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Arsenic was recently identified as a pollutant that is a major cause of lung cancer.
Since heparin-binding EGF-like growth factor (HB-EGF) was reported to be a promising
therapeutic target for lung cancer, we investigated the role and mechanism of HB-EGF
during arsenic-induced carcinogenesis and development of lung cancer. HB-EGF
expression were upregulated in As-T cells, lung cancer cell lines, and in most lung cancer
tissue samples; and HB-EGF activated the EGFR/p-ERK/HIF-1a pathway and induced
VEGF by regulating HIF-1a transcription. HIF-1a transcriptional stimulation by HB-EGF
was facilitated by PKM2 and played an important role in HB-EGF’s effect on cells. An
HB-EGF inhibitor(CRM197, cross-reacting material 197) slowed cell proliferation and
inhibited migration of As-T and A549 cells, and inhibited tumor growth. PKM2 also played
an important role in the proliferation and migration in As-T cells. The positive staining
ratios of EGFR phosphorylation (Y1068) and PKM2 were significantly higher in most
cases of lung cancer than in paired normal tumor-adjacent lung tissues; and HB-EGF
expression levels strongly correlated with p-EGFR expression levels. Thus, HB-EGF
drives arsenic-induced carcinogenesis, tumor growth, and lung cancer development via
the EGFR/PKM2/HIF-1a pathway.

Keywords: HB-EGF, arsenic, lung cancer, PKM2, HIF-1«

INTRODUCTION

Arsenic is a class I carcinogen as defined by the International Center for Research on Cancer
(in 1987) and the US Environmental Protection Agency (in the 1990s) (1-3); and arsenic
exposure induces various forms of human cancer, including cancers of the lung, skin, and
bladder (4). Yet, arsenic has no mutagenic properties, so its carcinogenic mechanism remains
unclear. This uncertainty is complicated by the fact that arsenic compounds can inhibit some
200 kinds of enzymes (5, 6), and can regulate DNA methylation, DNA repair, and promote
abnormal expression of proto-oncogenes and members of oncogenic or pathogenic pathways.
Arsenic-induced epigenetic dysregulation is proposed to contribute to arsenic’s toxicity (7), but
studies on these effects have largely focused on DNA methylation (8).

Frontiers in Oncology | www.frontiersin.org

1 June 2020 | Volume 10 | Article 1019


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2020.01019
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2020.01019&domain=pdf&date_stamp=2020-06-30
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:wangmin@njmu.edu.cn
mailto:binghjiang@yahoo.com
mailto:Bing-Hua-Jiang@uiowa.edu
https://doi.org/10.3389/fonc.2020.01019
https://www.frontiersin.org/articles/10.3389/fonc.2020.01019/full
http://loop.frontiersin.org/people/891364/overview
http://loop.frontiersin.org/people/737714/overview

Wang et al.

HB-EGF Induced Tumor Growth

Epidermal growth factor receptor [EGFR; a cell-surface
tyrosine kinase receptor of the ErbB/HER oncogene family (9)]
is among the cancer-related targets of arsenic (10). Reportedly,
EGFR overexpression or mutation plays an important role in
tumorigenesis in various types of epithelial cancers, including
non-small-cell lung cancer (11), breast cancer (12), colorectal
cancer (13), and gastric carcinoma (14). Therefore, several
anticancer agents target EGFR, either via blocking antibodies
or specific inhibitors. For example, EGFR-specific blocking
antibodies (such as Erbitux and Vectibix) have been used to
treat colorectal cancer (15, 16), while EGFR inhibitors (like Iressa
and Canmanna) have been used to treat non-small-cell lung
cancer (17). Nevertheless, as with other anti-cancer drugs, most
patients develop resistance to these treatments, so prognosis for
these cancers remains extremely poor. To improve treatment
strategies, the carcinogenic mechanisms of EGFR should be
precisely determined (18).

Arsenic exposure in lung cancer cells reportedly upregulates
expression of the EGFR ligand, heparin binding-EGF (HB-
EGF) and activates EGFR phosphorylation (p-EGFR at Tyr
1173) (5). HB-EGF is a member of the epidermal growth
factor (EGF) family ligands, with a sequence similar to EGE
yet HB-EGF induces cellular proliferation and migration more
potently than EGF (19). HB-EGF is upregulated in many
cancers, including lung cancer; and increasingly, studies have
confirmed that, in tumors, HB-EGF acts through binding
and overactivating the EGFR pathway, generating signals for
proliferation, differentiation, migration, and cell survival (20).
Although arsenic exposure was reported to upregulate levels of
HB-EGE little is known about the function and mechanism of
HB-EGF in arsenic-induced lung cancer. As such, our work
here addressed several key questions: (1) in arsenic-transformed
human lung epithelial BEAS-2B cells, lung cancer cells and
tissues, how is the expression of HB-EGF affected? (2) What
signaling pathways are regulated by HB-EGF in As-T cells? And
(3) what is the function of HB-EGF and its downstream signaling
pathways, in As-T cells?

MATERIALS AND METHODS

Cell Culture and Reagents

Human bronchial epithelial BEAS-2B (BEAS-2B) and As-T cells
were established and cultured in DMEM medium mixed with
10% heat-inactivated fetal bovine serum (FBS), 100 units/mL
penicillin G, and 100pg/mL streptomycin, as previously
described (21). Sodium arsenite (NaAsO,) and CRM197 were
purchased from Sigma Aldrich (St. Louis, MO). EGFR, p-EGFR,
PKM2, p-ERK, B-actin antibodies were purchased from Cell
Signaling Technology (Danvers, MA, USA). SiHB-EGEF, HB-
EGE, PKM2 and siPKM2 were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA).

Cell Transfection

Indicated siRNAs or plasmids were transfected into As-T
cells using Lipofectamine reagent (Thermo Fisher, USA).
Transfection complexes were prepared according to the
manufacturer’s instructions.

Protein Extraction and Western Blotting
Cells were washed with ice-cold PBS bufter, scraped from the
dishes on ice, and centrifuged at 12,000 rpm, 4°C for 15 min.
Cell lysates were prepared using RIPA buffer supplemented
with protease inhibitors (Beyotime, Nantong, China). Lysates
were assayed by immiunoblotting, as described previously (22),
probing with antibodies against EGFR, PKM2, B-actin (Cell
Signaling Technology, Danvers, MA, USA), or HIF-la (BD
Biosciences, Bedford, MA).

Immunohistochemistry

Each lung cancer tissue array (Wuhan Iwill Biological
Technology Co. Ltd, Wuhan, China) contained 35 cases of
lung cancer and 35 cases of paired, normal, tumor-adjacent
lung tissue. Arrays were deparaffinized, hydrated, pretreated
for epitope unmasking, incubated with hydrogen peroxide,
blocked with 10% goat serum (according to the manufacturer’s
instructions), and then arrays were incubated with the indicated
antibodies at 4°C overnight. After washing, arrays were treated
as previously reported (23).

Real-Time RT-PCR

Total cellular RNAs were extracted using Trizol
reagent according to the manufacturer’s instructions.
Aliquots of total RNAs (1 pg) were used as templates
to synthesize the first-strand cDNAs using reverse
transcriptase. PCR primer pairs were as follows: GAPDH
forward, 5'-CCACCCATGGCAAATTCCATGGC-3';

GAPDH reverse, 5-TCTAGACGGCAGGTCAGGTCCACC
-3,

HB-EGF forward, 5'-ATCGTGGGGCTTCTCATGTTT-3';

HB-EGF reverse, 5'-TTAGTCATGCCCAACTTCACTTT-3';

VEGF forward, 5'-TCGGGCCTCCGAAACCATGA-3';

VEGEF reverse, 5-CCTGGTGAGAGATCTGGTTC-3'.
Real-time PCR was performed using the above primers and SYBR
Green Mastermix (Vazyme Biotech Co., Ltd, Nanjing, China).
Reactions were analyzed on an ABI 7900 real-time PCR machine
using the following cycle conditions: 95°C for 10 min, followed
by 40 cycles at 95°C for 15s and 60°C for 1 min. Results were
presented as the ratio of HB-EGF or VEGF to GAPDH and
normalized to the control group.

Construction of Plasmids
The HIF-la promoter, containing PKM2 binding sites, was
amplified from human genomic DNA via PCR. Primers
contained Kpnl and HindIII restriction enzyme cutting sites:
Forward primer, 5-AGCTGGTACCCCTGTGTACAAGCT
CACG-3; reverse primer, 5-AGCTAAGCTTCATGGTGAATC
GGTCCC-3'. The PCR product was inserted into the PGL3-
Basic plasmid vector and verified by DNA sequencing. The VEGF
promoter reporter pMAP11wt, containing HIF-1a binding sites,
was inserted into the pGL2 basic luciferase vector, as described
previously. The plasmid encoding human HIF-1a was inserted
into the pCEP4 vector, as described previously (21, 24).
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FIGURE 1 | HB-EGF is upregulated in arsenic-transformed cells and lung cancer cells or tissues. (A) Protein levels of HB-EGF in B2B, As-T, and A549 cells were
determined by Western blotting, with B-actin used as loading control. The relative amount of HB-EGF was analyzed by Tanon Western Blot software (Tanon Science &
Technology Co., Ltd, Shanghai China). As-T, arsenic-transformed human lung epithelial BEAS-2B; B2B, BEAS-2B. (B) mRNA levels of HB-EGF in B2B, As-T, and
A549 cells were analyzed by RT-gPCR, with GAPDH was used as a loading control. (C) Representative immunohistochemical-staining images of HB-EGF in lung
tumors and matched adjacent tissues (x 100 and x400 magnification; scale bar: 100 um). The data are presented as the mean+SD. *p < 0.05, **p < 0.01, **p <
0.001.

Luciferase (Luc) activity was measured; and the relative Luc
activity was calculated as the Luc activities ratio of the HIF-
la reporter to PGL4.74, and then normalized to that of
the control.

TABLE 1 | Expression of HB-EGF in lung cancer and paired normal
tumor-adjacent lung tissues.

-+t

Lung cancer (n = 35) HB-EGF 9 6 5 15

Well- Moderately Poorly H H

differentiated  differentiated  differentiated Ce" Pr0|lferat|0n Assay. . .

lung lung carcinoma Cell proliferation was assayed using the CCKS8 kit (Dojindo,
carcinoma  carcinoma  (n = 11) Kumamoto, Japan), according to the manufacturer’s instructions,
(=11 =19 at the indicated time points. One thousand cells per well

Paired normal tumor-adjacent lung tissues (n = 35) HB-EGF 29 3 1 2

were seeded and cultured in 96-well plates. All results were
obtained from three separate experiments with three replicates
per experiment.

Statistical data of HB-EGF expression in lung tumor samples and matched, adjacent
tissues. Statistical data of immunohistochemical staining of HB-EGF in 35 lung-tumor
samples and matched adjacent tissues. “~" indicates negative staining; “+,” “++,” “+++"
indicate increments of positive staining.

Cell Invasion Assay
A cell-invasion assay was performed using trans-well cell
culture inserts (Becton Dickinson) in accordance with the

Dual-Luciferase Assay
Cells were washed once with PBS buffer and lysed with
Reporter Lysis Buffer from Promega (Madison, WI, USA).

manufacturer’s instructions. 5 x 10* cells were seeded per
well, in the upper well of the invasion chamber in DMEM
without serum. The wells' lower chambers contained DMEM
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FIGURE 2 | HB-EGF activates EGFR in arsenic transformed cells. (A) As-T cells and A549 cells were treated with 10 wg/mL CAM197 (an HB-EGF inhibitor). After
48h, p-EGFR(Y1068) and EGFR expression were analyzed via Western blotting. CAM197, cross-reacting material 197; p-EGFR (Y1068), activated EGFR at
phospho-Tyr1068. *o < 0.05, compared with As-T/PBS. #p < 0.05, compared with A549/PBS. (B) B2B cells were treated with or without 1 wM NaAsO, and

10 pg/mL CRM197, as indicated for 48 h; and levels of p-EGFR protein were determined via Western blotting. *p < 0.05, compared with B2B/PBS. (C) B2B cells
were transfected with siHB-NC and siHB-EGF as per the manufacturer’s instructions. Twelve hours after transfection, As-T cells were treated with or without NaAsOo,
as indicated for 36 h, and expression of HB-EGF and p-EGFR was analyzed by Western blotting. The data are presented as the mean+SD. *#p < 0.05, **p < 0.001.
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supplemented with 10% FBS to stimulate cell invasion. After
a 14-h incubation, non-invading cells were removed from
the top well with a cotton swab, while the bottom cells
were stained with a crystal violet solution and photographed
in three independent fields for each well. Transfected cells
were maintained for 48h and allowed to migrate for an
additional 24h. Passaged cells were stained with a crystal
violet solution.

Animal Experiments

Male BALB/c nude mice (4 weeks old) were purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd
(Beijing, China). Animal handling and experimental procedures
were performed according to the guide for the Care and Use of
Laboratory Animals in Nanjing Medical University. As-T cells
were injected subcutaneously into both flanks of nude mice (5 x
10 cells in 100 pL). Tumor sizes were measured using Vernier
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FIGURE 3 | HB-EGF upregulates p-ERK/ HIF-1a pathway in Arsenic transformed cells. (A) As-T cells were transfected with siHB-EGF or treated with HB-EGF and,
after 48 h, HB-EGF, p-ERK, HIF-1a, and VEGF were tracked, as above. (B) As-T and A549 cells were treated with or without CAM197 as indicated for 48 h, and
p-ERK, p-AKT and (C) HIF-1a and VEGF were tracked, as above. GAPDH was used as loading control. (D) As-T and A549 cells were treated with HB-EGF and an
ERK inhibitor, as indicated for 48 h; and HIF-1a and VEGF were tracked by Western blotting. (E) As-T cells were transfected with a HIF-1a promoter reporter
(containing PKM2 binding sites). After 12 h, cells were exposed to HB-EGF and an ERK inhibitor, for 36 h, and luciferase (Luc) activities were determined. The data are
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caliper every 2 days when the tumors were visible and tumor
volume was calculated according to the formula: Volume = 0.5
x Length x Width? (25). Twenty-four days after implantation,
mice were sacrificed and tumors were dissected.

Statistical Analysis

All experiments were performed three times and data were
analyzed by Microsoft Excel 2016, with the exception of the
correlation of HB-EGF with p-EGFR, which was analyzed
by GraphPad Prism 7.0. Statistical evaluation of data was
performed using the t-test. P < 0.05 was considered to be
statistically significant.

RESULTS

HB-EGF Is Upregulated in
Arsenic-Transformed Lung Epithelial Cells,

Lung Cancer Cells, and Cancer Tissues

Overexpression of HB-EGF is reported in many cancers,
including lung cancer so we evaluated HB-EGF protein and
mRNA expression levels (by western blotting and qPCR) in
arsenic transformed cells and the lung cancer cell line, A549.
As we predicted, As-T cells and A549 expressed more HB-EGF
protein than in B2B cells (Figure 1A); and interestingly, HB-
EGF mRNA expression was highest in As-T cells and lowest
in A549 cells (Figure 1B). Similarly, when HB-EGF expression
was compared by immunohistochemical staining in 35 pairs
of lung cancer tissue from lung squamous cell carcinoma and

adenocarcinoma and matched adjacent normal lung tissues, HB-
EGF was comparatively overexpressed in most cases (Figure 1C
and Table 1).

HB-EGF Activates EGFR in

Arsenic-Transformed Cells

Reportedly, in lung cancer cells, arsenic exposure upregulates the
levels of heparin binding-EGF (an EGFR ligand) and stimulates
an activating phosphorylation of EGFR (p-EGFR at Tyr 1173).
To test whether arsenic activates EGFR through HB-EGE, As-
T and A549 cells were first treated with 10 pg/mL of CRM197
(an HB-EGF inhibitor; as indicated in Figure 2A) for 48 h, and
p-EGFR and EGEFR protein levels were evaluated by Western
blotting. Under these conditions, CRM197 inhibited p-EGFR
protein levels, in both As-T and A549 cells, but it did not
affect EGFR protein level in As-T cells. When B2B cells were
treated for 48h with 1 uM NaAsO; and 10 pg/mL CRM197,
as indicated in Figure 2B, the arsenic-induced increases in p-
EGFR expression were reversed, suggesting arsenic activated p-
EGEFR via the HB-EGF ligand. Confirmatory results (shown in
Figure 2C) showed transfecting an siHB-EGF similarly inhibited
p-EGEFR protein levels.

HB-EGF Induces ERK Activation and

Increases HIF-1o Expression

To study whether HB-EGF upregulated EGFR downstream of the
pro-oncogenic signaling pathways, MAPK/ERK and PI3K/AKT
(26), As-T cells were transfected with our siHB-EGF or a
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FIGURE 4 | PKM2 upregulates HIF-1a via Erk and is important in regulating proliferation of arsenic-transformed cells. (A) Arsenic transformed cells were transfected
with vectors expressing NC, PKM2 or siPKM2, and 60 h later, PKM2 and HIF-1a expression was tracked using Western blotting. (B) As-T cells were co-transfected
with an HIF-1a promoter reporter (containing PKM2 binding sites) and PKM2. After 6 h, the cells were cultured with an ERK1/2 inhibitor or HB-EGF, as indicated, and
luciferase (Luc) activities were determined. (C) The CCK-8 assay monitored proliferation of As-T cells transfected with an HIF-1a expression vector or a control,
according to the manufacturer’s instruction. Proliferation rates were determined daily for 4 days after seeding. (D) As-T cells were analyzed as in (C), after transfection
with PKM2, ashPKM2 plasmid, or a control. (E) PKM2’s effect on trans-well migration of As-T cells. Passaged cells were stained with a crystal violet solution and
counted. Data are presented as the mean+SD. *o < 0.05, **##p < 0.01, **###p < 0.001.

vector that overexpressed HB-EGF. Cells were then assessed for
expression of p-ERK, HIF-1a, and VEGF by Western blotting
(Figure 3A). Since ERK/HIF-1o/VEGF signaling reportedly
regulates tumorigenesis in several cancers (24), we hypothesized
HIF-1a might be suppressed by CRM197. To test this hypothesis,
HIF-1o and VEGF expression were evaluated by Western
blotting in As-T and A549 cells exposed to CRM197 for 48 h.
As shown in Figure 3B, CRM197 inhibited HIF-1a and VEGF
expression significantly in both As-T and A549 cell types.
When As-T cells were treated with 10 pg/mL CRM197, p-ERK
expression was inhibited, but not p-AKT (Figure 3C). These
results were confirmed in studies showing HB-EGF-induced
ERK activation stimulated expression of HIF-la and VEGF.
Furthermore, to confirm that HB-EGF upregulated expression of
HIF-1a and VEGF via ERK, As-T cells were treated with HB-EGF
and the inhibitor of ERK (ERKi; Figure 3D) for 48 h. Western
blotting results of HIF-1oo and VEGF showed that the effect of
HB-EGF upregulated HIF-1a and VEGF can be reversed by ERK
inhibitor, suggesting HB-EGF upregulated HIF-1a and VEGF via
ERK (Figure 3D).

To test whether HB-EGF increases HIF-1la transcriptional
activation, an HIF-la promoter driving a luciferase reporter
was transfected into As-T cells, which were cultured overnight
and then treated with HB-EGF or the ERK inhibitor for
24 h. Comparing luciferase activities showed HB-EGF treatment
significantly increased HIF-la reporter activity in As-T cells,
while the ERK inhibitor completely restored HB-EGF’s effect
on HIF-1a at the transcriptional level (Figure 3E). These results
demonstrate that, in As-T cells, HB-EGF increased HIF-1la
transcription via ERK.

PKM2 Upregulates HIF-1« at the
Transcriptional Level via ERK and
Stimulates the Proliferation and Migration
of Arsenic-Transformed Cells and A549

Cells

Embryonic pyruvate kinase M2 (PKM2) is one of four isoforms
of pyruvate kinase, an enzyme that catalyzes the conversion of
phosphoenolpyruvate and ADP to pyruvate and ATP during
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glycolysis (27). PKM2 is highly expressed in human cancer and
has a central role in the metabolic reprogramming of cancer
cells as well as participating in cell-cycle progression and gene
transcription (28). EGFR activation induces translocation of
PKM?2 into the nucleus where, in hypoxic human cancer cells,
PKM2 physically interacts with and promotes transactivation of
HIF-1a (21, 25, 29, 30).

To determine whether PKM2 regulated HIF-la in As-
T cells, they were transfected with or siPKM2 RNA or a
vector expressing PKM2. As shown in Figure 4A, PKM2
overexpression significantly increased HIF-1a expression; and,
conversely, siPKM2 inhibited HIF-la expression. Since ERK
inhibition was reported to block PKM2 translocation into the
nucleus, we assumed that the ERK inhibitor reversed the HIF-
la transcriptional activation. To test this assumption, As-T cells
were transfected with a HIF-1a promoter reporter plasmid and
PKM2. After overnight culture, the cells were treated for 24h
with HB-EGF or the ERK inhibitor, and luciferase activity was
measured. Consistent with previous results, PKM2 increased
HIF-1la transcriptional activation and HB-EGF upregulated
PKM2’s stimulatory effect on HIF-1a transcriptional activation;

moreover, the ERK inhibitor completely restored the PKM2-
stimulating, HIF-1a transcriptional activation (Figure 4B).

To study the biological function of HIF-la and PKM2 in
arsenic-induced lung cancer, As-T cells were transfected with
siHIF-1a or siPKM2, and a vector expressing PKM2. After
24 h, forced expression of siHIF-1a inhibited the proliferation
rate of As-T cells as compared to the control (Figure4C).
After 36 h, PKM2 expression significantly promoted As-T cell
growth (Figure 4D), while on the contrary, siPKM2 significantly
inhibited their proliferation and migration (Figures 4D,E). These
results suggest upregulation of HIF-1la by PKM2 via the ERK
pathway plays important role in As-T cells.

siHB-EGF Inhibits VEGF at the
Transcriptional Level in
Arsenic-Transformed Cells by Depressing
HIF-1«x

VEGF is a key regulator of several aspects of cancer that are linked
to poor patient prognosis, including tumor growth, angiogenesis,
metastasis, and progression. Also, various approved antitumor
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modalities target pathways downstream of VEGF and EGFR (31).
VEGEF expression is mainly regulated at the transcriptional level
by hypoxia-inducible factor 1o (HIF-1a), which binds the VEGF
promoter hypoxia response element (HRE) (24). To confirm HB-
EGF increased VEGF expression through HIF-1a, As-T cells were
transfected with siHB-EGF or a vector expressing HIF-1a for
48h, and HIF-1a, VEGF and GAPDH expression was tracked by
Western blotting. The results showed siHB-EGF decreased HIF-
la and VEGF protein levels, and that these could be restored
by overexpressing HIF-1a. When levels of VEGF and GAPDH
mRNA in As-T cells were determined by real-time RT-PCR, we
found siHB-EGF suppressed VEGF mRNA levels. In parallel,
HB-EGF increased VEGF (Figures 5A,B).

To determine whether overexpression of HIF-la was
sufficient to restore the ability of siHB-EGF to inhibit the VEGF
transcription, As -T cells were co-transfected with siHB-EGEF,
HIF-1a, and VEGF reporter plasmids. These studies indicated
when suppression of VEGF transcriptional activation by siHB-
EGF could be reversed by HIF-1a overexpression, demonstrating
that siHB-EGF inhibited VEGF expression by suppressing HIF-
la expression (32) (Figure 5C).

Inhibitors of HB-EGF Inhibit Proliferation

and Migration of As-T and A549 Cells

To study the function of HB-EGF in As-T and A549 cells, the cells
were treated with 10 pg/mL CRM197. CRM197 inhibited As-T
cell proliferation after 48 h of treatment, compared to controls
(Figure 6A). Similarly, A549 cell proliferation was significantly
inhibited after treatment with CRM197 for 36h (Figure 6B).
Conversely, HB-EGF promoted B2B cell growth, after 36h
of treatment exposure (Figure 6C). A colony-formation assay
validated the anti-tumor effects of CRM197 in As-T and A549
cells (Figure 6D); and a transwell migration assay (Figure 6E)
showed migration of As-T and A549 cells decreased by more than
2-fold after exposure to CRM197.

A Specific Inhibitor of HB-EGF (CRM197)

Blocks Tumor Growth in vivo

To study the effect of CRM197 on tumor growth in vivo,
As-T cells were injected into nude mice and, after 7 days,
the mice were treated with CRM197 or PBSonce every day
for 10 days. As shown in Figures 7A,B, CRM197 treatment
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inhibited tumor growth; and Western blotting showed CRM197
inhibited the expression of p-EGFR, p-ERK, HIF-la, and
VEGEF in vivo (Figure 7C), consistent with our in vitro results.
Immunohistochemistry verified that CRM197 inhibited HB-
EGE p-EGFR, and PKM2 expression in mouse tumor tissues
(Figure 7D).

Higher Levels of HB-EGF and PKM2 Are

Associated With Cancer Development

To test whether levels of HB-EGE p-EGFR, and PKM2
correlate in clinical lung cancer tissues, their expression
levels were tracked in 35 pairs of lung cancer tissues, by
immunohistochemical staining. HB-EGE, p-EGFR, and PKM2
were overexpressed in most cases of lung cancer tissues compared
with their matched adjacent normal tissues (representative
images are shown in Figures 1C, 8A; Tables 1, 2). Pearson
Correlation analysis identified significant positive correlations
between HB-EGF and p-EGFR expression (Figure 8B), but
HB-EGF and p-EGFR expression did not correlate with that
of PKM2.

DISCUSSION

Arsenic induces skin, lung, and other human cancers.
Recent studies into the carcinogenic properties of arsenic
have focused on how exposure affects genetic changes,
the generation of reactive oxygen species, epigenetic
alterations, and expression of miRNAs (33). Our finding

that arsenic activates EGFR in lung cancer is supported
by reported observations of EGFR activation by either
100 uM arsenite or 800 uM arsenate in another keratinocyte
type (19, 34).

Reportedly, arsenic induces EGFR phosphorylation nearly
as efficiently as engagement of EGFR with its ligand, EGF.
Furthermore, EGFR is not degraded in response to activation
by arsenic (19). Our data showed arsenic exposure caused
HB-EGF to stimulate EGFR phosphorylation (p-EGFR) at Tyr
1068 and confirmed HB-EGF was highly expressed in As-
T cells and most tumor tissues samples of 35 lung cancer
cases. The latter observation consist with study by Yotsumoto
and Hsieh that HB-EGF is the predominant EGFR ligand
in lung cancer cells and EGFR mutation and that HB-EGF
expression predicts poor survival in patients with primary lung
tumors (35, 36).

HB-EGF is reported to be a promising therapeutic target
for lung cancer and ovarian cancer (37). In support of this
idea, we find it plays an important role in many aspects
of arsenic-induced lung cancer: HB-EGF induced As-T and
A549 cell proliferation, colony formation, migration, and tumor
formation capability.

EGFR activation induces translocation of PKM2 into the
nucleus, where PKM2 acts both as a protein kinase and a
transcriptional coactivator for hypoxia-inducible factor alpha
(HIF-1a) in HeLa cervical carcinoma cells (21, 38). PKM2 is
known to promote cell migration and inhibits autophagy by
mediating PI3K/AKT activation in gastric cancer or metastasis
by recruiting myeloid-derived suppressor cells; and PKM2
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TABLE 2 | Expression of p-EGFR and PKM2 in lung tumors and paired, normal, level. Furthermore, we found HB-EGF inhibitors could
tumor-adjacent lung tissue. downregulate HIF-la at the transcriptional level, via ERK.
More meaningfully, PKM2 also induced As-T cell proliferation

e o ;

and migration. Our data obtained from samples showed

Lung cancer (1 = 35) p-EGR 1512 3 5 PKM2 was overexpressed in most cases of 35 lung cancer

Well- Moderately ~ Poorly compared to expression in matched, adjacent, normal tissue.

differentiated  differentiated  differentiated These results indicated that PKM2 played oncogenic role in

lung lung carcinoma(n
. . As-T cells.

carcinoma carcinoma (n = 11) .

(n=11) —13) Kanematsu et al. reported EGFR phosphorylation but not

PKM2 8 13 2 12 overexpression was correlated with poor prognosis of non-

Paired normal tumor-adjacent lung tissues (1 =35) p-EGFR32 3 0 0 small cell lung cancer patients (41). In agreement, our

PKM2 28 1 3 3 results detected significantly higher expression of p-EGFR

in 20/35 cases of lung cancer (as compared to matched,

Expression of p-EGFR and PKMZ2 in lung cancer tissues. Statistical data of . . .
adjacent, normal tissue); and also demonstrated a positive

immunohistochemical staining of p-EGFR and PKM2 in 35 lung-tumor samples and

matched, adjacent tissue. “~,” “+”, “++,” and “+ + +” indicate increments of correlation between HB-EGF and p-EGFR, suggesting HB-

positive staining. EGF may be the main trigger for EGFR phosphorylation in
lung cancer.

expression is a marker of poor prognosis in hepatocellular In conclusion, HB-EGF played an important role in As-T cells,

carcinoma (39, 40). Our studies demonstrated that, in As-  and activated EGFR and downstream signal pathways in lung
T cells, PKM2 upregulated HIF-lo at the transcriptional cancer. HB-EGF may also be a rational target for lung cancer
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treatment, and CRM197 might be expected to improve prognosis
in patients with NSCLC.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by the Ethics
Committee of Nanjing Medical University.

REFERENCES

1. Hubaux R, Becker-Santos DD, Enfield KS, Lam S, Lam WL, Martinez VD.
Arsenic, asbestos and radon: emerging players in lung tumorigenesis. Environ
Health. (2012) 11:89. doi: 10.1186/1476-069X-11-89

2. Huang L, Wu H, van der Kuijp TJ. The health effects of exposure to arsenic-
contaminated drinking water: a review by global geographical distribution. Int
J Environ Health Res. (2015) 25:432-52. doi: 10.1080/09603123.2014.958139

3. Hong YS, Song KH, Chung JY. Health effects of chronic arsenic exposure. |
Prev Med Public Health. (2014) 47:245-52. doi: 10.3961/jpmph.14.035

4. Lee CH, Yu HS. Role of mitochondria, ROS, and DNA damage in arsenic
induced carcinogenesis. Front Biosci. (2016) 8:312-20. doi: 10.2741/s465

5. Andrew AS, Mason RA, Memoli V, Duell EJ. Arsenic activates EGFR pathway
signaling in the lung. Toxicol Sci. (2009) 109:350-7. doi: 10.1093/toxsci/kfp015

6. Abernathy CO, Liu YP, Longfellow D, Aposhian HV, Beck B, Fowler B, et al.
Arsenic: health effects, mechanisms of actions, and research issues. Environ
Health Perspect. (1999) 107:593-7. doi: 10.1289/ehp.99107593

7. Howe CG, Gamble MV. Influence of arsenic on global levels of
histone posttranslational modifications: a review of the
and challenges in the field. Curr Environ Health Rep.
3:225-37. doi: 10.1007/s40572-016-0104-1

8. Muenyi CS, Ljungman M, States JC. Arsenic disruption of DNA damage
responses-potential role in carcinogenesis and chemotherapy. Biomolecules.
(2015) 5:2184-93. doi: 10.3390/biom5042184

9. Sasada T, Azuma K, Ohtake J, Fujimoto, Y. Immune responses to epidermal
growth factor receptor (EGFR) and their application for cancer treatment.
Front Pharmacol. (2016) 7:405. doi: 10.3389/fphar.2016.00405

10. Tong D, Ortega J, Kim C, Huang J, Gu L, Li GM. Arsenic inhibits DNA
mismatch repair by promoting EGFR expression and PCNA phosphorylation.
] Biol Chem. (2015) 290:14536-41. doi: 10.1074/jbc.M115.641399

11. Tang N, Zhang Q, Fang S, Han X, Wang Z. Anti-tumor activity of high-dose
EGFR tyrosine kinase inhibitor and sequential docetaxel in wild type EGFR
non-small cell lung cancer cell nude mouse xenografts. Oncotarget. (2017)
8:9134-43. doi: 10.18632/oncotarget.13327

12. Elghonaimy EA, Ibrahim SA, Youns A, Hussein Z, Nouh MA, El-Mamlouk
T, et al. Secretome of tumor-associated leukocytes augment epithelial-
mesenchymal transition in positive lymph node breast cancer patients via
activation of EGFR/Tyr845 and NF-kappaB/p65 signaling pathway. Tumour
Biol. (2016) 37:12441-53. doi: 10.1007/s13277-016-5123-x

13. Troiani T, Napolitano S, Della Corte CM, Martini G, Martinelli E,
Morgillo F et al. Therapeutic value of EGFR inhibition in CRC
and NSCLC: 15 years of clinical evidence. ESMO Open. (2016)
1:e000088. doi: 10.1136/esmoopen-2016-000088

14. Su CC, Chiu TL. Tanshinone IIA decreases the protein expression
of EGFR, and IGFR blocking the PI3K/Akt/mTOR pathway in gastric
carcinoma AGS cells both in vitro and in vivo. Oncol Rep. (2016) 36:1173-
9. doi: 10.3892/0r.2016.4857

literature
(2016)

AUTHOR CONTRIBUTIONS

LW and Y-FL carried out the samples analysis and performed the
experiments. C-SW, Y-XX, YQ-Z, Y-CQ, and W-TL conducted
the cell function experiments. MW and B-HJ wrote the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was supported in part by National Natural Science
Foundation of China (81703184, 81472944, and 81803197) and
China Scholarship Council; by Jiangsu Provincial Natural Science
Foundation (BK20150996); and by National Institutes of Health
grant, RO1IES027901.

15. Fujii H, Iihara H, Suzuki A, Kobayashi R, Matsuhashi N, Takahashi T,
et al. Hypomagnesemia is a reliable predictor for efficacy of anti-EGFR
monoclonal antibody used in combination with first-line chemotherapy for
metastatic colorectal cancer. Cancer Chemother Pharmacol. (2016) 77:1209-
15. doi: 10.1007/s00280-016-3039-1

16. Berger MD, Lenz HJ. The safety of monoclonal antibodies for
treatment of colorectal cancer. Expert Opin Drug Saf. (2016)
15:799-808. doi: 10.1517/14740338.2016.1167186

17. Greenhalgh J, Dwan K, Boland A, Bates V, Vecchio F, Dundar Y, et al. First-line
treatment of advanced epidermal growth factor receptor (EGFR) mutation
positive non-squamous non-small cell lung cancer. Cochrane Database Syst
Rev. (2016) 5:CD010383. doi: 10.1002/14651858.CD010383.pub2

18. Morgillo F Della Corte CM, Fasano M, Ciardiello F. Mechanisms of
resistance to EGFR-targeted drugs: lung cancer. ESMO Open. (2016)
1:¢000060. doi: 10.1136/esmoopen-2016-000060

19. Heo J, Kim JG, Kim S, Kang H. Stat5 phosphorylation is responsible
for the excessive potency of HB-EGF. J Cell Biochem. (2018) 119:5297-
307. doi: 10.1002/jcb.26639

20. Faria ], de Andrade C, Goes AM, Rodrigues MA Gomes DA.
Effects of different ligands on epidermal growth factor receptor
(EGFR) nuclear translocation. Biochem Biophys Res Commun. (2016)
478:39-45. doi: 10.1016/j.bbrc.2016.07.097

21. HeJ, Wang M, Jiang Y, Chen Q, Xu S, Xu Q, et al. Chronic arsenic exposure
and angiogenesis in human bronchial epithelial cells via the ROS/miR-199a-
5p/HIF-1alpha/COX-2 pathway. Environ Health Perspect. (2014) 122:255-
61. doi: 10.1289/ehp.1307545

22. Jiang CE Shi ZM, Li DM, Qian YC, Ren Y, Bai XM, et al
Estrogen-induced miR-196a elevation promotes tumor growth and
metastasis via targeting SPRED1 in breast cancer. Mol Cancer. (2018)
17:83. doi: 10.1186/s12943-018-0830-0

23. Wen YY, Liu WT, Sun HR, Ge X, Shi ZM, Wang M, et al. IGF-1-mediated
PKM2/beta-catenin/miR-152 regulatory circuit in breast cancer. Sci Rep.
(2017) 7:15897. doi: 10.1038/s41598-017-15607-y

24. Forsythe JA, Jiang BH, Iyer NV, Agani F, Leung SW, Koos RD, et al. Activation
of vascular endothelial growth factor gene transcription by hypoxia-inducible
factor 1. Mol Cell Biol. (1996) 16:4604-13. doi: 10.1128/mcb.16.9.4604

25. Qian X, Yu J, Yin Y, He J, Wang L, Li Q, et al. MicroRNA-143 inhibits
tumor growth and angiogenesis and sensitizes chemosensitivity to oxaliplatin
in colorectal cancers. Cell Cycle. (2013) 12:1385-94. doi: 10.4161/cc.24477

26. Wee P, Wang Z. Epidermal growth factor receptor cell proliferation signaling
pathways. Cancers. (2017) 9:52. doi: 10.3390/cancers9050052

27. Rajala RV, Rajala A, Kooker C, Wang Y, Anderson RE. The warburg effect
mediator pyruvate kinase M2 expression and regulation in the retina. Sci Rep.
(2016) 6:37727. doi: 10.1038/srep37727

28. Israelsen W], Vander Heiden MG. Pyruvate kinase:
regulation and role in cancer. Semin Cell Dev Biol.
43:43-51. doi: 10.1016/j.semcdb.2015.08.004

function,
(2015)

Frontiers in Oncology | www.frontiersin.org

June 2020 | Volume 10 | Article 1019


https://doi.org/10.1186/1476-069X-11-89
https://doi.org/10.1080/09603123.2014.958139
https://doi.org/10.3961/jpmph.14.035
https://doi.org/10.2741/s465
https://doi.org/10.1093/toxsci/kfp015
https://doi.org/10.1289/ehp.99107593
https://doi.org/10.1007/s40572-016-0104-1
https://doi.org/10.3390/biom5042184
https://doi.org/10.3389/fphar.2016.00405
https://doi.org/10.1074/jbc.M115.641399
https://doi.org/10.18632/oncotarget.13327
https://doi.org/10.1007/s13277-016-5123-x
https://doi.org/10.1136/esmoopen-2016-000088
https://doi.org/10.3892/or.2016.4857
https://doi.org/10.1007/s00280-016-3039-1
https://doi.org/10.1517/14740338.2016.1167186
https://doi.org/10.1002/14651858.CD010383.pub2
https://doi.org/10.1136/esmoopen-2016-000060
https://doi.org/10.1002/jcb.26639
https://doi.org/10.1016/j.bbrc.2016.07.097
https://doi.org/10.1289/ehp.1307545
https://doi.org/10.1186/s12943-018-0830-0
https://doi.org/10.1038/s41598-017-15607-y
https://doi.org/10.1128/mcb.16.9.4604
https://doi.org/10.4161/cc.24477
https://doi.org/10.3390/cancers9050052
https://doi.org/10.1038/srep37727
https://doi.org/10.1016/j.semcdb.2015.08.004
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Wang et al.

HB-EGF Induced Tumor Growth

29.

30.

31.

32.

33.

34.

35.

36.

37.

Yang W, Xia Y, Ji H, Zheng Y, Liang ], Huang W, et al. Nuclear PKM2
regulates beta-catenin transactivation upon EGFR activation. Nature. (2011)
480:118-22. doi: 10.1038/nature10598

Wykosky J, Fenton T, Furnari F, Cavenee WK. Therapeutic targeting of
epidermal growth factor receptor in human cancer: successes and limitations.
Chin ] Cancer. (2011) 30:5-12. doi: 10.5732/cjc.010.10542

Yang CC, Chang KW. Eicosanoids and HB-EGF/EGFR in cancer. Cancer
Metastasis Rev. (2018) 37:385-95. doi: 10.1007/s10555-018-9746-9

Xu Q, Liu LZ, Qian X, Chen Q, Jiang Y, Li D, et al. MiR-145 directly targets
p70S6K1 in cancer cells to inhibit tumor growth and angiogenesis. Nucleic
Acids Res. (2012) 40:761-74. doi: 10.1093/nar/gkr730

Wang M, Ge X, Zheng J, Li D, Liu X, Wang L, et al. Role and mechanism of
miR-222 in arsenic-transformed cells for inducing tumor growth. Oncotarget.
(2016) 7:17805-14. doi: 10.18632/oncotarget.7525

Tanaka-Kagawa T, Hanioka N, Yoshida H, Jinno H, Ando M. Arsenite and
arsenate activate extracellular signal-regulated kinases 1/2 by an epidermal
growth factor receptor-mediated pathway in normal human keratinocytes. Br
] Dermatol. (2003) 149:1116-27. doi: 10.1111/j.1365-2133.2003.05704.x
Yotsumoto F, Fukagawa S, Miyata K, Nam SO, Katsuda T, Miyahara D,
et al. HB-EGF is a promising therapeutic target for lung cancer with
secondary mutation of EGFR(T790M). Anticancer Res. (2017) 37:3825-
31. doi: 10.21873/anticanres.11761

Hsieh CH, Chou YT, Kuo MH, Tsai HP, Chang JL, Wu CW. A targetable
HB-EGF-CITED4 axis controls oncogenesis in lung cancer. Oncogene. (2017)
36:2946-56. doi: 10.1038/0n¢.2016.465

Tang XH, Deng S, Li M, Lu MS. Cross-reacting material 197 reverses the
resistance to paclitaxel in paclitaxel-resistant human ovarian cancer. Tumour
Biol. (2016) 37:5521-8. doi: 10.1007/s13277-015-4412-0

38.

39.

40.

41.

Azoitei N, Becher A, Steinestel K, Rouhi A, Diepold K, Genze F et al.
PKM2 promotes tumor angiogenesis by regulating HIF-lalpha through
NF-kappaB activation. Mol Cancer. (2016) 15:3. doi: 10.1186/s12943-015-0
490-2

Wang C, Jiang J, Ji ], Cai Q, Chen X, Yu Y, et al. PKM2 promotes cell
migration and inhibits autophagy by mediating PI3K/AKT activation and
contributes to the malignant development of gastric cancer. Sci Rep. (2017)
7:2886. doi: 10.1038/s41598-017-03031-1

Liu WR, Tian MX, Yang LX, Lin YL, Jin L, Ding ZB, et al. PKM2
promotes metastasis by recruiting myeloid-derived suppressor cells and
indicates poor prognosis for hepatocellular carcinoma. Oncotarget. (2015)
6:846-61. doi: 10.18632/oncotarget.2749

Kanematsu T, Yano S, Uehara H, Bando Y, Sone S. Phosphorylation, but
not overexpression, of epidermal growth factor receptor is associated with
poor prognosis of non-small cell lung cancer patients. Oncol Res. (2003)
13:289-98. doi: 10.3727/096504003108748348

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Wang, Lu, Wang, Xie, Zhao, Qian, Liu, Wang and Jiang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Oncology | www.frontiersin.org

12

June 2020 | Volume 10 | Article 1019


https://doi.org/10.1038/nature10598
https://doi.org/10.5732/cjc.010.10542
https://doi.org/10.1007/s10555-018-9746-9
https://doi.org/10.1093/nar/gkr730
https://doi.org/10.18632/oncotarget.7525
https://doi.org/10.1111/j.1365-2133.2003.05704.x
https://doi.org/10.21873/anticanres.11761
https://doi.org/10.1038/onc.2016.465
https://doi.org/10.1007/s13277-015-4412-0
https://doi.org/10.1186/s12943-015-0490-2
https://doi.org/10.1038/s41598-017-03031-1
https://doi.org/10.18632/oncotarget.2749
https://doi.org/10.3727/096504003108748348
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	HB-EGF Activates the EGFR/HIF-1α Pathway to Induce Proliferation of Arsenic-Transformed Cells and Tumor Growth
	Introduction
	Materials and Methods
	Cell Culture and Reagents
	Cell Transfection
	Protein Extraction and Western Blotting
	Immunohistochemistry
	Real-Time RT-PCR
	Construction of Plasmids
	Dual-Luciferase Assay
	Cell Proliferation Assay
	Cell Invasion Assay
	Animal Experiments
	Statistical Analysis

	Results
	HB-EGF Is Upregulated in Arsenic-Transformed Lung Epithelial Cells, Lung Cancer Cells, and Cancer Tissues
	HB-EGF Activates EGFR in Arsenic-Transformed Cells
	HB-EGF Induces ERK Activation and Increases HIF-1α Expression
	PKM2 Upregulates HIF-1α at the Transcriptional Level via ERK and Stimulates the Proliferation and Migration of Arsenic-Transformed Cells and A549 Cells
	siHB-EGF Inhibits VEGF at the Transcriptional Level in Arsenic-Transformed Cells by Depressing HIF-1α
	Inhibitors of HB-EGF Inhibit Proliferation and Migration of As-T and A549 Cells
	A Specific Inhibitor of HB-EGF (CRM197) Blocks Tumor Growth in vivo
	Higher Levels of HB-EGF and PKM2 Are Associated With Cancer Development

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


