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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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Figure 7. Nrf3-knockdown promotes CRC growth in vivo. (A) NRF3 protein (a) and Nrf3 mRNA (b) in shscramble-
SW480 and shNRF3#1-SW480 cells were analyzed using Western-blotting and Real-time PCR, respectively. (B)
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
cells were treated with DMSO, AG1478 or SB203580. These treated cells were subcutaneously injected into nude
mice, 6 mice per group. After 17 days, the mice were euthanized, the tumors of mice were removed (a). The removed
tumors were weighed (b). *, P < 0.05. (E) Schematic illustration of NRF3 mechanism involved in CRC tumorigenesis.
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.
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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,

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



NRF3 is involved in colorectal cancer development

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’




