tively, these results suggest that the activation of the
Notch signaling pathway is essential to maintain the
malignant proliferation and stemness in HEEC-Cr(VI)
cells.

4 Discussion

Cr(VI) contaminations via inhalation, drinking
water, and food are deeply associated with the mor-
bidity of many human cancers, which pose a huge
threat to human health (Sun et al., 2015; Chen et al.,
2019; lyer et al., 2023). However, the exact function
of Cr(VI) in esophageal tumorigenesis and the molecu-
lar mechanism underlying the initiation of Cr(VI)-
associated EC remain largely unknown. Here, we
found that HEECs with long-term exposure to Cr(VI)
obtained the capability of anchorage-independent
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growth in soft agar and subcutaneous xenograft in
BALB/c nude mice as well as stemness, among which,
abnormally activated Notch signaling induced by
chronic exposure to Cr(VI) is responsible for the main-
tenance of malignant proliferation and stemness in
HEEC-Cr(VI) cells (Fig. 6).

To determine the function of chronic exposure to
Cr(V]) in the occurrence of EC, HEECs were continu-
ously cultured in the medium with Cr(VI) (0.25 pmol/L)
for approximately six months to establish the trans-
formed cell line, HEEC-Cr(VI). The in vitro and
in vivo experiments demonstrated that HEEC-Cr(VI)
cells can anchorage-independently grow in soft agar
and subcutaneously xenograft in BALB/c nude mice,
which suggests Cr(VI)-induced malignant transforma-
tion of HEECs. Interestingly, HEEC-Cr(VI) cells ex-
hibit enhanced cell adhesion and attenuated cell motil-
ity compared to their parental cells, HEECs, which
was further supported by upregulated E-cadherin and
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Fig. 6 Schematic diagram elucidating the regulatory mechanism underlying the Cr(VI)-induced esophageal tumorigenesis.
HEEC: human esophageal epithelial cell; JAG: Jagged; NICD3: active truncate of NOTCH3 protein; CoA: coenzyme A;
CSL: CBF1, Suppressor of Hairless, Lag-1; MAML: mastermind-like.
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downregulated MMP-2 in HEEC-Cr(VI) cells. Consis-
tent with our finding, the study by Sun et al. (2011)
reported that genes related to cell junction are sig-
nificantly increased in Cr(VI)-induced transformed
BEAS-2B cells. It is noteworthy that altered E-cadherin
protein levels usually indicate epithelial-mesenchymal
transition (EMT) (Brabletz et al., 2021). However,
no obvious differences in morphology were found in
HEEC-Cr(VI) cells. Some studies have reported that
chromium exposure is closely associated with the inci-
dence of ESCC (Amer et al., 1990; Hashemian et al.,
2017). Interestingly, HEEC-Cr(VI) cells display in-
creased expression of SOX-2, a marker related to
squamous cell carcinoma (Hsieh et al., 2019), com-
pared to HEECs. In summary, these results demon-
strate that HEECs possess malignantly proliferative
capacity after chronic exposure to Cr(VI). It should
be pointed out that introducing another cell line for
the establishment of Cr(VI)-induced transformed cells
in our further study may help to identify the HEEC-
specific phenotypes, although HEECs were recom-
mended as an excellent model for the study of esopha-
geal carcinogenesis (https://sciencellonline.com/human-
esophageal-epithelial-cells).

To rule out the possibility that Cr(VI) itself dir-
ectly enhances the malignant proliferation, we treated
HEECSs with 0.25 pmol/L of Cr(VI) for 48 h. The soft
agar colony formation assay revealed that HEECs with
acute exposure to Cr(VI) failed to develop colonies in
soft agar. Additionally, CCK-8, EdU incorporation,
sphere formation, and transwell assays demonstrated
that acute exposure to Cr(VI) had no effects on HEEC
proliferation, stemness, or motility. These results fur-
ther confirmed that it is Cr(VI)-induced transforma-
tion, not Cr(VI) itself, that confers the property of
malignant proliferation to HEECs. Interestingly, Sheng
et al. (2021) found that 24 and 48 h of exposure to
Cr(VI) (0.4 umol/L) promoted the proliferation, migra-
tion, and invasion of bladder cancer cells by regulating
Filamin A (FLNA). Another study from the same re-
search team revealed that acute exposure to Cr(VI) en-
hanced the migration of prostate cancer cells by pro-
moting EMT (Zhang et al., 2019). Taken together,
these findings indicate that the impacts of short-term
exposure to Cr(VI) on proliferation and EMT are dif-
ferent between normal epithelial cells and cancer cells.

In an attempt to clarify the mechanism by which
Cr(VI) induced malignant proliferation of HEECs,
RNA-Seq analysis was performed in HEECs and

HEEC-Cr(VI) cells to obtain the profile of DEGs. Fur-
ther exploration based on GSEA identified abnormal
activation of the Notch signaling pathway. Notch sign-
aling is an evolutionarily conserved pathway that is
closely associated with the development process, physi-
ological homeostasis, and tissue renewal (Zhou et al.,
2022). It has been reported that Notch signaling regu-
lates the development of the esophageal squamous ep-
ithelium in the normal esophagus and acts as a tumor
suppressor pathway to inhibit esophagus tumorigene-
sis induced by 4-nitroquinoline 1-oxide (Sawangarun
et al., 2018). However, the dysregulation of the Notch
signaling functions with a dual role, an oncogenic or a
tumor-suppressor pathway, in esophagus carcinogene-
sis, which is totally dependent on the specific cellular
and genetic context (Ranganathan et al., 2011; Sun
et al., 2014; Zhong et al., 2015; Nowell and Radtke,
2017; Li Y et al., 2021). In the present study, to con-
firm the function of abnormally activated Notch sig-
naling in the malignant proliferation of HEEC-Cr(VI),
we performed the blocking experiments by applying
DAPT, an inhibitor against the Notch signaling path-
way, and determined its essential role in maintaining
a tumor-like proliferative capacity. Remarkably, Nat-
suizaka et al. (2017) reported that activated Notch sig-
naling in ESCC accelerates EMT and tumor initiation
via increasing cancer stem cells, while our study found
that the activation of the Notch pathway and enhanced
stemness in HEEC-Cr(VI) cells were accompanied by
increased E-cadherin expression. Additionally, DAPT
treatment failed to affect E-cadherin and MMP-2 ex-
pression in HEEC-Cr(VI) cells, suggesting that Notch
signaling is not involved in regulating EMT during
Cr(VI)-induced malignant transformation of HEECs.
Interestingly, hypoxia-induced ROS was demonstrated
to accelerate the migration, invasion, and EMT of
glioblastoma cells via activating the hypoxia-inducible
factor-1o (HIF-10a1) signaling (Zhang et al., 2023). The
potential interaction between hypoxia or ROS and
chronic exposure to Cr(VI) might be worth further
exploring.

According to the guideline value from the World
Health Organization (WHO, 2022), total chromium in
drinking water should not exceed 50 pg/L. Some re-
gions have set stricter restrictions for Cr(VI) in drink-
ing water, such as a limit of 10 pg/L in California or
5 pg/L in Italy (Chrysochoou et al., 2016). However,
the Cr(VI) concentration in the groundwater of some
regions with ultramafic rocks has been reported to be



between 0.2 and 180 pg/L (Chrysochoou et al., 2016).
For example, in La Spezia (Italy), the concentration
of Cr(VI) in the groundwater reached 73 pg/L, signifi-
cantly exceeding the limitation of 5 pg/L (Fantoni
et al., 2002). In our study, the applied concentration
of K,CrO, is 0.25 pmol/L, equivalent to 13 ug/L of
total chromium, which is lower than the guideline
value from WHO and the Cr(VI) concentration in
groundwater of some ultramafic regions. It is worth
noting that one study focusing on arsenic and chro-
mium topsoil levels revealed an association between
chromium concentration in topsoil and women’s EC
mortality in Spain (Nuiiez et al., 2016). Furthermore,
a case-control study by Nozadi et al. (2021) reported
that chromium concentrations ((8.10+£7.31) pg/kg) of
EC from Eastern Iraq, an area with heavy metal pol-
lution, displayed a notable rise compared to non-
cancerous tissues ((1.98+0.80) pg/kg). If assuming tis-
sue density to be approximately 1 kg/dm?, the con-
centration ((8.10+£7.31) ug/kg) could be considered,
which is very close to the exposure dose of Cr(VI)
(0.25 pmol/L or 13 pg/L) used in our study. Given
that we have demonstrated the capacity of chronic
Cr(VI) (0.25 pmol/L) exposure to induce malignant
transformation of HEECs, this study provides a cru-
cial reference for future exploration related to cancer
initiation or public health, which will raise more and
broader attention to chromium contamination.

5 Conclusions

As a summary, we demonstrated the driving role
of chronic exposure to Cr(VI) in esophagus tumori-
genesis and clarified the relevant mechanism by which
Cr(VI)-induced activation of the Notch signaling
contributes to the malignant proliferation and stemness
of HEEC-Cr(VI) cells. Our study provides a novel
potential target for clinical therapy of Cr(VI)-related
esophageal tumors.
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