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Background: Mitochondrial dysfunction is common in cancer. UQCRC1 is a nuclear-encoded protein
localized to the inner mitochondrial membrane; however, little is known about it in colorectal cancer
(CRC). The purpose of this study was to investigate the expression pattern and the possible clinical
significance of UQCRC1 in CRC.
Methods: A total of 197 patients with CRC were enrolled in this study. Immunohistochemistry was used
to evaluate the expression pattern of UQCRC1. The relationship between UQCRC1 and clinical charac-
teristics, especially lymph node metastasis, was also assessed. In addition, we evaluated the significance
of UQCRC1 in the prognosis for CRC patients.
Results: UQCRC1 was downregulated in 28.9% (57/197) of human CRCs. Downregulation of UQCRC1 was
correlated with increased lymph node metastasis (p < 0.001) and decreased disease-free survival (DFS)
and overall survival (OS). Multivariate analysis revealed that downregulation of UQCRC1 was an inde-
pendent prognostic factor both for DFS (HR 3.009; 95% CI: 1.613—8.548, P = 0.009) and OS (HR 4.062; 95%
CI: 2.835—8.910, P = 0.001). In addition, downregulation of UQCRC1 was correlated with increased VEGF-
C expression (P =0.002).
Conclusion: UQCRC1 was downregulated in human CRC. Downregulation of UQCRC1 was correlated with
increased lymph node metastasis and finally associated with decreased survival in CRC.
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Introduction

Colorectal cancer (CRC) represents the third leading cause of
cancer death worldwide with 5-year overall survival rates ranging
from 40% to 60% [1,2]. Despite great improvements in curative
resection and adjuvant chemotherapy, the relapse rate remains
high. Approximately 40—50% of patients relapse within the first
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year after initial resection [3]. Furthermore, approximately 50% of
CRC patients will develop liver metastasis during the course of their
disease [4]. The challenges of considerable prognostic heteroge-
neity within each tumor stage need to be faced, as tumors at the
same pathological stage can produce considerably different clinical
outcomes [5]. Therefore, understanding the underlying molecular
mechanisms of CRC malignancy has crucial significance for iden-
tifying potential biomarkers that may serve as new treatment
targets.

Mitochondrial dysfunction is common in cancer, and the mito-
chondrial electron transport chain is often affected in carcinogen-
esis [6]. The ubiquinol-cytochrome c reductase complex, which is
also called mitochondrial complex III, is the third complex in the
mitochondrial electron transport chain and plays a crucial role in
the synthesis of ATP [7]. Complex III is composed of 11 subunits that
form a multisegment transmembrane protein. Among these sub-
units, UQCRC1 is a nuclear-encoded protein localized to the inner
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mitochondrial membrane [8]. Recent studies have suggested that
UQCRC1 is dysregulated in human cancers. For example, UQCRC1
expression increased in osteosarcoma [9] as well as breast and
ovarian tumors [10], but it decreased in ccRCC [11] and gastric
cancer [12], suggesting that UQCRC1 may be involved in carcino-
genesis and that its dysregulation depends on the tumor entity.

The expression pattern and possible clinical significance of
UQCRCT1 expression in colorectal cancer has not been investigated.
Therefore, the purposes of the current study are to examine the
expression of UQCRC1 in surgical specimens of colorectal carci-
noma and to determine the prognostic value of UQCRC1 expression.
We found that UQCRC1 was downregulated in human CRC.
Downregulation of UQCRC1 correlated with increased lymph node
metastasis. Furthermore, UQCRC1 downregulation was an inde-
pendent factor for poor prognosis in CRC.

Materials and methods
Patients and specimens

This study was approved by the Ethics Committee of the Fudan
University Shanghai Cancer Center (Shanghai, China), and written
informed consent was obtained from each participant according to
institutional guidelines.

This study enrolled 197 CRC patients from the Affiliated Hospital
of Jiangnan University, Wuxi, China, between March 2003 and
December 2008. Only patients with fully characterized tumors,
intact overall survival (OS) or disease-free survival (DFS) were
included. All patient data were collected, including age at diagnosis,
tumor localization, diagnostic year, tumor diameter, histological
grade, number of lymph nodes retrieved, postoperative multimodal
treatment (adjuvant chemotherapy or radiation), surgical proced-
ure details, complication rates, postoperative histopathology, and
follow-up information (date of last visit, tumor relapse, tumor-
related or unrelated death, overall survival: OS and disease-free
survival: DFS). Cancer tissue specimens were collected from all
197 patients after informed consent had been obtained. Formalin
fixed paraffin-embedded (FFPE) samples were obtained for
immunohistochemical analysis. Patient characteristics are provided
in Table 1.

Tissue microarray (TMA) construction and immunohistochemistry
(IHC) staining

Tissue microarrays were constructed from a representative core
of each FFPE specimen. Tissue cylinders with a diameter of 1.5 mm
were punched from marked areas of each sample and incorporated
into a recipient paraffin block. Sections with 4 pm thickness were
placed on slides coated with 3-aminopropyltriethoxysilane. All
H&E-stained slides were reviewed by experienced pathologists,
and the representative cores were premarked in the paraffin blocks.

For IHC, the sections were then deparaffinized in xylene and
ethanol, placed in 0.1 mol/L citrate buffer (pH 6.0) and irradiated
with microwaves (750 W) for 15min. The sections were then
incubated with primary antibodies for UQCRC1 (goat polyclonal,
Santa Cruz Laboratory, Santa Cruz, CA, USA; dilution 1:100), Ki-67
(goat polyclonal, Santa Cruz Laboratory, Santa Cruz, CA, USA;
dilution 1:200), vimentin (mouse monoclonal, R&D Systems,
Minneapolis, MN, USA; dilution 1:200) and Ecadherin (mouse
monoclonal, R&D Systems, Minneapolis, MN, USA; dilution 1:200).
Negative controls were obtained by omitting the primary antibody.
Briefly, the sections were incubated for 1hat room temperature
with the first antibody, rinsed five times with PBS, and then incu-
bated with peroxidase-conjugated anti-mouse/goat immunoglob-
ulins (DAKO EnVisionTM System; Dako Corporation, Carpinteria,

CA). The sections were then developed with 3,3’-diaminobenzidine
tetrahydrochloride and counterstained with hematoxylin. All
immunostained sections were evaluated independently by 2 in-
vestigators without knowledge of the clinical or pathological
background of the patients. Ten fields (inside the tumor and in the
area exhibiting tumor invasion) were selected, and expression was
evaluated in 1000 tumor cells (100 cells per field) with high power
( x 200) microscopy.

Criteria for assessing the immunohistochemical results

Data were assessed by two independent single-blinded pa-
thologists. An immunohistochemical scoring system employed in
our study followed criteria that were reported previously [13]. The
staining intensity was scored as 0 (negative), 1 (weak), 2 (medium)
or 3 (strong). The extent of staining was scored as 0 (<5%), 1
(5—25%), 2 (26—50%), 3 (51—75%) and 4 (>75%) according to the
percentage of the positive staining areas in relation to the whole
carcinoma area. All cases were sorted into two groups according to
the immunoreactivity score. Positive expression was defined as a
final score >3 and negative expression was defined as a final score
<2.

Statistical analyses

Group differences were statistically analyzed using the x> test
and t-test. DFS was defined as time from the date of surgery to the
date of disease recurrence. OS was defined as the interval between
the dates of surgery and death. For patients who had not experi-
enced recurrence at the time of death or last follow-up, the DFS was
censored on the date of death or last follow-up. For patients who
had not died by their last follow-up, OS was censored at the date of
the last follow-up. The Kaplan—Meier method was used to analyze
survival, and the log-rank test was used to estimate differences in
survival. Prognostic factors were examined using univariate and
multivariate analyses (Cox proportional hazards regression model).
P-values less than 0.05 were considered statistically significant.

Results

UQCRC1 downregulation correlated with increased lymph node
metastasis

We performed IHC on a TMA that included 197 CRCs. The im-
munostaining showed that the UQCRC1 protein was predominantly
expressed in the cytoplasm (Fig. 1). The staining of UQCRC1 was
weaker in the cytoplasm of CRC compared to normal tissue. Overall,
28.9% (57/197) specimens exhibited negative UQCRC1 expression.
UQCRC1 negative expression was significantly correlated with
clinicopathological parameters, including cancer stage (P =0.004),
vascular invasion (P=0.048), and especially lymph node metas-
tasis (P <0.001). However, there was no significant association
between UQCRC1 expression and age, gender, histological grade, or
distant metastasis. There was also no association between UQCRC1
expression and perineural invasion (Table 1).

UQCRC1 downregulation predicted poor prognosis

We compared the survival time between patients with different
UQCRC1 expression levels. By performing Kalan-Meier survival
analysis, we identified that downregulated UQCRC1 expression was
significantly associated with decreased disease-free survival and
overall survival time (p=0 0.001 and P<0.001, respectively;
Fig. 2A and B).

We next performed univariate and multivariate analyses to
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Table 1
Correlation between UQCRC1 expression levels and clinicopathological factors in CRC (N = 197).
No. of patients Gene2 expression*® p-value
High expression n = 140 Low expression n =57
Age (years)
Mean + SD 61.6+11.9 62.1+84 0.762*
Gender
Male 101 75 26 0.311
Female 96 65 31
Histopathological grade
G1/2 153 113 40 0.107
G3 44 27 17
Cancer stage
I 12 9 3 0.004
Il 63 55 8
11 107 68 39
v 15 8 7
T stage
T2 28 19 9 0.493
T3 43 27 16
T4 126 84 32
N stage
NO 78 68 10 <0.001
N1 66 42 24
N2 53 30 23
M stage
MO 182 131 51 0.325
M1 15 9 6
Histological type
Adenocarcinoma 184 132 52 0.433
Mucinous 13 8 5
Lymph node examined
Median 14+ 6 14 + 10 0.841
Perineural invasion
Positive 35 22 13 0.238
Negative 162 118 44
Vascular invasion
Positive 54 44 10 0.048
Negative 143 96 47
CEA (ng/ml) 54.1 + 14 55.0 + 11.5 0.723

Abbreviations: CRC, colorectal carcinoma. *Compared with Student's t-test; the other P-values were obtained with Pearson's % test.

UQCRC1

E W |E

Fig. 1. Immunohistochemical staining for UQCRC1 and VEGF-C in CRC. (A—C)
represent UQCRC1 negative, UQCRC1 positive (+), and UQCRC1 positive (++),
respectively. (D—F) represent VEGF-C staining in UQCRC1-negative, -positive (+) and
—positive (++) tumors. Original magnification: 400 x .

evaluate the prognostic significance of UQCRC1 in CRC patients
(Tables 2 and 3). In univariate analysis, cancer stage (HR = 7.127;
95% CI 2.865-11.337; P<0.001), T (HR=8.857; 95% (I
3.463-16.217; P<0.001), N (HR=5.504; 95% CI 2.028-7.796;
P=0.002), M (HR =7.022; 95% CI 4.865—14.217; P <0.001), peri-
neural invasion (HR=2.204; 95% CI 1.318-3.177; P=0.048),
vascular invasion (HR = 1.984; 95% CI 1.667—5.876; P = 0.007), CEA
(HR=3.158; 95% CI 2.004—4.891; P <0.001) and UQCRC1 down-
regulation (HR=4.466; 95% CI 2.017-9.328; P<0.001) were
associated with DFS, whereas cancer stage (HR =8.669; 95% CI
3.005-16.218; P<0.001), T (HR=5.024; 95% CI 2.911-8.524;

P<0.001), N (HR=6.046; 95% CI 2.217—11.258; P<0.001), M
(HR=5.879; 95% CI 3.892—-9.687; P <0.001), lymph node exami-
nation (HR = 1.668; 95% CI 1.112—4.339; P =0.039), vascular inva-
sion (HR = 1.339; 95% CI 1.192—3.110; P = 0.049), CEA (HR =4.205;
95% CI 2.008—6.789; P=0.007) and UQCRC1 downregulation
(HR =6.817; 95% CI 2.157—11.323; P < 0.001) were associated with
OS. In the multivariate analysis, only cancer stage (HR = 2.106; 95%
Cl 1.499—4.057; P=0.017 for DFS and HR=5.559; 95% CI
2.987—14.089; P =0.004 for OS, respectively) and UQCRC1 down-
regulation (HR = 3.009; 95% CI 1.613—8.547; P = 0.009 for DFS and
HR =4.062; 95% CI 2.835—8.910; P=0.001 for OS, respectively)
were associated with DFS and OS. Therefore, these results sug-
gested that UQCRC1 is an independent prognostic predictor for
both DFS and OS.

UQCRC1 downregulation correlated with increased VEGF-C
expression

Enhanced expression of VEGF-C is prevalent in lymph node
positive tumors and is associated with high lymphatic vessel den-
sity and poor survival in colon cancer [14]. Since we have observed
that UQCRC1 downregulation was correlated with increased lymph
node metastasis, we next examined the correlation between
UQCRC1 and VEGF-C expression in patient specimens with CRC.
Overall, 46.2% (91 out of 197) of tested specimens exhibited positive
expression for VEGF-C. In Fig. 1 (D-F), a typical pattern of VEGF-C
expression is shown as an example of the different expression
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Fig. 2. Kaplan—Meier survival curves for patients with different UQCRC1 expression. (A) disease-free survival (DFS) and (B) overall survival of patients according to positive or

negative UQCRC1 expression. The p-value was tested with a log-rank test.

Table 2

Univariate and multivariate Cox regression analyses of UQCRC1 expression for DFS of patients with CRC (N = 197).

Variables Case number Univariate Analysis Multivariate Analysis
HR (95% CI) p-value HR (95% CI) p-value
Age (<70 years vs. >70 years) 1.194 (0.833-1.762) 0.452
Gender (male vs. female) 1.356 (0.715—1.827) 0.861
Histolopathological grade (G3 vs. G1/G2) 1.440 (0.889—2.941) 0.115
Cancer Stage (IV vs. I/II/IIT) 7.127 (2.865—11.337) <0.001 2.106 (1.499—-4.057) 0.017
T stage (T4 vs. T1/2/3) 8.857 (3.463—-16.217) <0.001 1.447 (0.793-2.359) 0.571
N stage (N2 vs. NO/1) 5.504 (2.028—7.796) 0.002 1.533 (0.602—3.830) 0.245
M stage (M1 vs. MO) 7.022 (4.865—14.217) <0.001 1.257 (0.838—-1.972) 0.806
Histological type (Mucinous vs. Adenocarcinoma) 0.781 (0.833—4.218) 0.657
Lymph node examined (>12 vs. <=12) 0.839 (0.519—1.994) 0.269
Perineural invasion (Positive vs. Negative) 2.204 (1.318-3.177) 0.048 1.428 (0.706—2.544) 0.581
Vascular invasion (Positive vs. Negative) 1.984 (1.667—5.876) 0.007 0.957 (0.627—4.097) 0.488
CEA (>10 vs. <=10) 3.158 (2.004—4.891) <0.001 1.588 (0.714—3.066) 0.752
UQCRC1 (Negative vs. Positive) 4.466 (2.017—-9.328) <0.001 3.009 (1.613—-8.547) 0.009
Abbreviations: OS, overall survival; PDAC, pancreatic duct adenocarcinoma; pT, pathologic T stage; pN, pathologic lymph node metastasis; CI, confidence interval.
Table 3
Univariate and multivariate Cox regression analyses of UQCRC1 expression for OS of patients with CRC (N = 197).
Variables Case number Univariate Analysis Multivariate Analysis
HR (95% CI) p-value HR (95% CI) p-value
Age (<70 years vs. >70 years) 1.055 (0.762—1.833) 0.732
Gender (male vs. female) 1.244 (0.811-2.004) 0.851
Histolopathological grade (G3 vs. G1/G2) 1.399 (0.641—-3.827) 0.218
Cancer Stage (IV vs. I/II/IIT) 8.669 (3.005—16.218) <0.001 5.559 (2.987—14.089) 0.004
T stage (T4 vs. T1/2/3) 5.024 (2.911-8.524) <0.001 1.278 (0.822—-2.042) 0.647
N stage (N2 vs. NO/1) 6.046 (2.217—11.258) <0.001 1.446 (0.765—3.091) 0.883
M stage (M1 vs. MO) 5.879 (3.892—9.687) <0.001 0.957 (0.744—1.928) 0.982
Histological type (Mucinous vs. Adenocarcinoma) 1.217 (0.545-2.008) 0.912
Lymph node examined (>12 vs. <=12) 1.668 (1.112—4.339) 0.039 1.242 (0.839—2.057) 0.449
Perineural invasion (Positive vs. Negative) 1.247 (0.812—3.441) 0.118
Vascular invasion (Positive vs. Negative) 1.339(1.192—-3.110) 0.049 1.402 (0.557—2.268) 0.770
CEA (>10 vs. <=10) 4.205 (2.008—6.789) 0.007 1.164 (0.651—3.009) 0.214
UQCRC1 (Negative vs. Positive) 6.817 (2.157—11.323) <0.001 4.062 (2.835—8.910) 0.001

Abbreviations: OS, overall survival; PDAC, pancreatic duct adenocarcinoma; pT, pathologic T stage; pN, pathologic lymph node metastasis; CI, confidence interval.

patterns of UQCRC1. The collective data indicate that VEGF-C
expression was associated with UQCRC1 expression (P =0.002;
Table 4). These results suggested that UQCRC downregulation was
correlated with increased lymph node metastasis that involved
VEGEF-C overexpression.

VEGF-C expression was correlated with increased lymph node
metastasis in CRC

We further confirmed the correlation between VEGF-C expres-
sion and lymph node metastasis. We observed that positive

staining of VEGF-C was associated with increased lymph node
metastasis (P =0.001, Table 4). Taken together, these results sug-
gested that UQCRC1 downregulation is associated with a poor
prognosis that involves increased lymph node metastasis.

Discussion

In this study, we investigated the expression of UQCRC1 in hu-
man CRC and found that UQCRC1 was downregulated in CRC cells
compared to normal tissue. In addition, we found that down-
regulated UQCRC1 expression was correlated with decreased DFS
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Table 4
Correlation between UQCRC1 expression and VEGF-C and lymph node metastasis in
CRC.

No. of VEGF-C expression* p-value*
patients Positive n =91 Negative n =106
UQCRC1
Positive 140 55 85 0.002
Negative 57 36 21
pN
NO/1 144 55 89 0.001
N2 53 36 17

Abbreviations: PDAC, pancreatic duct adenocarcinoma. P-values were obtained with
Pearson's %2 test.

and OS. Therefore, our study suggested there was a tumor-
inhibiting role for UQCRC1 in human CRC.

Mammalian cells use a complex network of redox-dependent
processes necessary to maintain cellular integrity during oxida-
tive metabolism as well as to protect against and/or adapt to stress.
The disruption of these redox-dependent processes, including
those in the mitochondria, creates a cellular environment that fa-
cilitates progression to a malignant phenotype and the develop-
ment of resistance to commonly used anticancer agents. Recent
studies have confirmed that mitochondrial dysfunction has been
associated with increased invasiveness, metastatic potential, and
drug resistance in cancer cells [15—17]. There are multiple precise
mechanisms underlying mitochondrial dysfunction, and they may
involve deregulated autophagic processes, an imbalance in reactive
oxygen species (ROS) homeostasis, mutations in oxidative phos-
phorylation (OXPHOS) complexes, the electron transport chain
(ETC), or Krebs’ cycle (TCA) enzymes [18]. Mitochondria are the
major producers of superoxide and other downstream ROS in the
cell [19], and the main sources of mitochondrially derived super-
oxide are Complex I and III [20].

UQCRC1 is a subunit of complex III, which is one of the main
sources of reactive oxygen species (ROS) [21]. Additionally, ROS has
been demonstrated to play an important role in cancer. Further-
more, decreased UQCRC1 expression levels in a mitochondrial
sample isolated from hearts was found to possibly contribute to
contractile dysfunction in diabetic mice [22]. Recently, mitochon-
drial dysfunction was also associated with specific loss of UQCRC1
in cells with an epithelial origin [23] and mouse spermatocytes
[24]. Results further showed that UQCRC1 overexpression signifi-
cantly increased the A®¥m, which is an indicator of mitochondrial
function. Based on these findings, we speculated that UQCRC1 can
regulate mitochondrial function and its specific role in CRC cells
needs to be explored. Therefore, we first evaluated the expression
pattern in a total of 197 CRC specimens. We found that the staining
of UQCRC1 was weaker in the cytoplasm of CRC compared to
normal tissue, which suggests that downregulation of UQCRC1 may
correlated with a malignant phenotype. Mitochondrial dysfunction
is common in cancer, and the mitochondrial electron transport
chain is often affected in carcinogenesis [6], however, UQCRC1 is
downregulated in only 28.9% of CRC in our study. As mitochondrial
complex Il is composed of 11 subunits that form a multisegment
transmembrane protein [8], it is suggested that other subunits such
as UQCRFS1, UQCRH, UQCRB, UQCRY, etc., may play roles in CRC,
which need further study. We also found that UQCRC1 negative
expression was significantly correlated with clinicopathological
parameters, including cancer stage, vascular invasion, and lymph
node metastasis. Furthermore, we confirmed that downregulated
UQCRC1 expression was significantly associated with decreased
disease-free survival and overall survival time. Therefore, our study
suggested there is a tumor-promoting role for UQCRC1 in human

CRC, which deserves further functional study.

Previous studies have suggested that VEGF-C expression was
mediated through the PI3K/Akt and ROS dependent pathways
[25—27]. Mitochondrial dysfunction can affect energy metabolism
in cancer. For example, HADH is an enzyme located in the mito-
chondria, and its downregulation promoted gastric cancer pro-
gression via activation of Akt signaling pathway [28]. In addition,
mitochondrial dysfunction is involved an imbalance in ROS ho-
meostasis [19]. Therefore, in our study, we also observed a positive
correlation between increased VEGF-C and downregulated UQCRC1
expression. Since the correlation between VEGF-C expression and
lymphangiogenesis has previously been described [29], it is sug-
gested that downregulation of UQCRC1 promotes lymphatic
metastasis by inducing VEGF-C expression.

Taken together, our study suggested that UQCRC1 was down-
regulated in human CRC. Downregulation of UQCRC1 was corre-
lated with increased lymph node metastasis and was ultimately
associated with decreased survival in CRC.
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