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Reduced succinate dehydrogenase B expression is associated
with growth and de-differentiation of colorectal cancer cells
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Abstract Succinate dehydrogenases (SDH), including
SDHA, SDHB, SDHC, and SDHD, form the respiratory
complex II in the mitochondria and play an important role
in cell growth and homeostasis. In order to evaluate the
expression and functional significance of SDH in colorectal
cancer, the expression of four SDH subunits was analyzed,
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and SDHB protein was found to be significantly lower in
colorectal cancer tissues. In vitro experiments including cell
growth assay, colony formation assay, cell cycle analysis,
and nude mouse xenograft of SDHB-transfected colorectal
cancer cell line SW620 were performed. Notably, reduced
SDHB expression in tumor tissues was associated with
tumor de-differentiation, and restoration of SDHB could
inhibit the growth of cancer cells both in vitro and in vivo.
Furthermore, cDNA microarray of SDHB-transfected cell
line showed that most of the differentially expressed genes
are related to cell cycle control and cell proliferation. Thus,
we conclude that SDHB expression is significantly de-
creased in human colorectal cancer tissues, and reconstitu-
tion of SDHB in colorectal cancer may be a potential
therapeutic approach to inhibit aggressiveness of colorectal
cancer.

Keywords Succinate dehydrogenase B - Colorectal cancer -
Differentiation - Cell proliferation

Introduction

Colorectal cancer (CRC) is the third most prevalent cancer in
the world, accounting for approximately 1.2 million new cases
and more than 600,000 cancer-related deaths each year world-
wide [1]. This disease begins with adenomatous polyp, further
advances to adenoma with high-grade dysplasia, and finally
progresses to an invasive cancer. The behavior of CRC can be
established as a progressively proliferating and invasive mod-
el of a group of uncontrolled cells which interacted at both
genetic and environmental level [2]. At the molecular level,
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carcinogenesis is a multistep process featuring the accumula-
tion of several genetic alterations, including the activation of
oncogenes and the inactivation of tumor suppressor genes
(TSG) [3]. The loss or inactivation of TSG plays an important
role in the development and progression of CRC [4]. Previ-
ously, we sought to uncover the proteomic changes that took
place during the formation and progression of CRC. Our
proteomics data indicated a different group of proteins
expressed dynamically through the course of cancer progres-
sion which implicate their oncogenic and/or tumor suppressor
role in CRC tumorigenesis. Among these proteins, we found
the four nuclear-encoded genes: succinate dehydrogenases
(SDH) as a putative tumor suppressor candidate for further
functional investigation [5].

SDH is a heterotetrameric protein which consists of A, B,
C, and D subunits, localized on the inner mitochondrial
membrane which catalyze the oxidative dehydrogenation
of succinate and, as part of complex II of the electron
transport chain, couple this to the reduction of ubiquinone
(succinate—ubiquinone oxidoreductase) [6]. When succinate
is oxidized to fumarate, two hydrogen atoms are removed
from succinate and transferred to FAD, reducing it to
FADH2 on the A subunit of SDH (SDHA). Electrons from
FADH?2 are sequentially transferred through three iron—sul-
fur centers in SDHB to the ubiquinone site associated with
SDHC and SDHD, embedded in the mitochondrial inner
membrane. Studies showed SDH plays a critical role in
cellular energy metabolism through its dual function in the
Krebs cycle and the respiratory chain [7-9], and many re-
ports indicated that the genetic defects in SDH are associat-
ed with a diverse collection of diseases, including familial
head and neck paragangliomas (PGL), pheochromocytoma,
gastrointestinal stromal cell tumor (GIST), and renal cancer
[10-14]. Although the mechanisms by which disruption of
SDH leads to neoplasia are largely unknown, evidence has
shown that activation of the hypoxia-response pathway is a
common theme underlying SDH loss of function [15-18].

To date, little is known about the role of SDH in CRC
tumorigenesis or how it regulates malignant behavior of tumor
cells. Thus, in this study, we designed experiments to investi-
gate the potential SDH tumor suppressor functions in CRC
based on the unique background of this gene and our previous
proteomics findings. We first assessed expression of these four
subunit proteins of SDH in CRC tissue microarray (TMA)
using immunohistochemistry and found that only SDHB pro-
tein was significantly lower in CRC tissues. After that, we
stably expressed SDHB protein in human colon cancer cells to
determine the effects of SDHB expression on tumor cell
growth and tumorigenesis. Moreover, differential expression
of genes induced by ectopic SDHB expression in cancer cells
was screened by microarray analysis. These data could help us
to understand the role of SDHB in CRC progression and
future control of CRC in the clinic.
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Materials and methods
Tissue microarray

A TMA containing 103 cases of CRC tissue specimens with a
total of 336 spots was applied in this study [19]. In brief, the
336 tissue spots included 103 cases of paired CRC and mu-
cosa specimens adjacent to the primary tumor (0.5 and 1.0 cm
away from the primary tumor), 103 distant normal mucosa
(more than 10 cm away from the primary tumor), and 27 cases
of lymph node metastatic tumor tissues. Forty patients were
older than 60 years and 63 younger than 60 years. Forty-two
cases were well differentiated, 46 were moderately differenti-
ated, and 15 were poorly differentiated. Of these patients, 3
were stage I, 45 were stage 11, 30 were stage III, and 25 were
stage 1V, according to the clinical TNM stage revised by the
International Union Against Cancer in 2003. Fifty-five pa-
tients had lymph node metastasis, and 48 had no lymph node
metastasis, whereas 25 cases had distant metastasis. Commer-
cially available TMA sections containing 32 cases of poorly
differentiated colon cancer tissue specimens (Shanghai Outdo
Biotech Co., Ltd, China) were also included in this study. Of
the 32 cases, 2 were female and 30 were male patients, with 11
younger than 60 years old. Informed consent was obtained
from each patient. This study was approved by the Institution-
al Review Board of the Third Xiangya Hospital, Central South
University.

Immunohistochemistry

The TMA sections were first heated at 60 °C for 30 min,
deparaffinized in xylene twice for 10 min each, and rehydrated
with a graded series of ethanol. The sections were then
subjected to antigen retrieval in citrate buffer (10 mM, pH
6.0) in a microwave oven for 20 min and incubated in 3 %
H,0, for 30 min to block potential activity of endogenous
peroxidase. After washing in phosphate-buffered saline
(PBS), the sections were incubated in normal goat serum
(Zhongsha, Beijing, China) for 30 min to minimize
nonspecific staining and incubated with a primary antibody
overnight at 4 °C. The sections were incubated with a mono-
clonal anti-SDHA (1:20,000; Abcam, Hong Kong, China), an
anti-SDHB (1:8,000; Abcam), an anti-SDHC (1:100; Santa
Cruz, Heidelberg, Germany), or an anti-SDHD (1:2,000;
Abcam) antibody. After washing with PBS, the sections were
further incubated with a secondary antibody (Zhongsha, Bei-
jing, China) for 30 min. The immunochemical reaction was
visualized by diaminobenzidine (Zhongsha, Beijing, China)
and hematoxylin counterstaining (Maixin, Fuzhou, China).
The sections were dehydrated following a standard procedure
and sealed with coverslips. Known positive sections served as
the positive control. Sections incubated with PBS instead of
the primary antibody were used as negative controls.
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The stained TMA sections were reviewed under a micro-
scope and scored by two pathologists independently
according to the intensity of the immune-positivity and the
number of cells stained. Immuno-staining intensity was scored
as follows: 0, negative; 1, weak; 2, intermediate; and 3, strong.
The number of cells stained was scored as follows: 0, <5 % of
tumor cells stained positively; 1, 5-25 %; 2, 26-50 %; 3, 51—
75 %; and 4, >75 %. After that, these two scores were added
together to form a final score of each case: negative (0 score)
and positive (1-7 scores) [0, negative (0 score); 1, weak
positive (1-2 scores); 2, intermediate positive (3—5 scores);
and 3, strong positive (67 scores)].

Cell lines and culture

Human colon cancer HT-29 and SW620 cell lines were
provided by the Cancer Research Institute of the Central
South University (Hunan, China) and cultured in RPMI
1640 medium containing 10 % fetal bovine serum at
37 °C in a humidified incubator with 5 % CO,.

Protein extraction and Western blot

Total cellular protein was extracted from cultured cells using a
lysis buffer containing 50 mM Tris—HCI, 150 mM NacCl,
0.02 % NaN3, 0.1 % SDS, 0.5 % sodium deoxycholate,
0.1 % EDTA, 1 % NP-40, 5 % glycerol, and a complete
protease inhibitor mixture (Roche, Rotkreuz, Switzerland). Af-
ter centrifugation, the supernatant was collected and analyzed
for protein concentration using the BCA Protein Assay Kit
(Pierce, Rockford, USA). Equal protein samples (50 p1g) were
loaded onto SDS-PAGE gels and then transferred onto PVDF
membranes, which were blocked with 5 % fat-free milk/0.1 %
Tween-20 in PBS for 1 h at room temperature. Membranes
were then incubated with primary antibodies at 4 °C overnight.
In the next day, the membranes were washed three times with
PBS containing 0.1 % Tween-20 and then incubated with a
horseradish peroxidase-conjugated secondary antibody (Santa
Cruz Biotechnology). The immunoreactive bands were then
detected by enhanced chemiluminescence (GE healthcare,
Buckinghamshire, UK). The primary antibodies were a mouse
monoclonal anti-SDHB (1:1,000; Abcam), anti-cyclinD1
(1:200; Santa Cruz Biotechnology), or anti-x-tubulin antibody
(1:4,000; Santa Cruz Biotechnology).

Construction of SDHB eukaryotic expression vector and gene
transfection

The open reading frame of human SDHB gene (NM_003000.2)
was amplified by a PCR with HT-29 cDNA as template. The
primers used were 5-TAAGATATCATGGCGGCGGT-
GGTCGCC-3' and 5'-GCCGGATCCTTAAACTGAAGC-
TTTCTT-3'. PCR conditions were 95 °C for 5 min and

30 cycles of 95 °C for 30 s, 56 °C for 30 s, and 72 °C for
2 min. After that, the PCR fragment was purified and ligated into
EcoR Vand BamH I-digested pIRESneo3 vectors (Clontech, San
Diego, CA, USA). After amplification and sequence confirma-
tion, this vector was named pIRESneo3-SDHB for gene trans-
fection. The Escherichia coli-competent cells were obtained
from Takara (Dalian, China).

For gene transfection, CRC cells were grown and transfected
with 3 pg pIRESneo3-SDHB using Lipofectamine™ 2000
(Invitrogen, Carlsbad, CA, USA) following the manufacturer’s
protocol. Twenty-four hours after transfection, cells were pas-
saged at 1:3 into new dishes with fresh growth medium. G418
(400 pg/ml, Invitrogen) was added to the growth medium the
following day. After 6 weeks of selection, stably transfected
cells were obtained and maintained in RPMI 1640 containing
400 pg/ml G418. Cells transfected with the empty pIRESneo3
vector served as the control.

Cell growth assay

Cell growth rate was determined by using direct cell counting.
Specifically, the stably SDHB-transfected CRC cells were
seeded in 24-well plates in triplicate at a density of 1x10*
cells/well and grown overnight. Cells were harvested at in-
tervals of 24 h for up to 7 days for cell counting. The number
of cells in each well was determined by harvesting the cells
with trypsin and counting cells in an aliquot using a Z1
Particle Counter (Beckman-Coulter, Fullerton, CA, USA).

Colony formation assay

The anchorage-dependent growth of tumor cells was inves-
tigated using the monolayer colony formation assay [20].
Briefly, SW620 cells were seeded at a density of 1,000 cells
per well in a six-well plate and maintained at 37 °C in a
sterile 5 % CO, incubator. Colonies were counted under a
microscope at 14 days after being fixed with methanol and
being stained with 5 % Giemsa (Sigma-Aldrich). Only those
colonies containing at least 50 cells were considered to be
viable survivors. Each assay was performed in triplicate.

Cell cycle analysis

Cell cycle distribution was assessed using a Cell Cycle
Analysis Kit from Beyotime Institute of Biotechnology
(Haimen, China) following the manufacturer’s instructions.
In brief, cells were collected and fixed in 70 % ice-cold
ethanol overnight. In the next day, the cells were stained
with propidium iodide working solution (25 ul propidium
iodide stock solution and 10 pl RNase A into 0.5 ml buffer
solution) for 30 min in the dark at 37 °C and then analyzed
by flow cytometry (Beckman). The cell cycle distribution
was calculated from the resultant DNA histogram using
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Multicycle AV software (Phoenix Flow System, San Diego,
CA, USA).

Immunocytochemistry

Cells were trypsinized and plated onto coverslips and grown
for 24 h. After that, cells were fixed in 95 % ethanol for
20 min, rinsed in PBS, and then incubated with 0.5 % Triton
X-100 for 20 min and in 3 % hydrogen peroxide for 15 min.
The cells were incubated with normal goat serum for 30 min
in room temperature and then with an anti-PCNA antibody
(Cell Signaling Technology, Danvers, MA, USA) in a humid-
ified chamber at 4 °C overnight. In the next day, the cells were
washed with PBS three times and incubated with a secondary
antibody for 20 min at 37 °C. After washing in PBS, the color
reaction was performed with a diaminobenzidine solution.

Nude mouse xenograft assay

Twenty 4- to 6-week-old male Balb/c athymic nude mice,
bred in specific pathogen-free conditions, were purchased

Fig. 1 Expression of SDHA, a
SDHB, SDHC, and SDHD
proteins in normal colorectal
mucosa, adjacent normal
mucosa, and colorectal cancer
tissues. a Immunohistochemical
detection of SDHA, SDHC, and
SDHD proteins. b
Immunohistochemical detection
of SDHB protein in normal
colorectal mucosa (a), adjacent
normal mucosa (), well
differentiated colorectal cancer
(c), moderately differentiated
colorectal cancer (d), poorly
differentiated colorectal cancer
(e), and moderately
differentiated colorectal cancer
with infiltrating lymphocytes
tissues (f) (magnification, x400)
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from the Laboratory Animal Unit at the Central South
University (Changsha, China) and housed in our animal
facility. The mice were then randomly divided into two
groups. Stable transfected CRC cells with vector only or
SDHB c¢DNA vector (2x10°) in 0.2 ml volume of RMPI
1640 were injected subcutaneously into the left flank of the
mice. Tumor formation and growth were monitored. Tumor
volume was measured and calculated by the formula: tumor
volume=0.5 xlength x width”. At the end of the experiment,
the tumors were excised and the tumor weight was mea-
sured. The animal experiment protocol was approved by the
ethics committee of Third Xiangya Hospital, Central South
University.

cDNA microarray

Total RNA was extracted and purified from SDHB and control
vector-transfected cells, and then subjected to Illumina Human
HT-12 v4 Expression BeadChip (Illumina, San Diego, CA,
USA) analysis. Briefly, RNA was converted into biotin-labeled
cRNA, which was used as probes for hybridization in the

Ad. Normal - Tumor
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c¢DNA microarray. The data were scanned by Beadarray Read-
er (Illumina). The array intensity data were analyzed using the
[llumina GenomeStudio Gene Expression Module (v1.1.1) for
visualization and normalization. The average normalization
method was applied, and average background correction was
performed using Beadstudio software. Analysis of differential
gene expression was performed using GeneSpring GX 11
(Agilent Technologies, Santa Clara, CA, USA). Differentially
expressed genes with a fold change >2 or <0.5 and a p<0.01
were included in further analyses. Functional profiling of gene
lists was performed using DAVID as described [21]. All pro-
cedures were carried out by Beijing Emei Tongde Technology
Development Co. Ltd (Beijing, China).

Reverse transcription PCR and real-time PCR

Total RNA was isolated from cultured cells using a Trizol
reagent (Invitrogen) and treated with DNase (Takara, Da-
lian, China) to eliminate contaminated DNA in the samples.
One microgram of total RNA sample was then reversely
transcribed into cDNA with oligo(dT) as primers using the
cDNA synthesis kit (Promega, Beijing, China). Expression
levels of genes were determined by real-time PCR with a
Bio-Rad CFX Real-Time PCR Detection System using
SYBR® Premix Ex Taq™ (Takara). The genes analyzed were
ARMCX3 (5'-GGCGGAGGGAAAAAGGAAGAGGA-3'
and 5'-TCAAGACAAGCAGTTCGCCCCT-3"), ETSI1 (5'-
TGTTCGGGACTGGGTGATGTGG-3' and 5'-
AGCGGGATTCTGGATAGGCTGG-3"), CSF2 (5'-
GAACCTGAGTAGAGACACTGCTGC-3" and 5'-

AGGTGATAATCTGGGTTGCACAGGA-3'), PTEN (5'-
TGGGGAAGTAAGGACCAGAGA-3' and 5'-
ACTTGTCTTCCCGTCGTGTG-3"), CUL5 (5'-
ATGCTGAGAGATTGGGAGAAG-3' and 5'-
TACGAGGGTGCTTGTGTTCT-3'), CAV1 (5'-
CAAGGAGGGGCTGTAAAATGGAGG-3' and 5'-
ACTGCCTCCTCCCCCATCTTCTT-3"), C10orf125 (5'-
ACTTGAACTTCCCGGCCTCCT-3" and 5'-
CAGCAAAAGCCTTCTTAGCCCGT-3'), and TPGS1 (5'-
ATCGCCTTCCTGGCTCACTACTTC-3' and 5'-
GGCCACGCTCACGTTGTTGTT-3'). GAPDH was ampli-
fied as an endogenous control.

Statistical analysis

Statistical analysis was carried out using SPSS software
(version 17.0; SPSS Inc, Chicago, IL, USA). Comparisons
of categorical variables were made using the Chi-squared
test. Differences between the mean of two groups were
compared using Student’s ¢ test. A p value <0.05 was
regarded statistically significant.

Results
Protein expression of SDHA, B, C, and D in CRC
We first evaluated the expression of SDHA, SDHB, SDHC,

and SDHD proteins in CRC. All SDH proteins were local-
ized in the cytoplasm of colorectal cells (Fig. 1). Expression

Table 1 Expression of SDHA,

SDHB, SDHC, and SDHD pro- Tissue n Expression level Positive rate (%)  p values®
teins in colorectal tissues
0 1 2 3
SDHA
Colorectal tumor (Ca) 103 8 0 20 75 92.2 vs. An 1.000
Adjacent normal mucosa (An) 103 8 2 68 25 92.2 vs. Dn 0.121
Distant normal mucosa (Dn) 103 3 3 86 11 97.1 vs. Ca 0.121
SDHB
Colorectal tumor (Ca) 135 43 2 52 38 68.1 vs. An 0.000
Adjacent normal mucosa (An) 103 10 5 38 50 90.3 vs. Dn 0.298
Distant normal mucosa (Dn) 103 6 1 25 71 94.2 vs. Ca 0.000
SDHC
Colorectal tumor (Ca) 103 8 0 2 93 92.2 vs. An 0.234
Adjacent normal mucosa (An) 103 4 1 13 85 96.1 vs. Dn 0.733
Distant normal mucosa (Dn) 103 5 0 11 87 95.1 vs. Ca 0.390
SDHD
Colorectal tumor (Ca) 103 12 1 38 52 88.3 vs. An 0.236
Adjacent normal mucosa (An) 103 18 5 56 24 82.5 vs. Dn 0.161
Distant normal mucosa (Dn) 103 11 0 38 54 89.3 vs. Ca 0.825

5 test
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Table 2 Association between

SDHB expression and clinico- Parameter n SDHB expression p values®
pathological features from colo-
rectal cancer patients Negative N (%) Positive N (%)
Age, years
>60 61 17 (27.9 %) 44 (72.1 %) 0.367
<60 74 26 (35.1 %) 48 (64.9 %)
Gender
Male 89 32 (36.0 %) 57 (64.0 %) 0.155
Female 46 11 (23.9 %) 35 (76.1 %)
Differentiation grade b
Well 42 7 (16.7 %) 35 (83.3 %)
Moderately 46 9 (19.6 %) 37 (80.4 %)
Poorly 47 27 (57.4 %) 20 (42.6 %)
TNM stage
I-11 48 10 (20.8 %) 38 (79.2 %) 0.447
m-1v 55 15 (27.3 %) 40 (72.7 %)
Lymph node metastasis
Absent 48 10 (20.8 %) 38 (79.2 %) 0.447
Present 55 15 (27.3 %) 40 (72.7 %)
Distant metastasis
Absent 78 18 (23.1 %) 60 (76.9 %) 0.617
Present 25 7 (28.0 %) 18 (72.0 %)
Tumor size
>5 cm 45 13 (28.9 %) 32 (71.1 %) 0.336
<5 cm 58 12 (20.7 %) 46 (79.3 %)
Tumor location
a 2 Colon 51 12 (23.5 %) 39 (76.5 %) 0.862
X~ test
®Comparison of different differen- Rectum 52 13.@50%) 39 (750 %)
tiation grades: well vs. moderately, ~ Colorectal cancer
x*=0.124, p=0.725; well vs. poor- Primary focus 27 8 (29.6 %) 19 (70.4 %) 0.190
ly, x*=15.624, p<0.01; moderate- Lymph node metastasis focus 27 4 (14.8 %) 23 (85.2 %)

ly vs. poorly, x°=14.061, p<0.01

of SDHB protein was found to be significantly lower in
CRC tissues (92/135 cases, 68.1 %) compared to the adja-
cent normal mucosa (93/103 cases, 90.3 %, p<0.01) or the
distant normal mucosa (97/103 cases, 94.2 %, p<0.01),
whereas no significant difference was found in that of
SDHA, SDHC, or SDHD (Table 1). Therefore, SDHB was
put into further investigation.

Correlation between clinicopathological features and SDHB
expression in CRC

Correlation between clinicopathological parameters and
SDHB expression was analyzed. Only differentiation state
was associated with the expression level of SDHB (poorly
vs. moderately differentiated, p<0.01, or vs. well differen-
tiated, p<0.01). Significantly, the expression of SDHB was
negatively correlated with the differentiation status of CRC
tissues. The poorer the differentiation state of CRC cells, the
lower the expression of SDHB. Expression of SDHB

@ Springer

protein was not associated with age, gender, TNM stage,
lymph node metastasis, distant metastasis, tumor size, or
tumor location (Table 2, p>0.05).

Restoration of SDHB inhibits growth in CRC cells

Encouraged by the result of TMA analysis, we postulated that
SDHB protein might exert a tumor suppressor role in the
regulation of CRC cells. Therefore, we constructed SDHB
expression vector and stably transfected SDHB into colon
cancer cell line SW620, namely SW620-SDHB and SW620-
Vector as negative control, to evaluate its possible tumor
suppressor function of SDHB protein in vitro (Fig. 2a).

Cell growth assay showed that the growth rate of CRC
cells SW620 was significantly reduced after the transfection
of SDHB compared to the vector control cells (Fig. 2b).
Flow cytometry results of the cell cycle distribution showed
that SDHB induced cell cycle arrest at the G1 phase (Fig. 2c,
p<0.05). It is also noticed that the ectopic expression of
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Fig. 2 Restoration of SDHB expression inhibited colorectal cancer
cell growth. a SDHB expression in colon cancer cells SW620
transfected with empty vector (pIRESneo3) and SW620 cells stably
overexpressing SDHB was tested by Western blot. HT-29 cells were

SDHB substantially inhibited tumor cell colony formation
(»<0.01) (Fig. 3a) and downregulated the expression of
PCNA and cyclinD1 (Fig. 3b, c). SW620-Vector cells
showed strongly positive nuclear expression of PCNA (dark
brown yellow), whereas the SW620-SDHB cells showed
only weakly positive nuclear expression (light brown yel-
low, Fig. 3b). Western blot showed that SW620-SDHB cells

a SW620-_Vect0r SWGZO-SDHB

b  SW620-Vector
L ]

SW620-SDHB

'ﬁ'} \

ok

‘s #
L.

oo

Fig. 3 Effect of ectopic SDHB expression on the regulation of tumor cell
colony formation and gene expression. a Control SW620 cells and
SDHB-transfected SW620 cells were used for anchorage-dependent col-
ony formation assay. Assays were performed in triplicate, and the average
numbers of clones from one whole well are shown in the graph, with bars
representing standard deviation. b Immunocytochemistry staining

v

G
74

f'-

G2: 12.45% = 4.23%
S: 48.02% + 4.15%

G2: 16.09% + 1.81%
§:29.95% = 2.03%

used as control, and each sample was tested in duplicate. b Cell growth
curve of SW620 cells transfected with control vector and SDHB
measured by cell count. ¢ Cell cycle analysis of transfected cells by
flow cytometry. SDHB induced colon cancer cell line SW620 G1 arrest

expressed significantly less cyclinD1 than the vector control
cells (Fig. 3c¢).

Effect of SDHB was also evaluated in vivo by SW620-
SDHB and SW620-Vector cell xenograft model of nude mice.
An average of 2x 10° cells were injected subcutaneously into
athymic nude mice and monitored for 7 weeks. Eight out of ten
nude mice injected with SW620-Vector cells and six out of ten

1200+

Colony numbers

SW620-Vector SW620-SDHB

cyclinD1

showed intense positive expression of PCNA in the nuclei in the empty
vector-transfected SW620 cells and weak expression of PCNA in SDHB-
transfected cells (magnification, x200). ¢ The overexpression of SDHB
inhibited the cyclinD1 expression in cytoplasmic extract of SW620 cells
measured by Western blot. *¥p<0.01 compared with the vector-only-
transfected cells

a

@ Springer



2344

Tumor Biol. (2013) 34:2337-2347

nude mice injected with SW620-SDHB cells developed gross-
ly visible tumors. Result showed that average tumor weight of
SW620-SDHB xenografts was significantly less than that of
the vector control xenografts (Fig. 4, p<0.01). Thus, both in
vitro and in vivo experiments confirmed that the restoration of
SDHB may contribute to growth inhibitory effect in CRC and
the possible tumor suppressor role of SDHB protein.

Gene expression profile

Confirmed by the functional results of SDHB restoration, we
further examine the gene expression profile of SW620-SDHB
and SW620-Vector cell line to obtain more possible informa-
tion that may be related to the downstream regulation of
SDHB. ¢cDNA microarray analysis showed a total of 1,653
differentially expressed genes with more than a twofold
change (p<0.01), of which 1,382 gene expressions were
upregulated and 271 gene expressions were downregulated
in SW620-SDHB cells compared with vector control cells.
Gene ontology (GO) and pathway analysis were carried out to
classify these differentially expressed genes into functional
categories. As expected, most of the genes were grouped in
GO with regard to “cell cycle” or “cellular process” (Fig.5a),
which might be the downstream target of SDHB.

a

“e 19907 o Sw620-Vector
E -

£ goof "= SW620-SDHB
E

= 600

g

1y

£ 4001

L]

S 200

il

Z o

14 17 20 23 26 29 32 35 38 41 44
Days after tumor cell injection

Furthermore, microarray data involving those significant dif-
ferentially expressed genes especially involving cell cycle and
cellular process were validated by real-time RT-PCR.
Upregulated genes including ARMCX3, CSF2, ETSI,
CAV1, CULS5, and PTEN, whereas downregulated genes such
as TPGSI1, and C10o0rf125 were all in accordance with the
microarray result (Fig. 5b). For related information, please
refer to attachment file of the manuscript.

Discussion

The tumor suppressor functions of SDH proteins have been
observed in various human malignancies, and SDH proteins
were identified as the first nuclear-encoded mitochondrial
tumor suppressor genes. A series of studies indicated that
the mutations in SDH were associated with tumor formation
including PGLs [11, 12, 22], GIST [10, 23], thyroid cancer
[24], renal tumors, and neuroblastoma [14, 25, 26]. Studies
on biochemical mechanisms of SDH proteins suggested that
loss of SDH functions could cause accumulation of succi-
nate and production of reactive oxygen species (ROS) [27,
28]. The excessive succinate leaves the mitochondria and
can inhibit the activity of different cellular enzymes [such as
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Fig. 4 Effect of SDHB expression in the suppression of nude mouse
xenograft formation and growth. a SDHB-transfected SW620 cells or
control vector-transfected SW620 cells were injected subcutaneously into
nude mice, and the graph shows tumor volume as measured on the

@ Springer

indicated days. b, ¢ Overexpression of SDHB led to a decrease in in vivo
tumor size compared with vector control. d The average weight of tumors
of each group was shown as columns, with bars representing standard
deviation. **p<0.01 compared with the vector-only-transfected cells
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Fig. 5 c¢DNA microarray analysis of SDHB-transfected and control
vector-transfected SW620 cells. a Biological process (BP) of GO
showed most of the differentially expressed genes were enriched in
GO with regard to “cell cycle” or “cellular process.” b Real-time PCR

HIF-« or prolyl hydroxylases] in the cytosol, leading to
unhydroxylated and undegraded HIF-«, and in turn
heterodimerizes with HIF-3 to form an active complex to
induce gene expressions for cell proliferation, survival,
glycolysis and angiogenesis [29, 30]. Furthermore, accumu-
lation of succinate could also induce production of the ROS,
and the latter has a role in tumorigenesis and progression.
Indeed, a number of studies showed that loss of SDH
functions led cells to having oxidative stress, reduced
lifespan in model organisms, genomic instability, and cancer
development [31-36]. Thus, both succinate and ROS could
independently or synergistically induce hypoxic response
under normoxic condition (pseudo-hypoxia), a phenomenon
that has been widely observed in a variety of malignancies.
However, the completely defined mechanisms of SDH de-
ficiency in human tumors remain to be determined, and
there was no extensive functional assay performed in
CRC. In our previous study on CRC, the proteomic profile
of a different stage of CRC was conducted, and we found a
group of proteins were dynamically (followed by TNM
stage series) expressed, including SDH [5]. Specifically,
SDH protein was significantly downregulated during CRC
development and progression, thus leading us to hypothe-
size the possible tumor suppressor role of SDH in this high
incidence gastroenterological disease.

q
>

Ml Vector
[J SDHB

Fold Change

Wl Vector
81 [ SDHB

}— %

Fold Change

confirmation of differentially expressed genes. The upper panel shows
the gene array data, while the lower panel shows the gene expression
levels detected by qRT-PCR. *p<0.05 compared with the vector-only-
transfected cells

In our initial study, we simultaneously screened the expres-
sion of all four different SDH proteins in CRC, adjacent
mucosa, and distant normal colorectal mucosa. Our data
showed that SDHA, SDHC, and SDHD proteins were ubig-
uitously expressed in both tumor and normal colorectal mu-
cosa, whereas only SDHB expression was found to be
significantly reduced in CRC compared to their normal coun-
terpart. Notably, reduced SDHB protein expression was more
frequently observed in young patients and in poorly differen-
tiated CRC than in moderately and well differentiated CRC.
These results imply that SDHB can serve as a potential
colorectal-specific biomarker for aggressiveness phenotype
of CRC, and its reduced expression might be a poor indicator
of clinical outcome of CRC patients.

Focused on the cellular function of SDHB in CRC cells, we
applied the SDHB-cDNA recombinated SW620 cell line to
reconstitute the expression of SDHB. SW620 was derived
from a highly metastatic CRC patient and was initiated by
Leibovitz et al. [37] from a lymph node in the same manner as
was the primary adenocarcinoma from which SW480 was
derived the previous year. Due to the aggressiveness of this
CRC cell line, we carried out all our in vitro and in vivo
experiments in context of SW620-SDHB and SW620-Vector
to validate our previous speculation on SDHB. Apparently,
restoration of SDHB expression would suppress the tumor cell
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growth by a significant extent. Both cell growth and colony
formation assay showed significant difference between
SDHB-transfected and vector control cells. Flow cytometry
data showed overexpressed SDHB would result in an increase
number of cells in the GO/G1 phase of the cell cycle and
reduced S phase population. This indicates the SDHB would
cause G1/S phase arrest which might trigger tumor cell apo-
ptosis or necrosis. When this cellular model was transferred to
the in vivo state of the xenograft of nude mice, the SW620-
SDHB tumor mass greatly decreased in volume, and micro-
scopic examination showed most of the SW620-SDHB tumor
cells were going through necrosis or apoptosis (data not
shown) which was in accordance with our in vitro results.

To understand how SDHB exerts its tumor suppressive
function, we performed microarray analysis to search the
potential targets of SDHB. Array data of SW620-SDHB
showed that restoration of SDHB in CRC would lead to
significant gene expression change by which 1,653 differen-
tially expressed genes with over twofold change. Bioinfor-
matics analysis revealed that restoration of SDHB in CRC
would cause upregulation of genes mainly involved in cellular
process including cell cycle and cell proliferation. For exam-
ple, we have confirmed some of them by qRT-PCR, such as
CULS, CAV1, and PTEN. CULS is involved in a variety of
biological functions, including regulation of cell growth [38],
and lost CULS expression promoted growth and invasion of
human cervical cancer HeLa cell line [39]. CAV1 expression
was also shown to be reduced in human colon cancers and
ectopic expression of CAV1 reduced tumorigenicity of colon
carcinoma cells [40]. Moreover, PTEN is a tumor suppressor
gene to suppress the antiapoptotic and proliferative AKT
(protein kinase B) [41] and mitogen-activated kinase
(MAPK) pathways [42]. PTEN dysfunction was associated
with activation of these gene pathways. Another study showed
that Cowden syndrome/Cowden syndrome-like-related SDH
mutations/variants were able to increase phosphorylation of
AKTand/or MAPK, even in the absence of PTEN dysfunction
[43], indicating the role of SDH in regulation of PTEN ex-
pression or activity. Taken altogether, our current data further
indicated that SDHB plays an important role in suppression of
CRC development and progression.

In conclusion, the data from our current study demonstrat-
ed that the SDHB is a putative CRC-specific tumor suppressor
that mainly exerts the inhibitory effect to CRC growth. Re-
duced expression of SDHB in CRC were associated with poor
differentiation of CRC cells and poor prognosis. Further in-
vestigation concerning the regulation of SDHB and larger
clinical data pointing to this prominent tumor suppressor gene
will be considered in our future investigation.
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