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Endoplasmic reticulum (ER) stress is an adaptive response to various stress
conditions and plays emerging roles in cancer. Activating transcription fac-
tor 6 (ATF6), one of the three major ER stress transducers, has been
shown to contribute to chemoresistance by altering cancer cell survival.
Cancerous inhibitor of protein phosphatase 2A (CIP2A) is an oncogene,
and its expression has been correlated with the prognosis of patients with
cancer. In this study, we aimed to explore the relationship between ER
stress-related ATF signaling and CIP2A. We found that CIP2A expression
was positively correlated with ATF6 expression by analyzing publicly avail-
able RNA sequence data of patients with colorectal cancer (The Cancer
Genome Atlas, TCGA). In addition, we demonstrated that tunicamycin-
induced ER stress in vitro upregulated ATF6 and CIP2A. Mechanistically,
we found that ATF6 directly bound to the CIP2A promoter and induced
CIP2A gene expression, which contributed to colon cancer cell survival.
Furthermore, knockdown of CIP2A reduced the viability of cells under ER
stress. Most importantly, immunohistochemical analysis of a tissue
microarray from a colon cancer patient cohort showed that higher expres-
sion levels of ATF6 and CIP2A were associated with a trend toward poor
prognosis. Taken together, our results show that ER stress-related ATF6
upregulates CIP2A and contributes to the prognosis of colon cancer. Tar-
geting CIP2A may disrupt ER stress-mediated colon cancer cell survival
and thus improve the prognosis of patients with colon cancer.

1. Introduction

Colorectal cancer (CRC) is the third most common
cancer and the third leading cause of cancer death

Abbreviations

worldwide, with rising incidence among patients
younger than 55 (Siegel et al., 2017). Despite the suc-
cess in prolonging the overall survival (OS) via treat-
ment with the multitargeted inhibitor regorafenib

5-FU, 5-fluorouracil; ATF6, activating transcription factor 6; CIP2A, cancerous inhibitor of protein phosphatase 2A; CRC, colorectal cancer;
ER, endoplasmic reticulum; IHC, immunohistochemistry; IRE1, inositol-requiring enzyme 1; OS, overall survival; PERK, PKR-like ER kinase;
PVDF, polyvinylidene fluoride; TCGA, The Cancer Genome Atlas.
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(Grothey et al., 2013), metastatic CRC remains a chal-
lenge, with a median OS in patients with metastatic
CRC of approximately 30 months (Falcone et al.,
2007; Grothey et al., 2013). Therefore, there is a need
to find new targets and strategies for treating patients
with metastatic CRC.

Endoplasmic reticulum (ER) stress is an adaptive
response to intracellular stresses, including unfolded
protein response (UPR), imbalance of redox state, per-
turbation in calcium (Ca®") homeostasis, and nutrient
deprivation (Hetz, 2012; Ron and Walter, 2007). ER
stress signaling is regulated by three major stress trans-
ducers located in the ER membrane, activating tran-
scription factor 6 (ATF6), inositol-requiring enzyme 1
(IRE1), and PKR-like ER kinase (PERK), and has been
implicated in diverse diseases such as cancer, type 2 dia-
betes mellitus (T2DM), and neurodegenerative and
rheumatic diseases (Cnop et al., 2012; Navid and
Colbert, 2017; Oakes and Papa, 2015). The roles of
PERK- and IREl-mediated ER stresses in the regula-
tion of survival were controversial and were thought to
be dependent on cell types and stress conditions, as well
as the microenvironment (Clarke et al., 2014; Garg
et al., 2015). In contrast to PERK and IRE1, ATF6 was
primarily identified as a cytoprotective role during ER
stress (Wu et al., 2007, Yamamoto et al., 2007). The ER
membrane-anchored ATF6 was activated by proteolysis
and acted as transcriptional factor for regulating down-
stream expression of genes responsible for stresses (Ron
and Walter, 2007; Wang et al., 2000). Growing evidence
in various cancer types has shown that activated ATF6
signaling is correlated with lower OS, cancer recurrence,
metastatic lesions, tumor growth, and resistance to radi-
ation therapy and chemotherapy (Dadey et al., 2016;
Higa et al., 2014), indicating that targeting ATF6 sig-
naling might be a strategy for the treatment of cancer.
However, the role of ATF6 in colon cancer and the
detailed mechanism by which ATF6 regulates colon
cancer survival are poorly understood.

Cancerous inhibitor of protein phosphatase 2A
(CIP2A, also known as p90 tumor-associated antigen
or KIAA1524) has been reported to be overexpressed
in cancer and is an emerging predictor for prognosis in
various cancer types including CRC (Bockelman et al.,
2011; Dong et al., 2011; Liu et al., 2014; Teng et al.,
2012). CIP2A exerts its role as oncoprotein by sup-
pressing protein phosphatase 2A (PP2A) and subse-
quently activating oncogenic proteins, such as Akt, c-
Myc, and mitogen-activated protein kinase (Chen
et al., 2010; Mumby, 2007; Tseng et al., 2012). Recent
studies showed that CIP2A regulates cell proliferation
and migration in many types of cancer (Junttila et al.,
2007). Moreover, our previous studies also revealed
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that CIP2A plays a critical role in the sensitivity of
TD52 (an erlotinib derivative) as well as bortezomib in
breast cancer and liver cancer (Chen er al., 2010; Liu
et al., 2017; Tseng et al., 2012), suggesting that CIP2A
signaling is a promising target for cancer therapy.
Moreover, CIP2A is highly associated with the EGFR
pathway in CRC (Markowitz and Bertagnolli, 2009).
CIP2A was a poor prognostic marker in CRC, and it
acts as an oncogene. Regarding drug resistance, we
found that CIP2A is associated with drug resistance in
CRC, including resistance to S5-fluorouracil (5-FU),
irinotecan, oxaliplatin, and cetuximab (Teng et al.,
2012; Wang et al., 2014). Therefore, it is imperative to
explore the underlying mechanisms by which CIP2A
exerts its oncogenic signaling.

In this study, we evaluated the correlation between
ATF6 and CIP2A in patients with colon cancer. In
addition, we also found that ATF6-like binding ele-
ment could be observed within the CIP2A promoter,
suggesting that ATF6 might control the expression of
CIP2A through transcriptional regulation. Moreover,
the correlation between ATF6-CIP2A signaling and
the OS in patients with colon cancer was further inves-
tigated.

2. Materials and methods

2.1. Cell cultures

The human embryonic kidney cell line (HEK293T)
and human colon cancer cell lines CaCO,, and SW480
(American Type Culture Collection, ATCC, Manassas,
VA, USA) were maintained in Dulbecco’s modified
Eagle medium (Gibco, Grand Island, NY, USA). The
human colon cancer cell line, HCT-15, was maintained
in RPMI-1640 (Gibco). All cell lines were maintained
in media supplemented with 10% fetal bovine serum
(Hyclone, Logan, UT, USA) in a 37 °C humidified
incubator and an atmosphere of 5% CO, in air.

2.2. Antibodies and reagents

Antibodies against ATF6, CIP2A, GRP78, GAPDH,
and B-Actin were purchased from Cell Signaling Tech-
nology (Boston, MA, USA). Antibody against CIP2A
for immunohistochemistry (IHC) was purchased from
Novus Biologicals (Littleton, CO, USA), and for west-
ern blot analysis was purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). Antibody against
ERK was purchased from Zymed (Grand Island, NY,
USA).  Tunicamycin, cycloheximide, 3-[4, 5-
dimethylthiazol- 2-yl1]-2, S5-diphenyltetrazolium bro-
mide) (MTT), and 4-(2-Aminoethyl) benzenesulfonyl
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fluoride hydrochloride (AEBSF) were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

2.3. Plasmids and constructions

pCGN-vector and pCGN-ATF6 (1-373) were purchased
from Addgene (Cambridge MA, USA). pCMV-vector
and pCMV-KIAA1524-DDK were purchased from Ori-
gene (Rockville, MD, USA). The upstream region of the
CIP2A promoter from the transcription start site (TSS)
was cloned by PCR amplification from 293T cell geno-
mic DNA and then inserted into the pGL3-basic with
BglIT and HindIII digestions (forward primer: 5-ATC
GGC TAG CTG CTG ACA CAT CAT CAC AGA
TG-3'; reverse primer: 5-ATC GAG ATC TTC TCA
GAA GCT TCC GGA TCC-3'). The mutagenesis for
CIP2A promoter was performed using QuickChange site
directed mutagenesis kit (Stratagene, La Jolla, CA,
USA) with according to the manufacturer’s instructions.

2.4. RNA isolation and RT-PCR

Total RNA was extracted using Trizol reagent (Invitro-
gen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions and reverse transcribed into cDNA.
The gene expression levels were analyzed using
RT-PCR. The primer sequences for CIP2A were 5'-
TGG CAA GAT TGA CCT GGG ATT TGG A-3' (for-
ward) and 5-AGG AGT AAT CAA ACG TGG GTC
CTG A-3' (reverse). The primer sequences for GRP78
were 5'-CGG GAT CCA TGA AGC TCT CCC TGG
TG-3' (forward) and 5-CCC AAG CTT GGG CAA
CTC ATC TTT TTC TG-3' (reverse). The primer
sequences for GAPDH were 5-TGA AGG TCG GAG
TCA ACG GAT TTG GT-3' (forward) and 5-CAT
GTG GGC CAT GAG GTC CAC CAC-3 (reverse).

2.5. Knockdown of CIP2A

The small hairpin RNA (shRNA) plasmids for lucifer-
ase control gene (shLuci) and the CIP2A gene
(shCIP2A) were obtained from the RNAi Core Facil-
ity at Academia Sinica, Taipei, Taiwan. The shLuci
and shCIP2A constructs were made using the pLKO
plasmid (http://www.addgene.org/plko), and the target
sequences are as follows: 5-CAA ATC ACA GAA
TCG TCG TAT-3 and 5-CCA CAG TTT AAG
TGG TGG AAA-3, respectively.

2.6. Western blot analysis

Whole-cell extracts were prepared using radio immuno-
precipitation assay buffer (150 mm NaCl, 50 mm Tris/
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HCI, 0.1% SDS, 0.5% sodium deoxycholate, 0.1% Tri-
ton X-100) plus protease inhibitor cocktail (Thermo Sci-
entific, Waltham, MA, USA). The protein concentrations
were determined using the Bradford assay (Sigma-
Aldrich), and then, samples were diluted in 5 x Laemmli
buffer [300 mm Tris/HCI pH 6.8, 10% SDS (w/v), 5%, 2-
mercaptoethanol, 25% glycerol (v/v), 0.1% bromophenol
blue w/v] and boiled for 5 min. Forty-five microgram of
protein was separated by 8-15% SDS/PAGE and trans-
ferred onto polyvinylidene fluoride (PVDF) membranes
(PALL Life Science, Ann Arbor, MI, USA). Unspecific
binding sites on the PVDF membranes were blocked with
5% mnonfat milk in TBST (20 mm Tris/HCl, pH 7.6,
137 mm NaCl, 1% Tween-20). Membranes were then
hybridized with primary antibodies for overnight at 4 °C,
followed by incubation with horseradish peroxidase
(HRP)-conjugated secondary antibodies. The membranes
were then developed using Immobilon Western chemilu-
minescence HRP substrates (Millipore, Burlington, MA,
USA). Images were capture by Luminescence/Fluores-
cence Imaging System (GE Healthcare, Pittsburgh, PA,
USA).

2.7. Cell viability analysis

Cell viability was analyzed using MTT assay. Cells
(1 x 10% were seeded on 96-well culture plates and
treated with each experimental condition. At the time
point, MTT (0.5 mg-mL~") was added to each well
and cells were incubated for 1 h. The blue MTT for-
mazan precipitate was subsequently dissolved in
100 pL of DMSO. The absorbance at 570/650 nm was
measured with an ELISA reader (Infinite 200, GMI,
Ramsey, MN, USA).

2.8. ChIP assay

A ChIP assay was performed as previously described
(Hsu et al., 2008) using protein A/G agarose and anti-
ATF6 antibody. The immunoprecipitated DNA was
used to amplify DNA fragments via PCR with specific
primers. The primer sequences for GRP78 were 5'-
GCG GAG CAG TGA CGT TTA TT-3' (forward)
and 5-GAC CTC ACC GTC GCC TAC T-3 (re-
verse). The primer sequences for CIP2A were 5-GTC
ACA TCG TCA AAG GTG G-3 (forward) and 5'-
GAA ACT GCC AGT CAG GGA AC-3' (reverse).

2.9. CIP2A promoter luciferase activity assay

Transfection and luciferase activity assay were per-
formed as previously described with slight modifica-
tions (Hsu ez al., 2013). Colon cancer cells were plated
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in 6-well culture plates and were respectively trans-
fected with pGL3-basic, pGL3-Cip2a, and a [-gal
plasmid using lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturer’s instructions. For luciferase
activity assays, the cells were transfected with each
vector for 18 h and harvested to determine luciferase
activity. The assay was carried out using a kit pro-
vided by Promega Corp. (Madison, MI, USA) follow-
ing the manufacturer’s instructions. A plasmid
encoding B-galactosidase was used to normalize for
transfection efficiency, and relative luciferase activity
(defined as reporter activity) was calculated as the
ratio of luciferase activity/B-galactosidase activity.

2.10. Patient specimens

All pathological samples from the patients in this study
were collected after written informed consent had been
obtained. This study was approved by the ethics commit-
tee of the Institutional Review Board of Taipei Veterans
General Hospital and was conducted in compliance with
the Declaration of Helsinki. The experiments were per-
formed in accordance with approved guidelines and reg-
ulations. Patients with colon cancer, based on the World
Health Organization criteria (WHO) criteria, were
enrolled from January 2000 to January 2014 and were
then classified according to the American Joint Commit-
tee on Cancer (AJCC) staging system (Version 6). Clini-
cal data were obtained from the cancer registry. The OS
was defined as the time from the primary resection to
death from cancer. The follow-up period was considered
to end in January 2018 or at the time of death of the
patient. For defining location of the primary colon
tumors, right colon cancer included primary tumor
located in the cecum, ascending colon, hepatic flexure or
transverse colon, and left colon cancer included those
within the splenic flexure, descending colon, sigmoid
colon, or rectosigmoid junction (Brule et al., 2015).

2.11. Immunohistochemistry

For tissue microarray and IHC, the procedures followed
manufacturer’s instructions. Omission of the primary
antibody served as a negative control, and the positive-
immunostaining was evaluated by clinical physician. The
intensity of staining was scored as 0, 1, 2, and 3, respec-
tively. The percentage of stained cells was also counted,
and final H-score was obtained by multiplying the stain-
ing intensity (0-3) by the percentage of positive cells
(%). Thus, the H-scores produced a continuous variable
that range from 0 to 300 point, and a cutoff point of 150
was used to distinguish between strong (more than or
equal to 150) and weak expression (< 150).
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2.12. Statistical and survival analysis

Data are expressed as mean + SD or SE. Statistical
comparisons were based on nonparametric tests, and
statistical significance was defined at P < 0.05. The
correlations between clinicopathological variables and
immunopositivity were analyzed using the y> test or
Fisher’s exact test. Survival was estimated using the
Kaplan—Meier method. A two-sided P value of < 0.05
was regarded as statistically significant. spss software
(version 16.00; SPSS, Chicago, IL, USA) was used for
all the statistical analyses.

3. Results

3.1. CIP2A expression positively correlates with
ATF6 expression in both clinical specimens and
with ER stress in vitro

To examine the relationship between ATF6 and CIP2A,
we downloaded The Cancer Genome Atlas (TCGA) data
from the cBioPortal website (http://www.cbioportal.org/)
(Cerami et al., 2012; Gao et al., 2013) and analyzed the
correlation between ATF6 and CIP2A gene expression.
The results showed that the expression of ATF6 mRNA
was positively proportional to the expression of CIP2A
mRNA in patients with CRC (Fig. 1A). ER stress
induces proteolysis and activation of ATF6. Therefore,
we next treated cells with an ER stress inducer, tuni-
camycin, in both a colon cancer cell line (SW480) and an
immortalized normal cell line (HEK293T). We found not
only cleaved ATF6 protein expression, but CIP2A pro-
tein expression was also increased during ER stress
(Fig. 1B). Because cleaved ATFG6 serves as a transcrip-
tional factor and regulates downstream gene expression,
we next examined the gene expression of CIP2A under
tunicamycin treatment. The results showed that CIP2A
gene expression was elevated with tunicamycin treatment
(Fig. 1C). These results suggest that CIP2A expression
positively correlates with ATF6 expression in both clini-
cal specimens and with ER stress in vitro.

3.2. Active ATF6 induces CIP2A expression
without affecting CIP2A protein stability

To explore the possible mechanism by which ATF6 reg-
ulates CIP2A gene expression, we transfected colon can-
cer cell lines (Caco2 and SW480) and HEK?293T cells
with full-length ATF6 and active-form ATF6 (1-373),
respectively. The results showed that the mRNA expres-
sion of GRP78, which is the targeted gene of ATF6, was
increased after expressing full-length and active ATF6
(1-373) in colon cancer or HEK293T cell lines (Fig. 2A;
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Fig. 1. CIP2A expression positively correlates with ATF6 expression in clinical specimens and with ER stress in vitro. The mRNA expression
level (RPKM, reads per kilobase of exon model per million) of KIAA1524 and ATF6 was downloaded from the cBioPortal website (http:/
www.cbioportal.org/). The correlation between KIAA1524 and ATF6 was analyzed using Pearson and Spearman’s correlation tests,
respectively (A). HEK293T and SW480 cells were treated with tunicamycin (0, 1, and 5 pg-mL~") for 6 h, and the protein (B) and mRNA
expressions (C) of ATF6 and CIP2A were analyzed using western blot analysis and RT-PCR, respectively. Their intensities were quantified
and normalized to the internal control B-actin or GAPDH. Means + SEM of three independent experiments performed at least in triplicate
are shown. Statistical analysis was carried out using Student’s ttest. *P < 0.05, **P < 0.01, ***P < 0.001.

lanes 3, 6, and 9) (Haze et al., 1999). In addition, we
found that exogenous expression of ATF6 (1-373)
remarkably induced CIP2A mRNA expression
(Fig. 2B), as well as protein expression (Fig. 2C). To
further evaluate the involvement of the proteasomal
degradation of CIP2A in cells during the expression of
ATF6 (1-373), HEK293T cells were transfected with
ATF6 (1-373) before incubation with cycloheximide
(CHX, a protein translational inhibitor). The protein
stability of CIP2A was not significantly changed in the
presence of exogenous ATF6 (1-373) (Fig. 2D). These
results indicated that active ATF6 induced CIP2A
expression without affecting its protein stability.

3.3. ATF6 directly regulates CIP2A gene
transcription through binding to the CIP2A
promoter

Interestingly, we found a UPR element (UPRE)-like
sequence (TTATGTGG in contrast to the canonical

UPRE TGACGTGG/A), which is known to be an
ATF6-binding sequence (Wang et al., 2000) within
the CIP2A promoter (Fig. 3A). To examine whether
ATF6 controls CIP2A gene expression through direct
binding to the CIP2A promoter, we treated both
HEK293T and SW480 cells with tunicamycin, and
the DNA-binding ability of ATF6 to the CIP2A pro-
moter was examined using a ChIP assay (Fig. 3A).
The results revealed that ATF6 bound to the CIP2A
as well as the GRP78 gene promoters in both
HEK?293T (Fig. 3B; lane 8) and SW480 cells (Fig. 3C;
lane 8) during ER stress, and the binding could be
inhibited by AEBSF, which is a blocker for the pro-
cess of ATF6 proteolysis (Fig. 3B,C; lane 9) (Ye
et al., 2000). In addition, the DNA-binding ability of
ATF6 to the CIP2A gene promoter was increased
after the exogenous expression of active ATF6 in
HEK?293T cells (Fig. 3D). To investigate whether the
putative ATF6 targeting sequence (TTATGTGG) is
crucial for the binding of ATF6 to the CIP2A gene
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Fig. 2. Active ATF6 induces CIP2A expression without affecting CIP2A protein stability. Caco2, SW480, and HEK293T cells were,
respectively, transfected with pCGN-vector, pATF6 (full-length), and pATF6 (1-373) for 48 h; mRNA expression of GRP78 and GAPDH was
analyzed using RT-PCR (A). HEK293T cells were transfected with either pCGN-vector or pATF6 (1-373) for 48 h, and mRNA (B) and protein
(C) expressions of CIP2A and GAPDH were analyzed using RT-PCR and western blot, respectively. After transfecting either pCGN-vector or
pATF6 (1-373) for 48 h, HEK293T cells were incubated with 100 pm cycloheximide (CHX, translational inhibitor) for 0, 1, 6, and 12 h. Whole-
cell extracts were subjected to western blot analysis using antibodies specific for CIP2A and B-actin (D). Their intensities were quantified
and normalized to the internal control B-actin or GAPDH. Means + SEM of three independent experiments performed at least in triplicate
are shown. Statistical analysis was carried out using Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001.

promoter, the putative (TTATGTGG) and mutant
(CCGCACGG) sequences within the CIP2A gene
promoter were, respectively, cloned into a luciferase
reporter vector (Fig. 3E) and transiently co-trans-
fected with active ATF6 into HEK293T cells. Co-
transfection with active ATF6 and the ‘TTATGTGG’
vector resulted in increased promoter activity com-
pared with the control vector, and the promoter
activity was attenuated when ‘TTATGTGG’ was
replaced by the mutant ‘CCGCACGG’ (Fig. 3F).
These results suggested that ATF6 directly regulated
CIP2A gene transcription through binding to the
CIP2A promoter.
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3.4. CIP2A sustains the survival of colon cancer
cells through ATF6 under both basal and ER
stress conditions

Due to the importance of ATF6 signaling in the sur-
vival of cancer cells, we next evaluated the effect of
CIP2A knockdown in colon cancer cells. The results
showed that knockdown of CIP2A reduced cell viabil-
ity in the presence of tunicamycin in HCTI15 and
SW480 cells (Fig. 4A,B), indicating that basal expres-
sion of CIP2A was necessary for colon cancer survival
in ER stress. Overexpression of the active form of
ATF6 increased CIP2A expression, which was
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Fig. 3. ATF6 directly regulates CIP2A gene transcription through binding to the CIP2A promoter. Scheme representing the region for ChiP
primers flanking within the CIP2A promoter (A). HEK293T (B) and SW480 cells (C) were treated with tunicamycin (5 pg-mL~™") or AEBSF for
6 h; cells were harvested for ChlIP assays using anti-lgG and anti-ATF6 antibodies, and precipitated DNA was used to amplify the PCR
product of CIP2A and GRP78 promoters. After transfecting either pCGN-vector or pATF6 (1-373) in HEK293T cells for 48 h, the DNA-
binding ability of ATF6 to the CIP2A and GRP78 promoters was analyzed using ChlP assays (D). The quantitative and statistical analysis was
shown. Means of three independent experiments performed at least in triplicate are shown. Scheme representing the constructs of the
CIP2A reporter (E). After transfection with either pCGN-vector or pATF6 (1-373) for 48 h, cells were harvested, and CIP2A-dependent
reporter gene activity was measured by luciferase assay (F). The means + SEM of three independent experiments performed in triplicate

are shown. Statistical analysis was carried out using Student's ttest. *P < 0.05, **P < 0.01, ***P < 0.001; *P<0.05, *P<0.01,
###p < 0.001.
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repressed by CIP2A shRNA transfection (Fig. 4C). In
addition, knockdown of CIP2A suppressed cell viabil-
ity in active ATF6-expressing HCT15 cells (Fig. 4D).
A previous study indicated that knockdown of CIP2A
increased the sensitivity to chemotherapy such as 5-FU
(Teng et al., 2012). Our data also showed that pre-
treatment with tunicamycin resisted 5-FU-suppressed
cell viability (Fig. S1). The results indicated that
CIP2A sustains the survival of colon cancer cells
through ATF6 under ER stress conditions.

3.5. Clinical significance of ATF6 and CIP2A
expression in colon cancer

To determine the clinical significance of ATF6 and
CIP2A expression in colon cancer, we analyzed the rela-
tionship between ATF6 protein expression and various
clinicopathological parameters in a total of 165 patients
with colon cancer. We further included nine patients
with rectal cancer (total N = 174; Tables S1 and S2), for
exploratory analysis. ATF6 protein expression was posi-
tively correlated with CIP2A protein expression
(P <0.001) and tumor stages (P = 0.007). However,
ATF6 protein expression was not correlated with other
clinicopathological parameters such as age, gender,

ER stress-related ATF6 upregulates CIP2A

lymphovascular involvement in patients with colon can-
cer (Table 1) and CRC (Table S1). The clinicopatholog-
ical characteristics in multivariate analysis by Cox
regression, ATF6, were not a prognostic factor for sur-
vival, while CIP2A was independently associated with
survival in patients with colon cancer (Table 2) and
CRC (Table S2). We further investigated the prognostic
value of ATF6 and CIP2A expression, independently, in
patients with colon cancer and CRC. The results
showed that the expression of ATF6 level did not associ-
ated with OS (P = 0.083; Fig. 5A), while colon cancer
patients with strong expression of CIP2A showed signif-
icantly lower OS rates than those with weak expression
(P < 0.001; Fig. 5B). CRC patients with strong expres-
sion of CIP2A also exhibited significantly lower OS
rates than those with weak expression (Fig. S2). Collec-
tively, these results indicated that CIP2A may be a prog-
nosis marker in the clinical prognosis of patients with
colon cancer.

4. Discussion

In the present study, we demonstrated that the ATF6-
CIP2A pathway is essential to colon cancer cell sur-
vival, and CIP2A serves as a biomarker in clinical

tumor location, pathology, tumor grade, or prognosis. We found that the expression of ATF6 was
HCT15 Sw4s0
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Fig. 4. CIP2A sustains survival of colon cancer cells through ATF6 under both of basal and ER stress conditions. HCT15 and SW480 cells
were transfected with shRNA against luciferase or CIP2A for 48 h, and whole-cell extracts were subjected to western blot analysis using
antibodies specific for CIP2A and B-actin (A) and to MTT assays (B). HCT15 cells were co-transfected with ATF6 (1-373)-expressing or
control plasmid and shRNA against CIP2A (shCIP2A) or luciferase (shLuc) for 48 h. The transfected cells were further analyzed by western
blotting using anti-ATF6, anti-CIP2A, and anti-B-actin antibodies (C) and by MTT assays (D). The means + SEM of three independent
experiments performed in triplicate are shown. Statistical analysis was carried out using Student’s t-test. *P < 0.05, ***P < 0.001.
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positively correlated with the expression of CIP2A not
only in patients with colon cancer but also in both the
colon cancer cell line and the immortalized normal cell
line under ER stress. Our study revealed that ATF6
could directly bind to the CIP2A promoter and regu-
late CIP2A gene expression. In addition, the expres-
sion of CIP2A was crucial to sustain colon cancer cell
survival under ER stress. Moreover, CIP2A protein
expression determined the OS rates in patients with
colon cancer. Taken together, CIP2A is a promising
biomarker for the prognosis of patients with colon
cancer, and targeting ATF6-CIP2A signaling might be
a strategy for colon cancer therapy.

Cumulative evidence has indicated that ER stress,
especially GRP78, which is a downstream target of
ATF6, was correlated with chemotherapy resistance in
cancer cells (Garg et al., 2015; Kim et al., 2016; Wang
and Kaufman, 2014). In our study, we found that tuni-
camycin treatment and exogenous expression of active
ATF6 (1-373) induced both the mRNA and protein
expression of CIP2A in colon cancer cells (Figs 1 and
2). In addition, we also found that knockdown of

Table 1. The relationships between ATF6 expression and clinical
variables in patients with colon cancer (N = 165).

ATF6 weak ATF6 strong

expression  expression
n (%) n (%) P value
Age (year)
<65 31 (44.3) 42 (44.2) 0.992
> 65 39 (65.7) 53 (55.8)
Gender
Female 21 (30.0) 36 (37.9) 0.292
Male 49 (70.0) 59 (62.1)
Location
Left colon 40 (57.1) 53 (55.8) 0.862
Right colon 30 (42.9) 42 (44.2)
Stage AJCC VI
| 11 (15.7) 6 (6.3) 0.007*
I 30 (42.9) 26 (27.4)
11 13 (18.6) 37 (38.9)
vV 16 (22.9) 26 (27.4)
Pathology
Adenocarcinoma 69 (98.6) 94 (98.9) 0.827
Mucinous adenocarcinoma 1(1.4) 1(1.1)
Grade
Low 64 (91.4) 84 (88.4) 0.530
High 6 (8.6) 11 (11.6)
Lymphovascular involvement
No 59 (84.3) 73 (76.8) 0.237
Yes 11 (15.7) 22 (23.2)
CIP2A expression
Weak 56 (80.0) 47 (49.5) < 0.001*
Strong 14 (20.0) 48 (50.5)
*P < 0.05.
1714
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CIP2A enhanced the tunicamycin-induced cytotoxicity
in colon cancer cells (Fig. 4). The results determined
that tunicamycin treatment contributed to 5-FU resis-
tance (Fig. S1). Further investigation is warranted to
determine whether knockdown of CIP2A could sensitize
colon cancer cells to chemotherapy.

Activating transcription factor 6 is an ER stress sen-
sor located in the ER membrane. Upon stimulation of
ER stress, ATF6 translocates from the ER to the
Golgi membrane, in which ATF6 is cleaved by site-1
protease (S1P) and site-2 protease (S2P) to release the
active form of ATF6 (N terminus) that functions as a
transcriptional factor (Ye et al., 2000). ATF6 is known
to regulate ER stress response genes by recognizing a
specific DNA sequence called the ER stress response
element (ERSE, CCAAT-No-CCACG) (Haze et al.,
1999; Yoshida et al., 1998) and the unfolded protein
response element [UPRE, (G)(G)TGACGTG(G/A)],
where the nucleotides in parentheses are less strongly
maintained (Wang et al., 2000). A recent study used
bioinformatics analysis to reveal that ATF6 could also
bind to the UPRE-like sequence ‘TATGTGG’ within
the insulin II promoter and regulate its gene expres-
sion (Amyot et al., 2011). In the present study, we
found a novel sequence ‘TTATGTGG’ within the
CIP2A promoter responsible for ATF6 binding
(Fig. 3). Our results provided a new parameter in
search of unknown targets for ATF6.

Cancerous inhibitor of protein phosphatase 2A was
upregulated and was negatively proportional to clini-
cally prognostic features in various types of cancer,
including CRC (Bockelman et al., 2011; Dong et al.,
2011; Liu et al., 2014; Teng et al., 2012). Previous
studies demonstrated that knockdown of CIP2A
reduced c-Myc expression and cell growth of CRC
cells. The level of CIP2A mRNA was significantly cor-
related with advanced tumor stages and OS (Wiegering
et al., 2013). In contrast to the findings, CIP2A had
been reported that is not an independent prognostic
factor in CRC but was associated nuclear c-Myc
(Bockelman et al., 2012). In addition, high level of
CIP2A in CRC patients with wild-type KRAS was
correlated with short OS after colorectal liver metasta-
sectomy (Chen et al.,, 2015). CIP2A expression con-
tributes to radiotherapy resistance in rectal cancer
(Birkman et al., 2018). In the present study, we found
that in patients with colon cancer, either ATF6 or
CIP2A protein overexpression were negatively corre-
lated to the OS rates (Fig. 5). In addition, we also
found that CIP2A rather than ATF6 was the impor-
tant factor to predict the OS rates in the clinic. The
results confirmed that CIP2A was crucial to CRC
patient survival in our previous study (Teng et al.,
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Table 2. Prognostic factors for survival in patients with colon cancer according to univariate and multivariate analyses in the Cox

proportional hazards model (N = 165).

Univariate analysis

Multivariate analysis

Variable Hazard ratio 95% ClI P value Hazard ratio 95% ClI P value
Age > 65 y/o 0.844 0.621-1.791 1.054 0.903 0.509-1.602 0.728
Gender 1.004 0.577-1.746 0.988 1.187 0.651-2.165 0.576
Stage AJCC VI 4.494 3.594-8.398 < 0.001* 5.629 3.515-9.013 < 0.001*
Sideness 0.815 0.627-1.060 0.127 0.785 0.590-1.045 0.097
Lymphovascular invasion 3.619 2.113-6.196 < 0.001* 1.897 1.071-3.360 0.028*
High grade 1.454 0.688-3.076 0.327 0.977 0.427-2.231 0.955
ATF6 1.632 0.931-2.860 0.087 0.688 0.363-1.305 0.253
CIP2A 2.948 1.729-5.029 < 0.001* 3.110 1.643-5.886 < 0.001*
*P < 0.05.
A _ B_. _
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Fig. 5. Clinical significance of ATF6 and CIP2A expression in colon cancer. OS rates of patients with colon cancer are plotted against time
(months) for different parameters: (A) low and high expression of ATF6 protein (P = 0.083) and (B) low and high expression of CIP2A

protein (P < 0.001).

2012). Moreover, other transcriptional factors, such as
Elkl and Etsl, have been reported to control CIP2A
gene expression in cervical cancer, endometrial carci-
noma, and triple-negative breast cancer (Liu et al.,
2017; Pallai et al., 2012). This is the first study that
provides the link between ATF6 and CIP2A in cancer.
We further included nine patients with rectal cancer
(total N = 174; Tables S1 and S2), and the analysis
was similar with colon cancer patients only (N = 165).
However, the limited number of patients with rectal
cancer makes us difficult to draw a conclusion on the
population of rectal cancers, and therefore, our study
is limited to the population of patients with colon can-
cer, whether the significance of CIP2A and ATF6
applied to patients with rectal cancer need further
studies. Moreover, further investigation is required to
determine whether ATF6-CIP2A signaling also plays
an important role in other types of cancer.

5. Conclusion

In conclusion, our present study provides evidence of
linkage between ER stress and CIP2A, while condi-
tional ER stress-related ATF6 upregulates CIP2A and

Molecular Oncology 12 (2018) 1706-1717 © 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

contributes to the prognosis of colon cancer. These
findings suggest that targeting CIP2A may be impli-
cated in disrupting ER stress in mediating colon can-
cer cell survival and thus poor prognosis.
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