Am J Cancer Res 2019;9(3):511-528
www.ajcr.us /ISSN:2156-6976/ajcr0090371

Original Article

Nuclear factor-erythroid 2-related factor 3 (NRF3) is low
expressed in colorectal cancer and its down-regulation
promotes colorectal cancer malighance through
activating EGFR and p38/MAPK

Shan Zhou*?*, Yuejin Li%", Jinping Lu*, Chan Chen?, Weiwei Wang?, Lei Wang?*, Zhenlin Zhang?, Zigang
Dong?, Faqing Tang?

1Department of Clinical Laboratory, Zhuhai Hospital, Jinan University, Zhuhai 519000, Guangdong, China;
2Department of Clinical Laboratory, Hunan Cancer Hospital and The Affiliated Cancer Hospital of Xiangya School
of Medicine, Central South University, Changsha 410013, China; *Hormel Institute, University of Minnesota,

801 16" Avenue NE, Austin, MN 55912, USA; “Department of Clinical Laboratory, Changsha Central Hospital,
Changsha 410013, China. "Equal contributors.

Received December 24, 2018; Accepted January 19, 2019; Epub March 1, 2019; Published March 15, 2019

Abstract: Nuclear factor-erythroid 2-related factor 3 (NRF3), a nuclear transcription factor, has been implicated in
various cellular processes including carcinogenesis. However, mechanisms underlying its regulation in carcinogen-
esis are unclear. Herein, we found that NRF3 is lowly expressed in colorectal cancer (CRC) tissues and cells, and
NRF3 low-expressions in CRC tissue samples are associated with CRC carcinogenesis and poor patient outcomes.
Nrf3-knockdown increased CRC cell growth, colony formation, and cell motility and invasion, and Nrf3-knockin dra-
matically decreased CRC cell growth and colony formation. Mechanistically, NRF3 increased CRC cell apoptosis and
arrested cell G2/M stage. NRF3 was found to be reversely with epidermal growth factor receptor (EGFR) and p38.
Strikingly, Nrf3-knockin dramatically decreased phosphorylated-EGFR at Tyrosine845 (pEGFR Tyr845) and phos-
phorylated-p38 at Threonine180/Tyrosine182 (p-p38 Thr180/Tyr182) expressions, and Nrf3-knockdown increased
pEGFR Tyr845 and p-p38 Thr180/Tyr182. Moreover, NRF3 regulated EGFR and p38 down-stream molecules, pro-
tein kinase B (AKT), activating transcription factor (ATF) 2, and C/EBP homologous protein (CHOP) expressions.
NRF3 loss-increased CRC growth through EGFR and p38 was confirmed in nude mice. Collectively, NRF3-loss in CRC
cell increases EGFR and p38 phosphorylation activation, enhances cell proliferation and decreases cell apoptosis,
and finally promotes CRC malignance.

Keywords: NRF3, colorectal cancer, EGFR, p38, tumorigenesis

Introduction including nuclear factor-erythroid 2-related fac-

tor (NRF) 3 are involved in CRC incidence [3].

Colorectal cancer (CRC) is one of the most com-
mon malignant tumors in worldwide, with app-
roximately 1.2 million new cases and 608,700
deaths per year [1]. CRC is the third most fre-
quent cancer in males and the second in
females. The majority of CRC patients have
sporadic disease with no apparent evidence of
inheritance, while the remaining 25% have a
family history of CRC. Genetic mutations have
been identified as the cause of inherited can-
cer risk in some tumor-prone families; these
mutations are estimated to account for only 5%
to 6% of CRC cases overall [2]. Various factors

Sporadic CRCs are caused by somatic muta-
tions, and account for approximately 75% of all
CRCs. Hereditary CRCs are caused by germline-
inactivating mutations in oncogenes or tumor
suppressor genes, and familial CRCs are caus-
ed by minor variant or single nucleotide poly-
morphisms genes [4-7].

NRF3 belongs to the cap ‘n’ collar (CNC) family
comprising NRF1 and NRF2 [8-11]. Recently, a
physiological relationship between NRF3 and
cancers has been reported. The human cancer
genome project has identified Nrf3 as one of
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127 significantly mutated genes, and reported
its significant gene induction in human cancers
including colorectal adenocarcinoma [12].
Extensive biochemical studies have elucidated
a part of the regulatory mechanisms of NRF3.
Under physiological conditions, the transcrip-
tional activity of NRF3 is repressed by its se-
questration in the endoplasmic reticulum (ER),
thereby preventing its unnecessary gene ex-
pression [13]. Upon exposure to a stress and/
or a signal, NRF3 translocates into the nucleus,
and exerts its transcriptional activity through
the antioxidant response element (ARE) or Maf
recognition elements (MARE) by heterodimeriz-
ing with small Maf proteins. These observa-
tions imply that NRF3 functions as an inducible
transcription factor in response to certain acti-
vation signal(s). To understand the comprehen-
sive biological function of NRF3 in cancer cells,
further elucidation of its regulatory mecha-
nisms, including its nuclear entry from the ER,
and identification of its target gene(s) are
indispensable.

The role of epidermal growth factor receptor
(EGFR) in cancer development and treatment is
well known [14-16]. EGFR belongs to ErbB fam-
ily of receptor tyrosine kinases. Upon ligand
stimulation, EGFR dimerizes, and dimerization
is then followed by receptor internalization and
autophosphorylation, which serves as binding
sites for recruiting signal transducers and acti-
vators of intracellular signal transduction cas-
cade. Ligation of EGFR activates mitogen-acti-
vated protein kinase (MAPK) cascades, and
regulates downstream molecular, extracellular
signal-regulated kinases (ERKs) and protein
kinase B (AKT) [17, 18]. p38/MAPK has been
implicated in the regulation of different cancer-
ous and noncancerous cell [19, 20]. p38/MAPK
is relatively inactive in its non-phosphorylated
form, and becomes rapidly activated by phos-
phorylation of two Thr-GlyTyr motifs [21, 22].
Phosphorylated p38 proteins can activate sev-
eral transcription factors, such as activating
transcription factor (ATF) 2, and C/EBP homolo-
gous protein (CHOP). p38/MAPK activation and
overexpression were reported in human can-
cers including colorectal cancer, and correlated
with a poor prognosis [23-25]. Herein, we
showed that NRF3 is lowly expressed in CRC
tissues, and its lowexpression is associated
with CRC carcinogenesis and poor patient out-
comes. Nrf3-knockin decreases EGFR and p38
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activation. NRF3 was found to decrease CRC
cell growth and increase cell apoptosis, and
finally inhibit CRC malignance. NRF3-reduced
EGFR expression represents a novel molecular
target in CRC therapy.

Materials and methods
Reagents and antibodies

Chemical reagents for molecular biology experi-
ments, AG1478 and SB203580 were pur-
chased from Sigma-Aldrich (St. Louis, MO).
Dulbecco’s modified Eagle medium (DMEM),
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide (MTT), and other supple-
ments were obtained from Life Technologies
(Rockville, MD). Antibodies against NRF3, p38,
RAD51, BAX, cyclin D1, cyclin-dependent kin-
ase (CDK) 4, or CDK6 were purchased from
Abnova Company (Shanghai, China). Antibodies
against AKT, ATF2, CHOP or GAPDH were pur-
chased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA) and Cell Signal Technolo-
gy, Inc. (Beverly, MA). Antibody against phos-
phorylated-p38 at Threonine180/Tyrosinel82
(p-p38 Thr180/Tyr182) was purchased from
Cell Signaling Technology (MA, USA). The anti-
body against phosphorylated-EGFR at Tyrosi-
ne845 (pEGFR Tyr845) was purchased from
UBI (Lake Placid, NY).

Tissue microarray and immunohistochemical
staining

Human tissue microarrays (HColA180Sul2)
containing 80 pairs of CRC tissues, correspond-
ing adjacent non-tumor tissues, and 20 cases
of CRC cancers at various stages were pur-
chased from Outdo Biotech Company (Shang-
hai, China). 100 patients enrolled into this
study contained 57 males and 43 females. The
median age of the patients was 46.5 age years
(range 35-76), < 50 age year patients were 34
cases, > 50 age year patients were 66 cases.
The tumor histology and stages were classified
according to WHO classification and TNM stag-
ing system of UICC, respectively. The patients
in T1-T2 stages were 37 cases, and T3-T4
patients were 63 cases. The patients in NO
stage were 39 cases, and N1-N3 patients were
61 cases. The patients in MO stage were 34
cases, and M1 patients were 66 cases. These
tissue microarrays were stained with NRF3
antibody (dilution 1:2000) as described previ-
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ously [26]. The stained tissue microarrays were
evaluated independently by two pathologists
who were blinded to the clinical features and
clinical outcome. Each case was scored based
on intensity and percentage of the positive
cells. At least 10 high-power fields were chosen
randomly, and > 1000 cells were counted for
each section. The intensity of NRF3 staining
was scored as 0 (no signal), 1+ (weak), 2 (mod-
erate), and 3 (marked). Percentage scores were
assigned as 0, negative; 1, 1-25%; 2, 26-50%;
3, 51-75%; and 4, 76-100%. The summed
(extension + intensity) was used as the total
score. We grouped all samples into the high
expression group (total score > 2) and the low
one (total score < 2) according to the protein
expression [27]. Immunohistochemical (IHC)
staining for NRF3 was quantified using German
semiquantitative scoring system as described
previously [28]. Immunoreactive score (IRS)
was determined using the product of extent
score and the staining intensity score.

Cell culture and treatment

CRC cell lines, SW480, HT-29, SW620, DLD1,
HCT116, loVo, RKO, and HEK293T (an embry-
onic kidney cell line 293T) were obtained from
American Type Culture Collection (Maryland).
All the cell lines were grown in Dulbecco’s modi-
fied Eagle medium (DMEM) supplemented with
10% fetal bovine serum (FBS) at 37°C and in
5% CO,. The cells in logarithmic growth were
inoculated in a 12-well culture plate (3 x 10°
cells/well) for 24 h, and then treated with
AG1478 or SB20358 at the indicated concen-
trations. AG1478 and SB20358 were dissolved
in dimethyl sulfoxide (DMSO) as stock solu-
tions, and appropriate amounts of the stock
solution were added to the culture cells to
achieve the indicated concentrations.

Plasmids and vectors constructing

Nrf3 DNA fragment was generated by poly-
merase chain reaction (PCR) and cloned into
pSIN-vector. Short hairpin RNAs (sh) NRF3#1
and shNRF3#2 were designed to target Nrf3,
and shNRF3*1 and shNRF3#2 sequences are
shown in Table S1. They were synthetized by
GenePharma (Shanghai, China) and cloned into
pLVX, and then pLVX-shNRF3#1 and pLVX-
shNRF3*1 were obtained. PCR primers used
are listed in Table S2. All the plasmids were
verified by performing sequencing.
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Gene transfection and stable transfect of cells

Gene transfection and stable cell line estab-
lishment were performed as described previ-
ously [29]. Briefly, 1 x 10% of SW480 and LoVo
cells were respectively transfected with 2 pg
DNA of pLVX-shscramble, pLVX-shNRF3#1 or
pLVX-shNRF3#2, and HCT116 cells were res-
pectively transfected with pSIN or pSIN-NRF3
following the manufacture’s suggested proto-
col. The stably transfected cell lines, pSIN-
HCT116, NRF3-HCT116, shNRF3#1-SW480, sh-
NFR3#2-SW480, shscramble-SW480, shNRF-
3#*1-LoVo, shNRF3#2-loVo were obtained by
selection and further confirmed by assessing
NRF3 expression.

Western-blotting

Western-blotting was performed as described
previously [29]. Briefly, 1 x 10° cells were ly-
sed with lysis buffer (1 x PBS, 1% Nonidet P-
40, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulfate, and freshly added 100 ug/
ml phenylmethanesulfonyl fluoride, 10 ug/ml
aprotinin, and 1 mM sodium orthovanadate).
Cell lysates obtained were centrifuged, and
protein concentration of the clarified lysates
was measured using Easy Il Protein Quantitative
Kit (BCA). 40 pg of the supernatant protein was
separated by 10% SDS-PAGE and transferred
onto a nitrocellulose membrane. The protein
membrane was blocked with 5% non fat milk,
incubated with the indicated antibody, and then
incubated with an appropriate peroxidase con-
jugated secondary antibody. The signal was de-
veloped using 4-chloro-1-napthol/3,3-0-diami-
nobenzidine, and relative photographic density
was quantified by a gel documentation and
analysis system. GAPDH was used as an inter-
nal control to verify basal expression levels and
equal protein loading. The ratio of the specific
proteins to GAPDH was calculated.

Apoptosis analysis

Apoptosis analysis was performed as describ-
ed previously [30]. Briefly, 1 x 10* cells of pSIN-
HCT116, NRF3-HCT116, shNRF3#1-SW480,
shNFR3%2-SW480, shscramble-SW480, shNR-
F3#1-LoVo or shNRF3#2-loVo were seeded on
six-well plates and cultured to reach 70% con-
fluence, and were treated with 10 or 80 pg/ml
5-fluorouracil (5-FU). After 24 h treatment, the
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cells were collected by 0.02% trypsin without
eathylene diamine tetra acetic acid (EDTA), and
stained with annexin V-EGFP (Enhanced Green
Fluorescent Protein) and propidium iodide
(KeyGen Biotec) according to the manufactur-
er's recommendations, and analyzed by flow
cytometry.

MTT and colony formation assays

Cell growth was determined by performing
MTT assays as described previously [31].
Briefly, pSIN-HCT116, pSIN-NRF3-HCT116, sh-
NRF3#1-SW480, shNRF3#2-W480, shNRF3#1-
LoVo shNRF3#2-LoVo (1 x 10%) were seeded in
96-well microplates. The cells were cultured for
the indicated time, followed by incubation with
MTT for 4 h. Optical density (OD) was deter-
mined at 450 nm using a microplate reader.
Measurements were acquired once per day for
5 d. For the colony-formation assay, pSIN-
HCT116 and pSIN-NRF3-HCT116 cells were
plated at a density of 500 cells/well in six-well
plates and were cultured for 12 d. Colonies
were fixed in methanol, stained with 0.5% gen-
tian violet, and counted [32]. Results are pre-
sented as mean + SD of three independent
experiments.

Real-time PCR

Real-time PCR was performed as described
previously [33]. Briefly, 1 ug DNase-treated
RNA was reverse transcribed using Revert
AidTM First-Strand cDNA Synthesis Kit (MBI
Fermentas, USA) according to the manufactur-
er's instructions. Threshold cycle (Ct) value of
each sample was determined using Platinum
SYBR Green gPCR SuperMix-UDG with ROX
(Invitrogen) in ABI 7900HT Real-Time PCR
System (Applied Biosystems, Foster City, CA).
Sequences of primers used are shown in Table
S3. Relative mRNA expression of each target
gene was normalized to expression of the
housekeeping gene GAPDH. Relative mRNA
level was calculated as two power values of ACt
(Ct value of GAPDH Ct of target gene).

Tumor growth assays in vivo

In vivo tumor growth assays were performed
as described previously [34]. Briefly, female
BABL/c athymic nude mice (age 4 w) were
obtained from an animal center of Guangdong
Province (Guangzhou, China). All animal experi-
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ments were performed according to the
National Institutes of Health Animal Use
Guidelines on the Use of Experimental Ani-
mals. The nude mice were subcutaneously
injected with 2 x 108 cells of shscramble-
sw480 and shNRF3#1-SW480, 6 mice per
group. The tumors of mice were measured
per 2 d. After 17 days, the mice were eutha-
nized, and tumor weights were measured.
shNRF3#1-SW480 cells were treated with
DMSO, AG1478 (EGFR specific inhibitor) at 10
MM [35] or SB203580 (p38 inhibitor) at 10 uM
[36]. These treated cells were subcutaneously
injected into nude mice, 6 mice per group. After
17 days, the mice were euthanized. Tumors in
the mice were removed and weighed.

Cell invasion and motility assay

Cell invasion and motility were assayed ac-
cording to the methods described previously
with minor modifications [37]. Cell invasion
and motility of shscramble-SW480, shNRF3#1-
SW480, shNRF3#2-W480 cells were detected
using Boyden chamber invasion assay in vitro.
Briefly, for invasion assay, matrigel (25 mg/50
ml, Collaborattiv Biomedical Products, Bedford,
MA) was added into the chamber to be 8 mm
pore size polycarbonate membrane filters. The
cells were trypsinized to be suspension cells,
and were seeded into the Boyden chamber
(Neuro Probe, cabin John, MD) at the upper part
at a density of 1.5 x 10* cells/well in 50 ul of
serum-free medium, and then incubated for 12
h at 37°C. The bottom chamber also contained
standard medium with 20% FBS. The cells
invaded to the low surface of membrane were
fixed with methanol, and stained with hema-
toxylin and eosin. The invaded cell numbers
were counted under a light microscope. The
motility assay was carried out as described in
the invasion assay with no coating of matrigel.

Results

NRF3 is lowly expressed in CRC cells and tis-
sues

To clarify NRF3 expression in CRC cell, CRC cell
lines, SW480, HT-29, SW620, DLD1, HCT116,
LoVo, and RKO cells were detected NRF3
expression using Western-blotting. HEK293T
cell served as a control. Compared with
HEK293T, NRF3 protein levels were mostly low-
expression in HT-29, SW620, DLD1, HCT116,
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Figure 1. NRF3 expressions in CRC cells and tissues. (A) NRF3 protein was detected in SW480, HT-29, SW620,
DLD1, HCT116, LoVo RKO and HEK329T using Western-blotting (a), abundances of NRF3 in CRC cells were ana-
lyzed (b). (B) Nrf3 mRNA was analyzed in CRC cell lines using Real-time PCR. (C) NRF3 expression in CRC and
non-tumor tissues microarray was detected using IHC. a, negative, scored as O; b, weakly positive, scored as 1; c,
moderately positive, scored as 2; d, positive, scored as 3; Scale Bar, 100 um. (D) NRF3 expression levels in CRC
and adjacent tissue samples were quantified using a German semiquantitative scoring system. Relative expressions
in CRC tissues and adjacent non-tumor tissues were statistically analyzed using Mann-Whitney U test. The dots
represent scores. (E) The overall survival of CRC patients with high (34) or low (57) NRF3 expression. *, P < 0.05.

Table 1. NRF3 expressions in normal colorec-
tal, primary CRC, and metastatic CRC tissues

NRF3
" - + % P
NC 80 7 63 78.8
CRC 59 31 28 474 0.041"

MCRC 41 29 12 29.3 0.021#
Note: NC, normal colorectal tissue; CRC, primary CRC;
MCRC, metastatic CRC tissues. *, CRC versus NC; #,
MCRC versus NC.

Table 2. NRF3 expressions in CRC samples at
various clinical stages

NRF3 expression
Low (%) High (%)

Characteristic Cases

All patients
Gender
Male 40 24 (60.0) 16(40.0) 0.677
Female 51 33(64.7) 18(35.3)
Age (yrs)
<50 32 18(56.3) 14 (43.7) 0.781
>50 59 39 (66.1) 20 (66.9)
T stage
T1-T2 34 21(61.8) 13(38.2) 0.892
T3-T4 57 36(63.2) 21(36.8)
N stage
NO 33 17 (51.5) 16(48.5) 0.191
N1-N3 58 40(69.0) 18(31.0)
M stage
MO 34 18(52.9) 16(47.1) 0.897
M1 57 39 (68.4) 18(31.6)

and RKO except for SW480 and LoVo (Figure
1Aa and 1Ab). HCT116, SW620 and DLD1 had
a relatively low NRF3 expression, and SW480
and LoVo had a high expression, they were
used to perform the next experiments. Si-
multaneously, Nrf3 mRNA was detected in
these cell lines using real-time PCR, the same
results with NRF3 protein expression were
obtained (Figure 1B). To clarify NRF3 expres-
sion in CRC tissue, a tissue microarray contain-
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ing 80 pairs of CRC, adjacent non-tumor tis-
sues, and other 20 CRC tissue samples was
used to detect NRF3 expression. The IHC
results showed that NRF3 was significantly low
in CRC tissues when compared with the
matched adjacent normal tissues (Figure 1C,
1D, P < 0.05). The positive rate of NRF3 was
78.8% in normal tissues, 47.1% in primary CRC
and 29.3% in metastatic CRC tissues, respec-
tively (Table 1). The positive rate of NRF3 was
low in primary CRC tissues (Table 1, P < 0.05)
and in metastatic CRC (Table 1, P < 0.05) when
compared with the normal tissues, but no dif-
ference between primary CRC and metastatic
CRC tissues. The association of NRF3 expres-
sion with CRC stages was analyzed. NRF3
expression was not correlated with T stage
(original tumor size and nearby tissue invasion)
(Table 2, P < 0.05), N stage (lymph node metas-
tasis) (Table 2, P = 0.191), nor M stage (distant
metastasis) (Table 2, P < 0.05). The patients
with high NRF3 displayed longer overall survival
than low NRF3 expression (Figure 1E, < 0.05).
These data strongly suggest that low NRF3 is
associated with CRC development.

NRF3 inhibits CRC cell growth

To investigate NRF3 functions in CRC cell
growth, shNRF3#1 and shNRF3%2 were desi-
gned to block NRF3 expression, and pLVX-
shNRF3#1 and pLVX-shNRF3#2 were construct-
ed. SW480 and LoVo cells were stable trans-
fected with pLVX-shNRF3#1 or pLVX-shNRF3#2,
respectively. Western-blotting was performed
to evaluate the efficiency of sShNRF3#1, 2. The
results showed that the shNRF3#1, 2 effective-
ly blocked NRF3 protein expression (Figure
2Aa and 2Ba). Viability of the transfected cells
was determined by performing MTT assay. After
NRF3 was knockdown, SW480 (Figure 2Ab, P <
0.05) and LoVo (Figure 2Bb, P < 0.05) growths
were increased when compared with the
scramble control. To further determine NRF3’s
function, NRF3 expression vector, pSIN-NRF3
was constructed, and was transfected into

Am J Cancer Res 2019;9(3):511-528
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Figure 2. NRF3 decreases CRC cell growth and Nrf3-knockdown increases cell growth. SW480 (A) and LoVo (B)
cells were transfected with pLVX-shscramble, pLVX-shNRF3#1 or pLVX-shNRF3*2 respectively. NRF3 expression in
the transfected cells was detected using Western-blotting (a). Viability of the transfected cells was measured us-
ing MTT (b). (C) HCT116 cells were stable transfected with pSIN or pSIN-NRF3. NRF3 expression in the transfected
cells was detected (a). Viability of the transfected cells was measured (b). (D) Colony formation of NRF3-transfected
HCT116 cells was detected using colony formation assay. (E) SW480 cells were transfected with pLVX-shscramble,
pLVX-shNRF3*1 or pLVX-shNRF3*2 respectively. Migration (a) and invasion (c) of the transfected cells were detected
with Boyden chamber invasion assay. The invaded cells were counted (b, d). All experiments were repeated three
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times. Data are presented as means * S.D. of three independent experiments and were statistically analyzed using

Student’s t test. Scale bar, 50 ym. *, P < 0.05.
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HCT116 cell. NRF3 was effectively expressed in
the transfected cells (Figure 2Ca). The growth
kinetics of HCT116 was decreased when being
transfected with NRF3 (Figure 2Cb, P < 0.05).
Further, cell colony formation of the transfec-
ted cells was detected. NRF3 dramatically
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Figure 3. NRF3 decreases EGFR and p38 expressions. (A)
NRF3, EGFR and p38 expressions were detected in SW480
and SW620 cells using Western-blotting. (B) NRF3, EGFR and
p38 expressions were analyzed in CRC samples using IHC
(a), the positive cells were counted in IHC stained slides (b).
SW480 (C) and LoVo (D) cells were stable transfected with
pLVX-shscramble, pLVX-shNRF3#1 or pLVX-shNRF3*2 respec-
tively. NRF3, EGFR and p38 expressions were detected in the
transfected cells (a), abundances of NRF3, EGFR and p38
in CRC cells were analyzed (b). (E) HCT116 cells were trans-
fected with pSIN or pSIN-NRF3, NRF3, EGFR and p38 expres-
sions were analyzed in the transfected cells (a), abundances
of NRF3, EGFR and p38 in CRC cells were analyzed (b). All
experiments were repeated three times. Data are presented
as means = S.D. of three independent experiments and were
statistically analyzed using Student’s t test. Scale bar, 50 ym.
*, P<0.05.

decreased the colony formation of HCT116
(Figure 2Da and 2Db, P < 0.05). Next, motility
and invasion of the transfected cells were also
observed, 10 fields were randomly selected
and counted the invaded cells per cell well. The
results showed that motility (Figure 2Ea and
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Figure 4. NRF3 activates EGFR and p38/MAPK signal pathway. (A) SW480 cells were stable transfected with pLVX-
shscramble, pLVX-shNRF3*1 or pLVX-shNRF3#2 respectively. pEGFR Try845, p-p38 Thr180/Tyr182, and NFkBIA
expressions were detected in SW480-shNRF3#1, SW480-shNRF3#2 using Western-blotting (a). HCT116 cells were
stable transfected with pSIN or pSIN-NRF3. NRF3, pEGFR Tyr845, p-p38 Thr180/Tyr182, and NFkBIA expressions
were detected in pSIN-HCT116 and NRF3-HCT116 (b). (B) AKT, CHOP, ATF2, ERK, and NRF3 in shNRF3#1-SW480,
shNRF3#2-SW480 cells were detected (a). AKT, CHOP, ATF2, ERK, and NRF3 in pSIN-HCT116 and NRF3-HCT116
cells were detected (b). (C) shNRF3#1-SW480, shNRF3#2-SW480 cells were treated with AG1478, and AKT and
NRF3 were tested (a). ShANRF3#1-SW480, shNRF3#2-SW480 cells were treated with SB203580, and CHOP, ATF2,
ERK and NRF3 were tested (b). pEGFR Tyr845, phosphorylated EGFR Tyrosine 845; p-p38 Thr180/Tyr182, phos-

phorylation p38 Threonine180/Tyrosine182.

2Eb, P < 0.05) and invasion (Figure 2Ec and
2Ed, P < 0.05) of the NRF3-transfected cells
were dramatically decreased when compared
with the control group.

NRF3 expression is negatively related with
EGFR and p38 in CRC tissues

The above results showed that NRF3 is lowly
expressed in CRC tissue and cell. EGFR and
p38 are highly expressed in CRC, and served as
therapeutic targets for CRC therapy [38-41]. To
clarify the association of NRF3 with EGFR and
p38, SW480 with high NRF3 and SW620 with
low NRF3 were used to detect p38 and EGFR
expression. The results showed that SW480
cells had low EGFR and p38 expression, while
SW620 cells had high EGFR (Figure 3A). This
implies that NFR3 expression is negatively
associated with EGFR and p38. To confirm this
finding, CRC samples were used to determine
the relationship of NRF3 with EGFR and p38
expression. The results showed that normal tis-
sues had high NRF3, low EGFR and p38 expres-
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sion, while CRC tissues had low NRF3, high
EGFR and p38 expression (Figure 3Ba and
3Bb, P < 0.05). To further investigate whether
NRF3 negatively regulates EGFR and p38,
SW480 and LoVo cells were knockdown NFR3
expression using shNRF3#1, 2, and then EGFR
and p38 expression were observed. When
Nrf3-knockdown, EGFR and p38 were increased
in SW480 cells (Figure 3Ca and 3Cb, P < 0.05),
and LoVo cells (Figure 3Da and 3Db, P < 0.05).
Simultaneously, we up-regulated NRF3 expres-
sion, and observed EGFR and p38 expression.
HCT116 cells were stable transfected with
pSIN-NRF3 to observe EGFR and p38 expres-
sion. The results displayed that EGFR and
expression were down-regulated when Nrf3-
transfect (Figure 3Ea and 3Eb, P < 0.05).

NRF3 decreases EGFR and p38 activation and
downregulates its downstream genes

pEGFR Tyr845 is an important manner of EGFR
activation, The phosphorylation of EGFR at
Tyr845 regulates propensity of the downstream
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Figure 5. NRF3 increases CRC cell apoptosis. (A) SW480 cells were stable transfected with pLVX-shscramble (a),
pLVX-shNRF3#1 (b) or pLVX-shNRF3#2 (c), respectively. HCT116 cells were respectively transfected pSIN (d) or pSIN-
NRF3 (e). The stable cell lines, shNRF3#1-SW480, shNRF3%2-SW480, pSIN-HCT116, and NRF3-HCT116 were were

treated with 5-FU. The treated cells were stained with

Annexin V/PI staining, and then analyzed with flow cytometry.

(B) The apoptosis cells were counted in the cell lines treated with Dox. The experiments were repeated three times.
Data are presented as means + S.D. of three independent experiments and were statistically analyzed using Stu-
dent’s t test. Scale bar, 50 um. *, P < 0.05. (C) FRF3, BAX, RAD51, and Fas in the treated cells treated with Dox were

analyzed using Western-blotting.

signaling network to participate in cell prolifera-
tion, survival, migration, and angiogenesis [42].
The next step, we investigated whether NRF3
affects EGFR phosphorylation. At first, shNR-
F3#1,2-LoVo cells were detected pEGFR Tyr845
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expression. The results showed that pEGFR
Tyr845 expression significantly increased when
Nrf3-knockdown (Figure 4Aa). p38 is activated
by phosphorylation of two Thr-GlyTyr motifs,
p38/MAPK phosphorylated-activation plays
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Figure 6. NRF3 arrests CRC cell at G2/M. (A) SW480 cells were stable transfected with pLVX-shscramble, pLVX-
shNRF3#1 or pLVX-shNRF3#*2. The stable cell lines, shscramble-SW480 (a), shNRF3#1-SW480 (b), and shNRF3#2-
SW480 (c) were synchronized at G1/S boundary by double thymidine, and then were released in a fresh medium.
Cell cycle profiles were analyzed by flow cytometry. The cells in various cycle stages were counted (d). Cyclin D1,
CDK4, and CDK6 were detected in the transfected cells using Western-blotting (e). (B) HCT116 cells were stable
transfected with pSIN (a) or pSIN-NRF3 (b). The stable transfected cells were synchronized by thymidine, and then
were released. Cell cycle profiles were analyzed. The cells in various cycle stages were counted (c). The experiments
were repeated three times. Data are presented as means + S.D. of three independent experiments and were statis-
tically analyzed using Student’s t test. *, P < 0.05.

a important role in human cancer [43]. p-p38 Thr180/Tyr1l82 and NFkBIA expressions
Thr180/Tyr182 and NFkBIA was analyzed. (Figure 4Aa). These data imply that Nrf3-
Nrf3-knockdown significantly increased p-p38 knockdown activates p38/MAPK/NFkB and
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Shscramble-SW480 and shNRF3#1-SW480 cells were subcutaneously injected into the dorsal flanks of mice. The
tumors of mice were measured per 2 d. After 17 days, the mice were euthanized. Representative images are shown
(a). The tumor growth of shscramble-SW480 and shNRF3#1-SW480 cells in vivo was calculated by tumor volume (b).
The removed tumors were weighed (c). (C) NRF3 expressions in the implanted tumors was detected using IHC (a, b,
¢, d), positive cells were counted in 10 fields of the IHC stained section under microscope (e). (D) shNRF3#1-SW480
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In normal cell, NRF3 inhibits EGFR and p38 activation through decreasing phosphorylation, and regulates the bal-
ance of cell growth and apoptosis, which is involved colorectal cell maintenance. In CRC cell, NRF3-loss increases
EGFR and p38 phosphorylation activation, enhances cell proliferation and decreases cell apoptosis, and finally
promotes CRC malignance.

522 Am J Cancer Res 2019;9(3):511-528



NRF3 is involved in colorectal cancer development

EGFR signal pathways. To further confirm NRF3
regulating EGFR and p38/MAPK, HCT116 cells
were transfected with pSIN-NRF3, and then
EGFR and p38 were detected. pEGFR Try845
and p-p38 Thr180/Tyr182 significantly de-
creased in Nrf3-transfected cells when com-
pared with the control (Figure 4Ab).

ERK1/2 and AKT are EGFR’s downstream mol-
ecules, and play an important role in EGFR-
signal pathway [44, 45]. CHOP and ATF2 are
p38’s downstream molecules, and participate
in p38 functions [46, 47]. Next, we investigated
whether NRF3 regulates ERK1/2, AKT, CHOP
and ATF2 expressions. shNRF3#1-SW480 and
shNRF3#2-SW480 cells were used to analyze
ERK1/2, AKT, CHOP and ATF2 expressions. The
results showed that Nrf3-knockdown increased
the amount of AKT, CHOP and ATF2, did not
ERK (Figure 4Ba). Over-expression of NRF3 in
HCT116 cells decreased AKT, CHOP, and ATF2
expression (Figure 4Bb). To further confirm
whether NRF3 regulates AKT via EGFR, and
regulates CHOP and ATF2 via p38, AG1478 was
used to block EGFR expression and SB203580
was used to block p38, and then AKT, CHOP
and ATF2 were analyzed. NRF3-mediated AKT
decrease was reversed by AG1478 (Figure
4Ca), similarly, CHOP and ATF2 were also res-
cued by SB203580 (Figure 4Cb). These results
showed that EGFR and p38 signal pathways
activations are important for NRF3 functions.

NRF3 induces apoptosis and rest cell cycle at
G2/M

The above results showed that NRF3 inhibited
cell growth and colony formation. The next step
is to probe whether NRF3 induces cell apopto-
sis. The stable transfect cells with shNRF3#1,
2, shNRF3#1-SW480 and shNRF3%#2-SW480
cells were stained using Annexin V-FITC/PI, and
the cell apoptosis was analyzed by flow cytom-
etry. There was no difference in apoptosis of
shNRF3%1,2-SW480 and shcramble-SW480
(data not shown). 5-FU was used to treat the
above transfect cells, and then the cell apopto-
sis was detected. The cytometry data show-
ed that shNRF3%1,2 significantly decreased
5-FU-induced apoptosis (Figure 5Ab, 5Ac and
5B, P < 0.05). HCT116 cells were stable trans-
fected with pSIN-NRF3, and NRF3-HCT116
cells were treated with 5-FU, and then the cell
apoptosis was analyzed. The cytometry analy-
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sis data showed Nrf3-transfect significantly
increased 5-FU-induced apoptosis (Figure 5Ae
and 5B, P < 0.05). Simultaneously, apoptotic
molecules, BAX, RAD51, and Fas were detect-
ed in these treated cells. BAX, RAD51, and Fas
expressions were decreased in shNRF3%1, 2
groups (Figure 5C). The results showed that
NRF3 is involved in CRC cell apoptosis.

Next, we synchronized shNRF3#1-SW480 and
shNRF3#2-SW480 cells with thymidine to deter-
mine cell cycle progression, and found that
most of shNRF3#1-SW480 and shNRF3#2-
SWA480 cells stayed in S phase (Figure 6Ab,
6Ac and 6Ad, P < 0.05), while shscramble-
SWA480 cells stayed at G2/M phase (Figure
6Ba and 6Bd, P < 0.05). Simultaneously, cyclin
D1, CDK4, and CDK6 were detected. The
results showed that CDK4 and CDK6 expres-
sions were increased in shNRF3#1-SW480 and
shNRF3#2-SW480 cells (Figure 6Ae). In addi-
tionally, NRF3-HCT116 cells were used to fur-
ther analyze the effect of NFR3 on the cell
cycle, and the data showed that G2/M phase
cells significantly increased in the NFR3 trans-
fect group (Figure 6Bb and 6Bc, P < 0.05).
These results suggest that NFR3 may suppress
G1/S transition.

Nrf3-knockdown promotes CRC growth in vivo

The above-mentioned results showed that
Nrf3-knockdown increased CRC cell growth
and colony formation, and also found that
NRF3-mediated EGFR decrease regulated its
downstream molecules. In the next step, we
further confirmed whether NRF3-loss increas-
es CRC growth using nude mice. Data showed
that the tumors of mice injected with shNR-
F3#1-SW480 were bigger than that of the
shscramble mice (Figure 7Ba, 7Bb and 7Bc, P
< 0.05). NRF3 expression was detected in the
mice tumor tissues using IHC, and positive
cells were counted. The IHC results showed
that NRF3 expression was lower in the tumor
tissues of shNRF3#1-SW480 (Figure 7Cb) than
that in the shscramble group (Figure 7Ca and
7Ce, P < 0.05). To further confirm whether
EGFR and p38 play an important role in shNR-
F3-increased CRC growth, shNRF3%#1-SW480
cells were treated with AG1478 to block EGFR
expression, and SB203580 was used to inhibit
p38 expression, and CRC cell growth was ob-
served. The solvent for AG1478 and SB20358,
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DMSO served as a blank control. The results
showed that when EGFR and p38 expressions
were blocked, shNRF3-increased CRC growth
was blocked (Figure 7Da and 7Db, P < 0.05).
Collectively, EGRF and p38 exert a major role
on NRF3 loss-mediated CRC growth.

Discussion

The knowledge derived from the study of syn-
dromes with Mendelian dominant inheritance,
which are characterized by a primary predispo-
sition to benign or malignant tumors of the
large bowel, has provided important clues
regarding the molecular events driving CRC
progression from normal epithelium to adeno-
ma to carcinoma [48]. Overexpression of spe-
cific oncogenes or/and low expression of
tumor suppressor genes in the epithelium
result in the formation of hyperproliferative
mucosa, produce a benign adenoma, and even-
tually form a carcinoma [48-50]. The present
study suggests that NRF3 loss is involved in
CRC carcinogenesis, it is based upon the fol-
lowing three results: (1) NRF3 was lowly
expressed in CRC tissues and cells, and its
low-expression was associated with advanced
CRC development and low 5-year survival rate.
(2) Nrf3-knockdown increased CRC cell malig-
nant activity, and Nrf3-knockin decreased
cell malignance. (3) In vivo, Nrf3-knockdown
enhanced CRC tumor growth. These results
suggest that NRF3-loss promotes CRC develop-
ment. Determination of the underlying mecha-
nism indicated that NRF3 loss is involved CRC
development through activating EGFR and p38.

Over-expression and activation of EGFR play a
positive role on cancer cell growth and metas-
tasis in variety of solid tumors including CRC
[51-54]. EGFR tyrosine phosphorylation leads
to activation of numerous of intracellular sig-
nals, which are critical to tumor progression
including cell growth, epithelial-mesenchymal
transition (EMT), metastasis, and angiogene-
sis. These biological functions are mediated by
numerous of EGFR downstream genes includ-
ing extracellular signal-regulated kinase 1/2
(ERK1/2) and AKT protein kinase [44, 45]. Our
data showed Nrf3-knockin down-regulated
pEGFR Tyr845, and Nrf3-knockdown increased
it, while pEGFR Tyr845 is an important manner
of EGFR activation. In additional, NRF3 regulat-
ed EGFR downstream molecules, ERK and AKT.
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So, we think that EGFR phosphorylated-activa-
tion may be an important mechanism of NRF3-
mediated CRC.

p38/MAPKs are a family of serine/threonine-
directed kinases classified as “stress-activat-
ed” kinases. p38 phosphorylation at Thr180/
Tyrl82 is an important manner of p38 pathway
activation. p38 pathway is involved in the
response to extracellular stress stimuli and cell
cycle-related events [55, 56]. p38/MAPKs acti-
vation allows cells to interpret a wide range of
external signals and respond appropriately by
generating a plethora of different biological
effects, such as inflammation, differentiation,
cell proliferation and survival [57, 58]. p38/
MAPKs pathway, together with various signal-
ing cascades such as JNK, ERK, AMPK and
PI3K [59-61], regulates the balance between
cell survival and cell death through direct
effects on cancer development. The tight regu-
lation of survival/death signals by p38/MAPKs
can result in opposite molecular functions in
tumor development. p38/MAPKs is required for
CRC cell proliferation and survival, and its
genetic depletion or the pharmacological block-
ade on its activity induces cell growth arrest,
autophagy and death in a cell type-specific
manner [62-64]. p38/MAPKs are involved in
sustaining tumor growth in some types cancers
including follicular lymphoma, lung, thyroid,
colorectal, ovarian [65, 66] and breast carcino-
mas, as well as colorectal cancer [67]. In vari-
ous cancer cell lines, p38 has been shown to
enhance tumor cell growth after acquisition of
the malignant phenotype. Enhanced p38/
MAPK phosphorylation has been correlated
with poor overall survival [68, 69]. Aberrant
activation of p38is in high grade CRC biopsies
[70]. In this study, we found that p38 is highly
expressed in CRC samples, and is negatively
associated with NRF3. Mechanistically, NFR3
up-regulates p-p38 Thr180/Tyr182 expre-
ssion, and regulated p38 downstream mole-
cule. Activated p38 activation by NRF3 is
involved in CRC development.

In conclusion, our results showed that NRF3-
loss in CRC cell enhances EGFR and p38 phos-
phorylated-expression, which activates EGFR
and p38 pathways. The activated EGFR and
p38 pathway by NRF3-loss reduced CRC cell
apoptosis and increases CRC cell growth, thus
promoting CRC malignance (Figure 7E). NRF3
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may be a novel molecular target for CRC
therapy.
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Table S1. NRF3 shRNA sequence

shRNA#1 5’-GATAGAAACTTGAGCCGTGAT-3’
shRNA#2 5'-CCAGTCAATCCCAACCACTAT-3’

Table S2. PCR primers of plasmids construct

Plasmids Primers

pSIN-NRF3 Forward primer: 5’-CCCGGACGAATTCTTCGCCACCATGAAGCACCTGAAGCGGTGGTGG-3’
Reserve primer: 5’-TGCGGATCACTAGTGCTAGCTCACTTTCTCTTTCCCTTTTGGGTTTCCTT-3’

Table S3. Primers of Real-time PCR

GENE Forward primer Reserve primer

Nrf3 5’-TTCAGCCAGGCTATAAGTCAGG-3’ 5’-GCTCAGGATTGGTGGTATGAGA-3’






