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Background: Protein/nucleic acid deglycase (DJ-1) and hypoxia-inducible factor-1o (HIF-10t)
play significant roles in the progression of various types of cancer and are associated with the
phosphatidylinositol 3-kinase (PI3K) pathway. However, their functions in colorectal cancer
(CRC) have not been identified. The aim of this study was to analyze the putative signaling
pathway encompassing DJ-1, PI3K, and HIF-1a in a series of CRC tissues and cell lines.
Purpose: This study aimed at exploring the expression status of DJ-1 in colon cancer and its
role in survival of cancer cell lines.

Methods: The expression and localization of DJ-1, PI3K-p1100., phosphorylated Akt (p-AKT),
and HIF-10 were determined by immunohistochemistry in 73 resected CRC tissues. The effect
of DJ-1 on cell activity was explored by in vitro knockdown and overexpression experiments in
SW480 and HT-29 cells. The cells were treated with a PI3K inhibitor (LY294002 or wortman-
nin), and p-AKT and HIF-1a protein expression were then analyzed. Apoptosis was analyzed
by flow cytometry. The expression levels of several HIF-1 target genes were assessed under
hypoxic conditions by reverse transcription-PCR and Western blot. Xenograft tumor growth
studies were conducted in DJ-1 knockdown or overexpression cells.

Results: High DJ-1 expression was found in 68.49% (50/73) of CRC tissues and associated
with larger tumor size and advanced clinical stages. DJ-1 expression was positively associated
with PI3K-p110c, p-AKT, and HIF-1o expression in CRC. HIF-1a and p-AKT protein levels
were lower in SW480 and HT-29 cells with stable DJ-1 knockdown than in those with DJ-1
overexpression. PI3K inhibitors almost completely blocked DJ-1-induced AKT phosphorylation.
However, the expression of HIF-1o was partially preserved after treatment with PI3K inhibi-
tors. We also show that DJ-1 is necessary for the transcriptional ability of HIF-1ae and CRC
cell survival after hypoxic stress. Moreover, DJ-1 promoted the growth of established tumor
xenografts in nude mice.

Conclusion: Our findings are the first to show that DJ-1 is overexpressed in CRC. We suggest a
model in which DJ-1 mediates CRC cell survival by regulating the PI3K-AKT-HIF-10. pathway.
Keywords: DJ-1, hypoxia-inducible factor-10o., phosphatidylinositol 3-kinase, phosphorylated
Akt, colorectal cancer

Background

Colorectal cancer (CRC) is one of the most common malignant tumors worldwide.
The annual global incidence of CRC is over 1 million, and its mortality rate is as high
as 33% in developed nations.! In some Asian countries, such as China, the incidence
is increasing with changing diets and lifestyles and increased lifespans.? Despite
modest improvements in multimodality therapies for CRC, the overall prognosis of
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CRC is not optimistic, with the 5-year survival rate hover-
ing at approximately 50%. In recent years, a great deal of
effort has been made to study the biological mechanisms
underlying CRC, and many oncogenes and tumor suppres-
sors have recently been reported. However, the molecular
mechanisms underlying the development of CRC remain
poorly understood.

Hypoxia is a typical feature of solid tumors. In a hypoxic
environment, responsive genes participate in the stimulation
of pro-survival reactions, angiogenesis, metabolic activity
alterations, tumor invasion, and metastasis. Hypoxia-induc-
ible factor-1 (HIF-1) plays a central role in these processes.’
HIF-1 is a heterodimer that consists of two subunits: HIF-1o
and HIF-1pB. HIF-1P is constitutively expressed, whereas
HIF-1a is a cytoplasmic protein that responds to oxygen
levels. Under non-hypoxic conditions, HIF-1a is subject to
rapid ubiquitination and proteasomal degradation. Therefore,
total HIF-1 activity is mainly dependent on the level of
HIF-1o protein.* Under hypoxic conditions, prolyl hydroxy-
lase domains (PHDs) cannot hydroxylate the a-subunit,
resulting in HIF-1a protein stabilization, translocation into
the nucleus, and dimerization with HIF-10 to form the HIF
transcription factor.>® The activation of tyrosine kinases, such
as insulin-like growth factor receptor (IGFR) and EGFR,
stimulates the phosphatidylinositol 3-kinase (PI3K)/protein
kinase B (AKT) signal transduction pathway, which leads to
increased HIF-1a expression.” Determining the molecular
processes that mediate changes in HIF-1o. expression will
enhance our understanding of gene regulation and cancer
biology and might present novel possibilities for cancer
therapy.

DJ-1, also known as Parkinson’s disease-associated
protein 7 (PARK7), was isolated and characterized as a
novel oncogene that can transform mouse NIH3T3 cells.?
In NIH3T3 cells, DJ-1 was shown to translocate from the
cytoplasm to the nucleus in a cell cycle-specific manner
and was hypothesized to participate in H-ras-related signal
transduction events.® Subsequent studies have shown that
DJ-1 is a ubiquitous and highly conserved protein that
affects cell death, proliferation, and cell cycle progression.’
DJ-1 expression can be induced by oxidative stress and is an
important mediator of hypoxia-induced cellular responses. '
DJ-1 renders cells resistant to various apoptotic stimuli in a
PTEN-dependent manner and prevents PTEN-induced cell
death."' DJ-1 overexpression has been reported in several
malignancies, including breast and lung cancer, in which DJ-1
immunoreactivity is positively correlated with phosphory-
lated Akt (p-AKT) and indicates a poor prognosis.’ However,

to our knowledge, no previous study has investigated the role
of DJ-1 in the development of CRC.

Several studies have confirmed that DJ-1 stimulates the
PI3K/Akt/mTOR pathway and thereby promotes cell prolif-
eration and growth.!? In addition, the loss of DJ-1 decreases
the expression level of HIF-1o in neuroblastoma cells and
decreases the transcription of a variety of HIF-1-responsive
genes during hypoxia in human osteosarcoma cells.'* Because
DJ-1 and HIF-1c are correlated with PI3K/Akt, the involve-
ment of DJ-1 and HIF-1o in CRC should be clarified. In this
article, we provide the first data regarding the relationship
between HIF-1a and DJ-1 in CRC. We demonstrate that
the modulation of the DJ-1/PI3K/AKT pathway alters the
expression of the HIF-1a protein and HIF-1-dependent
transcriptional activity. The results of this study add new
insights into the capacity of DJ-1 to enhance the signaling
pathways that promote tumorigenesis.

Methods

Ethics statement

Tissue specimens were obtained from CRC patients and his-
tologically confirmed by a pathologist at the Xingiao Hospital
of the Third Military Medical University. Written informed
consent was obtained from all patients, and the study was
approved by the ethics committee on Human Research of
Xinqgiao Hospital. The care of laboratory animals was per-
formed in full compliance with the guide for the care and use
of laboratory animals of the University Committee on the use
and care of animals at the Third Military Medical University,
and the entire protocol was approved by this committee.

Patients and tissue collection

Seventy-three patients with CRC were included in this
study. All patients underwent surgery at Xinqiao Hospital
of Chongging (Chonggqing, China) between January 2012
and December 2013. The patients included 50 males and 23
females with a median age of 62.57 = 10.30 years (range,
4484 years). According to the WHO histological classifica-
tion, all patients were diagnosed with CRC with varied tumor
differentiation. None of the patients had a known history of
familial polyposis syndrome or hereditary non-polyposis
CRC syndrome. Carcinoma was classified according to the
Union for International Cancer Control (UICC) TNM stag-
ing system. None of the patients underwent radiotherapy or
chemotherapy before surgery. Tumor tissues obtained from
the resected specimens and adjacent non-cancerous tissues
(=26 cm from the tumor) were used as normal controls (tumor
and adjacent non-cancerous tissues were confirmed by the
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pathological examination). All of the above resected tissue
specimens were fixed in 10% formalin and embedded in
paraffin.

Immunohistochemical analysis

Tissues were fixed in 4% paraformaldehyde and embedded
in paraffin. Each tissue sample was sectioned at 4 um and
mounted on poly-lysine-coated slides. Paraffin sections were
deparaffinized and treated with 3% hydrogen peroxidase to
block endogenous peroxidase activity. Antigen retrieval was
performed in citric acid buffer (pH = 6) in a microwave at
750 W for 15 minutes. After the sections were cooled, non-
specific binding of the antibody was blocked using normal
cow serum. The sections were incubated with antibodies
against DJ-1 (1:100, Santa Cruz Biotechnology, Inc. Dallas,
TX, USA) PI3K-p110c (1:200, Cell Signaling, Danvers, MA,
USA), p-AKT (1:25; Cell Signaling), HIF-1at (1:350; Abcam,
Cambridge, MA, USA), and purified rabbit IgG (10 mg/mL;
negative control [NC]) overnight at 4°C. The sections were
then incubated first with biotinylated goat anti-rabbit IgG for
60 minutes and then with streptavidin—enzyme conjugates
(Vector Laboratories Inc., Burlingame, CA, USA). Diami-
nobenzidine peroxide was used as a chromogen, and hema-
toxylin counterstaining was performed. The sections were
then dehydrated in alcohol, cleared in xylene, and mounted.
An expert observer who was blinded to the experimental
conditions examined the tissue sections.

Staining was graded according to the intensity and extent
of epithelial staining. The extent of staining was defined as
follows: 0 indicated less than 5%; 1 indicated 5%—25%; 2
indicated 26%—50%; 3 indicated 51%—75%; and 4 indicated
greater than 75%. Staining intensity was scored as follows:
0 indicated no positive cells; 1 indicated weak staining; 2
indicated moderate staining; and 3 indicated strong staining.
The final score was determined by multiplying the intensity
of positivity score by the extent of positivity score, yielding a
range from 0 to 12. The protein expression level was considered
high when the score was 26. Immunohistochemistry results
were evaluated by two independent observers who inspected
all selected fields in the section to determine the percentage
of cells that were positively labeled, as previously described.'*

Establishment of stable DJ-1-
overexpression and DJ-1-knockdown
SW480 and HT-29 cell lines

The colon cancer cell lines SW480 (no. TCHul172) and
HT-29 (SCSP-5032) colon cancer cell lines and the 293T
(no. SCSP-502) cell line were obtained from the Shanghai

Institute for Biological Sciences, Chinese Academy of Sci-
ence. To obtain the cDNA sequence of DJ-1, we amplified
human DJ-1 from SW480 cell cDNA using the follow-
ing primers: DJ-1 forward, 5'-~AAGGAAAAAAGCGGC
CGCATGGCTTCCAAAAGAGC-3’; and DJ-1 reverse,
5’-CGCGGATCCCTAGTCTTTAAGAACAAGTGGAG-3'.
The PCR product was then inserted into the Notl and BamHI
sites of the LV5 (EF-1a/GFP/Puro/Amp) lentiviral vector.
All constructs were validated by sequencing. To establish a
DJ-1 overexpression cell model, recombinant LVS (pGLVH1/
GFP/Puro) vectors were transfected into 293 T cells with the
three packaging plasmids pGag/Pol, pRev, and pVSV-G using
Lipofectamine™ 2000 (Thermo Fisher Scientific, Waltham,
MA, USA). All vectors were purchased from Sangon Bio-
tech (Shanghai, China). At 60 hours after transfection, the
virus-containing medium was collected and overlaid onto the
parental cells (SW480 and HT-29) with an equal volume of
fresh medium containing polybrene (8 pg/mL), and the cells
were incubated for 48 hours. Then, the infected cells were
selected with puromycin (2.5 pg/mL).

Stable DJ-1 shRNA gene transfection was used to
knock down DJ-1 expression. DJ-1 shRNA sequences were
designed, synthesized, and cloned into LV-3 (pGLVH1/
GFP*Puro) vectors by Sangon Biotech. After Sangon Bio-
tech had amplified, sequence confirmed, and tested these
vectors, we purchased them for our experiments. The
sequences targeting DJ-1 shRNA were as follows: shRNA-
1, 5-GGAGGTCATTACACCTACTCT-3" (DJ-1, 412 nt);
shRAN-2, 5-GCGCTTGCAATTGTTGAAGCC-3’ (DJ-1,
499 nt); shRNA-3, 5-GCTCAAGTGAAGGCTCCACTT-3’
(DJ-1, 541 nt); and shRNA-4, 5-GACGGTCATCCCTG
TAGATGT-3" (DJ-1, 60 nt). The sequence used for the NC
shRNA was 5-TTCTCCGAACGTGTCACGT-3". Replica-
tion-incompetent lentivirus was produced by co-transfecting
the shuttle plasmid LV-3 (pGLVH1/GFP*Puro/DJ-1) and three
packaging plasmids (pGag/Pol, pRev, and pVSV-G) into 293
T cells. At 60 hours after transfection, the virus-containing
medium was collected and overlaid onto the parental cells
(SW480) with an equal volume of fresh medium containing
polybrene (8 pg/mL), and the cells were incubated for 48
hours. Then, the infected cells were selected with puromycin
(2.5 pg/mL). The efficiency of DJ-1 overexpression and
knockdown was confirmed by Western blotting (Figure S1).

RNA extraction and quantitative reverse
transcription-PCR

Total RNA was isolated from cell lines using Trizol
(Thermo Fisher Scientific) according to the manufacturer’s
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instructions. For each sample, 2.5 mg of total RNA was
reverse transcribed to cDNA by Super-Script III Reverse
Transcriptase (Thermo Fisher Scientific). Synthesized
cDNA was diluted to 10 ng/mL for all assays. Real-time
quantitative PCR (q-PCR) assays were performed using
the Bio-Rad CFX Connect Real-Time System (Bio-Rad
Laboratories Inc., Hercules, CA, USA). SYBR®Premix
Ex Taq™ II was purchased from Takara Bio, Inc. (Shiga,
Japan). The names and sequences of the primers used in
this study were as follows: vascular endothelial growth fac-
tor (VEGF; forward, 5’-ACCTCCACCATGCCAAGTG-3;
and reverse, 5'-TCTCGATTGGATGGCAGTAG-3"), Bcl-2
adenovirus Ela nineteen kilodalton interacting protein 3
(BNIP3; forward, 5'-ATGTCGTCCCACCTAGTCGAG-3;
and reverse, 5'-CTCCACCCAGGAACTGTTGAG-3"),
HIF-1o (forward, 5’-GCCGCTGGAGACACAATCATA-3;
and reverse, 5'-GGTGAGGGGAGCATTACATCAT-3"),
plasminogen activator inhibitor type-1 (PAI-1; for-
ward, 5’-CATCCCCCATCCTACGTGG-3’; and reverse,
5’-CCCCATAGGGTGAGAAAACCA-3"), and B-actin
(forward, 5"-CCACGAAACTACCTTCAACTCC-3"; and
reverse, 5’-GTGATCTCCTTCTGCATCCTG-3"). PCR was
performed with 40 cycles of denaturation at 94°C for 5
minutes and annealing/extension at 59°C for 1 minute. The
cycle time to reach the threshold (Ct) of each target gene
was normalized to that of the housekeeping gene B-actin.

Western blot analysis

Nucleoproteins were extracted using a Nucleoprotein
Extraction Kit (Sangon Biotech). Protein concentrations
were determined according to the Bradford method using
BCA assay reagent (Beyotime, Beijing, China). Samples (25
mg of protein) were loaded onto 8%—12% SDS-PAGE gels,
and the proteins were then electrophoretically transferred
to polyvinylidene fluoride membranes (EMD Millipore,
Billerica, MA, USA). The membranes were blocked in 5%
BSA and then incubated overnight at 4°C with the follow-
ing antibodies: anti-DJ-1 (1:400; Santa Cruz), anti-HIF-o
(1:1,000; Abcam), anti-p-AKT (1:150; Cell Signaling),
anti-PI3K-p110a. (1:500; Cell Signaling), and anti-PCNA
(1:500; Cell Signaling). After the membranes were washed,
they were incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies (Cell Signaling) at room
temperature for 1 hour. The proteins were visualized using
an enhanced chemiluminescence (ECL) Kit (Amersham
Life Sciences, Arlington Heights, IL, USA) and exposed
using a Chemiluminescence Imaging System (Fusion Solo
S, Vilber, France).

Flow cytometric evaluation

An Annexin V-APC Apoptosis Detection kit was utilized
to detect early apoptosis (Annexin V-APC+/PI-, Q3), late
apoptosis (Annexin V-APC+/PI+, Q2), and necrosis (Annexin
V-APC—/PI+, Q1) according to the manufacturer’s instruc-
tions (KFS191; Baiaolaibo, Beijing, China). Briefly, after
various treatments, the cells were washed twice with cold
PBS and resuspended in binding buffer at a concentration
of 1 x 10 cells/mL. The cells were then first stained with
Annexin V-APC for 15 minutes followed by propidium
iodide for 5 minutes at room temperature in the dark. For
each measurement, at least 20,000 cells were analyzed by
flow cytometry using a MoFlo Cytometer (Beckman Coulter,
Brea, CA, USA). All experiments were repeated three times.

Cell viability and cell count analysis

Cells were cultured in 96-well plates (1,000 cells in 100
uL of culture medium/well). After 24 hours, 10 uL of MTT
(0.5 mg/mL) was added, and the cells were incubated for 4
hours. Then, the medium was discarded, and the formazan
crystals were solubilized in dimethyl sulfoxide (DMSO;
Sigma-Aldrich Co., St Louis, MO, USA). Absorbance was
measured at 570 nm. Cell viability was normalized similar
to that of the control group. For cell count analysis, 1.2 x 103
cells per well were cultured in 24-well plates in 10% FBS
RPMI 1640 for 24 hours. Then, the cells were digested by
tyrisin and counted using a hemocytometer.

Animal study

Female athymic BALB/c nude mice (5 weeks old) were
purchased from the Laboratory Animal Center of the Third
Military Medical University. The mice were housed in
laminar flow cabinets under specific pathogen-free condi-
tions. The care of laboratory animals was performed in full
compliance with the guide for the care and use of laboratory
animals of the University Committee at the Third Military
Medical University, and the entire protocol was approved by
this committee. Stably transfected SW480 and HT-29 cells
and control cells (5 x 10°) were injected subcutaneously
(s.c.) into nude mice. Each group consisted of 6 animals.
Tumors were allowed to establish for 1 week, and their sizes
were then measured with calipers every 4 days for up to 7
weeks. Tumor volumes were calculated using the formula V =
(width)? x length x 0.5. The number of mice that died and the
dates when they died were recorded to calculate the survival
rate. All manipulations involving live mice were approved
by the Animal Care and Use Committee of Xingiao Hospital
and performed in accordance with the Chinese Guideline of
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Welfare and Ethics for Laboratory Animals. All efforts were
made to minimize suffering.

Statistical analysis

All results are expressed as the mean + SD. The associations
between DJ-1 staining and clinicopathological parameters
were analyzed using the chi-squared test. Differences between
experimental groups were assessed by Student’s z-test or
one-way ANOVA. P < 0.05 was considered statistically
significant. All experiments were repeated three times. Sta-
tistical and study data were analyzed using GraphPad soft-
ware (GraphPad Prism version 6.0 for Windows; GraphPad
Software, Inc., La Jolla, CA, USA).

Results
Expression of DJ-1, PI3K-p I 10c,p-AKT,

and HIF-1a in CRC tissues

The expression and localization of DJ-1, PI3K-p110a., p-AKT,
and HIF-1a were determined by immunohistochemistry in 73
resected CRC tissues. Staining for each protein is shown in a
representative clinical sample in Figure 1. Among the 73 CRC
specimens, DJ-1 and HIF-1c: were highly expressed in 68.49%
(50/73) and 73.97% (54/73), respectively. The localization of
DIJ-1 and HIF-10 was mostly cytoplasmic with some nuclear
staining. Conversely, no or weak staining for these proteins
was detected in the corresponding normal tissues. Strong
p-AKT, expression was more frequently observed in cancer-
ous tissues than in normal tissues. Similarly, PI3K-p110a

expression was higher in tumor tissues than in non-tumor
tissues. Furthermore, the associations between DJ-1 expres-
sion and the clinicopathological features of patients were
investigated (Table 1). High DJ-1 expression was significantly
associated with larger tumor size (P = 0.04). Moreover, late
stage cancer patients exhibited significantly higher levels of
DJ-1. Association analyses showed that there was a significant
association between DJ-1 expression and gender (P =0.029).
However, there was no significant association between DJ-1
expression and patient age or tumor differentiation.

To determine how DJ-1 might be involved in CRC
progression, we investigated the correlations between the
expression of DJ-1 and its possible downstream effectors,
including PI3K and p-AKT. As shown in Table 2, in CRC
tissues, there were significantly positive correlations between
DJ-1 and PI3K-p110a expression (r = 0.546, P < 0.001)
and between DJ-1 and p-AKT expression (» = 0.530, P =
0.001). Moreover, closer observation of immunoreactivity
for DJ-1 and HIF-1o indicated that tumor cells with DJ-1
expression also expressed high levels of HIF-1a (7 = 0.606,
P < 0.001). The above data show that DJ-1 is upregulated
in CRC and suggest that it may regulate HIF-1o in a PI3K/
Akt-dependent manner.

DJ-1 promotes survival of human colon

cells under hypoxic conditions
To investigate whether DJ-1 expression is involved in the
colon cancer cell survival under hypoxic conditions, SW480
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Figure | Expression of DJ-1, HIF-1, p-AKT, and PI3K in CRC and adjacent tissue.

Notes: (A) Immunohistochemical staining of DJ-1, PI3K, p-AKT, and HIF-1o. in CRC and adjacent normal tissues. First row, adjacent normal tissues (N); second row, tumor
tissues (T). Images: 200% magnification. (B) DJ-1 IHC scores of tumors and adjacent normal tissues from 73 paired CRC specimens. (C) HIF-1o. IHC scores of tumors and

adjacent normal tissues from 73 paired CRC specimens. ** P < 0.01.

Abbreviations: CRC, colorectal cancer; HIF- 1, hypoxia-inducible factor-1o; IHC, immunohistochemistry; p-AKT, phospho-Akt; PI3K, phosphatidylinositol 3-kinase.
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Table | Associations of tumor characteristics with DJ-1 expression in colorectal cancer

Tumor characteristics N (%) DJ-1 expression
Low High P

Over all 73 (100) 23 50
Age (years)

<60 33 (45.20) 7 26

>60 40 (55.80) 16 24 0.293
Gender

Male 50 (68.49) 20 30

Female 23 (31.51) 3 20 0.029
Differentiation degree

Well and moderate 47 (64.38) 13 34

Poor 26 (35.62) 10 16 0.432
Tumor size (cm)

<3 28 (38.36) 13 15

>3 45 (61.64) 10 35 0.040
Stage

-l 44 (60.28) 18 26

-1V 29 (29.72) 4 24 0.020

Notes: All data were analyzed by using chi-squared test. P < 0.05 was considered to be significant.

Table 2 Associations of HIF-10, PI3K, and p-AKT expression with DJ-1 expression in colorectal cancer

Gene n (%) DJ-1 expression

Low High P
HIF-10. expression
Low 19 (26.03) 15 4 r=0.606
High 54 (73.97) 8 46 0.000
PI3K expression
Low 21 (28.77) 15 6 r=0.546
High 52 (71.23 8 44 0.000
p-AKT expression
Low 24 (32.88) 16 8 r=0.530
High 49 (67.12) 7 42 0.001

Notes: All data were analyzed by using chi-squared test. P < 0.05 was considered to be significant.
Abbreviations: HIF- 10, hypoxia-inducible factor-1o; p-AKT, phospho-Akt; PI3K, phosphatidylinositol 3-kinase.

and HT-29 cells with stable DJ-1 overexpression or knock-
down were established (Figure S1), and flow cytometry was
performed to detect apoptosis after hypoxia (2% O,, 12
hours) was induced. As shown in Figure 2A, D, apoptosis in
SW480 (15.2 £2.5) and HT-29 (14.9 £ 2.1) cells with DJ-1
knockdown was double that observed in control SW480 and
HT-29 cells, respectively. Furthermore, DJ-1 overexpression
significantly inhibited apoptosis in SW480 (1.11 + 0.4) and
HT-29 (2.38 = 1.1) cells. An MTT analysis and cell counts
showed that DJ-1 knockdown decreased cell viability (Fig-
ure 2B, E) and cell proliferation (Figure 2C, F) in SW480
and HT-29 cells. These results indicate that overexpressing

DJ-1 may promote colon cancer cell survival under hypoxic
conditions.

DJ-1 promotes HIF-1 0 expression
through a PI3K/Akt-dependent

mechanism

Because DJ-1 expression was positively correlated with
HIF-1o expression in CRC tissues, we next evaluated
HIF-1o. expression in SW480/HT-29-DJ-1"- and SW480/
HT-29-DJ-1*" cells under both normoxia (21% O,) and
hypoxia (2% O,, 12 hours). The mRNA levels of HIF-1a
were measured by q-PCR. As shown in Figure 3A, D, in
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Figure 2 DJ-1 knockdown induced cell apoptosis in colon cancer cells.
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Notes: DJ-1 stable overexpression and knockdown SW480/HT-29 cells were established and cultured in hypoxia (2% O,, 12 hours). Western blot was used to detect the
DJ-1 protein level during hypoxia. (A, D) Apoptosis analysis, (B, E) MTT, and (C, F) cell count experiments were used to analyze the apoptosis, viability, and proliferation
of SW480/HT-29-DJ- 1+, SW480/HT-29-DJ-1" and parental SW480/HT-29 cells. Data shown are the mean fold induction + SD. *P < 0.05. The experiments were repeated

three times.
Abbreviation: ns, no significant statistical difference.

the normoxia-treated cells, there was a relatively small or
negligible difference in HIF-1ao mRNA levels between the
cells. Furthermore, there was no significant difference in
HIF-1oo mRNA levels between the cells incubated under
hypoxic conditions. However, the protein level of HIF-1a
in the cytoplasm and nucleus was significantly lower in the
DJ-1-knockdown cells than in the control cells under all
tested conditions (Figure 3B, E). In our previous studies, we
found dramatically increased HIF-1o. protein expression in
cells incubated under hypoxic conditions for 12 hours. There-
fore, these hypoxic conditions were chosen for subsequent
experiments. !’

To investigate whether the PI3K pathway activity is
associated with the changes in HIF-1a expression induced
by DJ-1, we exposed SW480/HT-29-DJ-17-, SW480/
HT-29-DJ-1**, and control cells to the PI3K inhibitors
LY294002 (10 uM) and wortmannin (100 nM). At 12 hours
after the PI3K inhibitors were added, HIF-1a protein levels
were assessed by Western blotting. As shown in Figure 3C,
F, in SW480/HT-29-DJ-17- and control cells treated with
LY294002 or wortmannin, HIF-1o expression was almost

completely blocked, whereas both inhibitors had a diminished
effect on HIF-1ow expression in the SW480/HT-29-DJ-1**
group. AKT resides between PI3K and HIF-10 in this signal-
ing pathway. A modest degree of AKT phosphorylation was
detected in control cells, and this amount was decreased in
response to DJ-1 deficiency. The extent of AKT phosphoryla-
tion was greater in SW480/HT-29-DJ-1** cells than in control
cells and was blocked by PI3K inhibitors. Total AKT protein
levels were not affected by DJ-1, LY294002, or wortman-
nin. Taken together, these results suggest that the PI3K/Akt
signal transduction pathway is required for the DJ-1-induced
expression of HIF-1o in CRC cells.

DJ-1 is essential for HIF-10. target gene
expression

To investigate the mechanism by which HIF-1a tran-
scriptional activity is regulated by DJ-1, we detected
HIF-1o. downstream target genes. We subjected SW480/
HT-29-DJ-1"-, SW480/HT-29-DJ-1**, and control cells to
hypoxia for 12 hours and then assayed VEGFE, BNIP3, and
PAI-1 mRNA expression using q-PCR. As shown in Figure
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Figure 3 Effects of D)-| knockdown and overexpression on HIF-10. expression and AKT phosphorylation.

Notes: Parental SW480/HT-29, SW480/HT-29-DJ-17", and SW480/HT-29-DJ-1** cells in six-well plates were cultured under either normoxic (21% O,) or hypoxic (2%
O,, 12 hours) conditions. mRNA levels of HIF-1o. were determined by RT-PCR. Protein levels of DJ-1, HIF-1a, AKT, and p-AKT were determined by Western blot. (A,
D) The mRNA expression levels of HIF-1a. in parental SW480/HT-29, SW480/HT-29-DJ- 17, and SW480/HT-29-DJ-1** cells. Data shown are the mean fold induction +
SD of mRNA compared to base expression as determined using control SW480/HT-29 cells. (B, E) The protein levels of C-HIF-1a: (cytoplasm) and N-HIF-lo (nucleus) in
parental SW480, SW480/HT-29-DJ-17-, and SW480/HT-29-DJ-1** cells. (C, F) Parental SW480/HT-29, SW480/HT-29-DJ-17-, and SW480/HT-29-DJ-1*"cells were treated
separately with the PI3K inhibitor LY294002 (10 pM) or wortmannin (100 nM) in hypoxic condition, and cells were collected and analyzed by immunoblotting after 12 hours.
The experiments were repeated three times.

Abbreviations: HIF-1o, hypoxia-inducible factor-10; p-AKT, phospho-AKT; PI3K, phosphatidylinositol 3-kinase; ns, no significant statistical difference; RT-PCR, reverse
transcription-PCR; PCNA, proliferating cell nuclear antigen.

4A, B, the mRNA expression levels of VEGF, BNIP3, and  that DJ-1 could be associated with CRC cell resistance to

PAI-1 were significantly higher in SW480/HT-29-DJ-1*"*
cells than in control cells. DJ-1 knockdown significantly
reduced the mRNA expression levels of HIF-1a target genes
by an average of 4.7-fold in SW480 cells and 4.5-fold in
HT-29 cells. Similar reductions were observed for the PAI-1
mRNA and the protein levels of all three factors. These data,
in combination with those shown in Figure 2, demonstrate

hypoxic stress.

DJ-1 promotes in vivo colon cancer
growth

A xenograft study was established by injecting nude mice
with SW480 and HT-29 cells. Xenograft tumor growth was
studied using a tumor growth curve. From this growth curve,
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Figure 4 Effects of D)-1 knockdown and overexpression on HIF-l o target gene expression.

Notes: (A) Parental SW480, SW480-DJ-1-, and SW480-DJ- 17+ cells or (B) parental HT-29, HT29-DJ- 17, and HT-29-DJ- I** cells were cultured for 12 hours under 2% O,,
and the transcription levels of the target genes VEGF, BNIP3, and PAI-| were determined by quantitative real-time RT-PCR analysis. Data shown are the mean fold induction
+ SD of mRNA compared to base expression, as determined using control SW480 cells under hypoxia. Protein levels of the target genes were determined by Western blot.
Data shown are the mean fold induction = SD of mMRNA compared to base expression determined using WT. **P < 0.01, and ***P < 0.001. Results shown are representative

of at least three independent experiments.
Abbreviations: BNIP3, Bcl-2 adenovirus Ela nineteen kilodalton interacting protein

3; HIF- 1o, hypoxia-inducible factor-lo; PAI- 1, plasminogen activator inhibitor type-1;

VEGF, vascular endothelial growth factor; RT-PCR, reverse transcription-PCR; WT, wild type cells.

we found that the tumor volume was much higher in the
DJ-1 overexpression group (1,111.14 £ 283.78 mm?®) than
in the DJ-1 knockdown (256.67 + 67.83 mm?®) and control
(599.68 £ 108.09 mm?) groups of SW480 cells (Figure 5A).
Moreover, in HT-29 cells, the tumor volume was larger in
the DJ-1 overexpression group (1,033.33 £ 162.58 mm?) than

in the DJ-1 knockdown (306.67 + 72.33 mm?) and control
(616.67 £ 52.14 mm?) groups (Figure 5D). An analysis of
survival ratios showed that DJ-1 overexpression or knock-
down was associated with tumor volume (Figure 5B, E).
Furthermore, the tumor doubling times in the SW480 and
HT-29 cells in the DJ-1 overexpression group were 4 days
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Figure 5 Effects of DJ-1 knockdown and overexpression on tumor growth and mouse death.

Notes: The stably transfected (A) SW480 and (D) HT-29 cells and control cells (5 X 10¢) were injected s.c. into nude mice. Tumors were allowed to establish for | week,
and then sizes were measured with calipers every 4 days for up to 7 weeks. (B, E) Survival curves of mice. Data were analyzed by the log-rank test. (C, F) Tumor doubling
time. Data are presented as the mean + SD (*P < 0.05). The experiments were repeated three times.

Abbreviations: s.c., subcutaneous; ns, no significant statistical difference.

and 4.75 days, respectively (Figure 5C, F). Interestingly,
there was no difference in xenograft tumor growth between
the DJ-1 overexpression group and the control group at an
early stage, such as at 15 days (P > 0.05).

Discussion

In this study, we show that DJ-1 regulates HIF-1o and
promotes cell survival via the PI3K/AKT pathway. The
Parkinson’s disease-associated protein DJ-1 was recently
reported to participate in different intracellular signaling
pathways to protect cancer cells from apoptotic stimuli.
DIJ-1 is overexpressed in various malignant tissues, includ-
ing breast, lung, ovary, and esophageal carcinomas.'®"8
DJ-1 is also a prognostic factor that predicts poor outcomes
in cancer patients.'** However, the DJ-1 expression status
in CRC had not been previously reported. In this study, we
analyzed DJ-1 protein expression in primary CRC samples.
We found that DJ-1 was expressed in 50 of 73 (68.5%) CRC
specimens. Nuclear DJ-1 expression was strong in tumor cells
but relatively lower in normal epithelial cells. Several lines
of evidence suggest that DJ-1 plays diverse roles in various
subcellular compartments. For instance, DJ-1 plays important
roles in the antioxidative functions of mitochondria,?'??> and
nuclear DJ-1 might interact with other transcription cofac-

tors to modify their transcriptional activity.”® In addition, a
high level of DJ-1 was closely associated with tumor size
and a higher clinical stage, suggesting that DJ-1 might play
a role in accelerating CRC progression. The present results
support the previous conclusion that high levels of DJ-1 are
correlated with more aggressive clinical behaviors in some
neoplasms.?*%

DJ-1 upregulation in response to oxidative insult is
considered important for neuroprotection. The absence of
this response leads to dopaminergic neuron degeneration
in Parkinson’s disease.?® A potential mechanism underlying
this effect might involve the ability of DJ-1 to inhibit HIF-1o
degradation in hypoxia.?’ Recently, the expression of DJ-1
in cancer cells was experimentally demonstrated to protect
the cells from hypoxia-induced apoptosis.?® This protection
might be particularly important for carcinogenesis and cancer
cell survival. Thus, we focused on HIF-1c., a major regula-
tor of angiogenesis, carcinogenesis, and various processes
used by cells to adapt to hypoxic conditions.? We found that
HIF-10 was expressed in 54 of 73 (74.0%) CRC specimens.
Moreover, we show that DJ-1 expression is positively cor-
related with HIF-1a expression in CRC specimens. These
results indicate that there may be an interaction between DJ-1
and HIF-1a in tumor cells. Recent studies have shown that
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HIF-10. protein stability and activation are also influenced by
oxygen-independent mechanisms involving growth factors,
tumor suppressors, and deregulated oncogenes. It is worth
noting that the increased stability of the HIF-1a protein is
regulated in part by the PI3K/AKT pathway.* In this study,
we found that PI3K was expressed at high levels in tumor
tissues and that a high level of AKT phosphorylation was
closely associated with an increase in the expression of
DIJ-1. Consistent with these results, recent studies have
shown that DJ-1 acts as a PTEN antagonist and may promote
oncogenesis by activating the PI3K/AKT pathway.'*! These
data strongly support the notion that DJ-1 plays a role in
regulating the expression of HIF-1o in CRC cells via the
PI3K/AKT pathway.

Given these links between PI3K/AKT and HIF-1o and
our observation that DJ-1 may influence PI3K/AKT pathway
activity, we sought to confirm that the DJ-1-induced effects
on the PI3K/AKT pathway play a critical role in HIF-1a
expression and/or stability in vitro. Thus, we used shRNA
to generate DJ-1-knockdown SW480/HT-29 cells (SW480/
HT-29-DJ-17), and we then used the EF-1a/GFP/Puro/Amp
lentivirus vector to generate DJ-1-overexpressing SW480/
HT-29 cells (SW480/HT-29-DJ-1**). Western blot analysis
showed that HIF-10 and p-AKT levels were higher in SW480/
HT-29-DJ-17* cells than in SW480/HT29-DJ-1--and SW480
cells. Interestingly, the HIF-1c. mRNA level was unchanged
in each group, suggesting that DJ-1 overexpression post-
transcriptionally upregulates HIF-1o expression. HIF-1o
subunits are regulated primarily at the level of protein stabi-
lization/degradation. Vasseur et al?® previously demonstrated
that DJ-1 affected HIF-1o protein levels in two different
cell types (U20S cells and transformed mouse embryonic
fibroblasts [MEFs]). To further explore the functional role
of the PI3K/Akt signaling cascade in DJ-1-induced HIF-1o
expression in SW480 cells, we exposed cells to LY294002
or wortmannin, inhibitors of PI3K, and found that both
PI3K inhibitors nearly completely blocked DJ-1-induced
AKT phosphorylation. However, HIF-1o expression was
partially preserved after treatment with PI3K inhibitors. The
present results are consistent with in vivo data showing that
the PI3K/Akt pathway-mediated regulation of HIF-1a is at
least partly dependent on DJ-1. Thus, we speculate that the
oncogenic properties of DJ-1 are likely due to its influence
on the PI3K/Akt/HIF-1a cell survival pathway. Moreover,
it was previously reported that DJ-1 negatively regulates the
Von Hippel Lindau (VHL) ubiquitination activity of HIF-1o
by inhibiting the HIF-VHL interaction, whereas the loss of
DJ-1 decreased HIF-1a levels in both hypoxia and oxida-

tive stress models.* In contrast, a recent report showed that
under normoxic conditions, neuroblastoma cells lacking
DJ-1 expression generated hypoxia and ROS that helped to
stabilize HIF-10.%* Therefore, future studies should determine
whether the absence of DJ-1 exerts different effects depend-
ing on the cell types and experimental systems used.

HIF-1o0 mediates the adaptive response to hypoxia via
several classical target genes that are involved in angiogen-
esis (VEGF), apoptosis (BNIP3), and metastasis (PAI-1).34%
Because HIF-1o transactivates genes that are known to be
affected by Akt, we assumed that DJ-1 may modulate some
of these genes. Interestingly, all of the HIF-1o. target genes
examined in this study were expressed in a DJ-1-dependent
manner. Although oxygen-responsive changes include the
upregulation of all of these factors,* it is clear that HIF-1cat
is also activated by DJ-1 under non-hypoxic conditions.
VEGF and PAI-1 are markers of prognostic relevance and
predictors of early recurrence after curative resection of colon
cancer.””*® BNIP3, a BH3-containing protein, is a member
of the Bcl-2 family of cell death-regulating factors. BNIP3
activates caspase-independent necrosis-like cell death by
opening mitochondrial permeability transition pores and
may be involved in the pathway that mediates hypoxia-
induced necrotic cell death in cancer.* Therefore, to examine
whether DJ-1-induced HIF-1a is required for cell survival,
we assessed hypoxia-induced apoptosis in these SW480 and
HT-29 cell lines. We found that the rate of apoptosis was
lower in SW480/HT-29-DJ-1** cells than in SW480/HT-
29-DJ-17-and control cells. On the basis of above findings,
we suggest that DJ-1-induced HIF-1a activation regulates
many pathways that are advantageous to tumor survival.
However, our results also suggest that activating HIF-1o
during cancer evolution also co-selects pathways, such as
BNIP3, that can exert potential antitumor effects.

Finally, we examined whether DJ-1 promotes the growth
of established tumor xenografts in nude mice. In this study, we
observed that while DJ-1-knockdown CRC cells did initially
grow, their growth slowed significantly after they attained a
certain size, with some tumors even regressing during the
latter days of the experiments. As a tumor grows larger, its
central core is subjected to hypoxia, and HIF-1o expression
is increased in these areas to promote angiogenesis, growth,
survival, and metastasis and to regulate anaerobic glucose
metabolism. Thus, our results indicate that HIF-10, expres-
sion is induced by DJ-1 and that DJ-1 enhances hypoxic gene
expression to promote tumor growth. As shown in Figure 5,
tumor growth was significantly slower after 28 days in the
DJ-1-knockdown group than in the DJ-1 overexpression and
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control groups. However, a longer tumor growth period did
not improve the clinical relevance of DJ-1 or animal welfare.
Thus, only general conclusions can be drawn from the experi-
ments that terminated after 30 days.

In conclusion, this study is the first to document DJ-1
expression in CRC and show that in vivo, DJ-1 is co-
expressed with its downstream gene, HIF-1o.. Our investi-
gation provides a comprehensive profile of the role of DJ-1
in CRC growth and suggests that the oncogenic properties
of DJ-1 are dependent on the unique activation of HIF-1o
and its subsequent transcriptional activity. Because most
cancer cells lose the ability to undergo hypoxia-induced cell
death, our results indicate that the pathological upregulation
of DJ-1 observed in CRC cells is involved in maintaining
tumor cell survival.

Conclusion

Our findings are the first to show that DJ-1 is overexpressed
in CRC. We suggest a model in which DJ-1 mediates CRC
cell survival by regulating the PI3K/AKT-HIF-1a pathway.
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Figure S| Establishment of DJ-| stable overexpression and knockdown colon cancer cells.

Notes: (A, B) DJ-I mRNA levels and corresponding protein immunoblots in parental SW480/HT-29, SW480/HT-29 NC-shRNA, and SW480/HT-29 DJ-1-shRNA (SW480/
HT-29-DJ-1") cells. (C, D) DJ-I mRNA levels and corresponding protein immunoblots in parental SW480/HT-29, SW480/HT-29 vector (NC), and SW480/HT-29 DJ-1-
overexpression (SW480/HT-29-DJ-1*") cells. The results are expressed as the ratio of the number of copies of the gene of interest to the number of copies of the B-actin
gene. The results shown are representative of three experiments. **P<0.01,%*P<0.001.

Abbreviation: NC, negative control.
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