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ABSTRACT

In colorectal cancer, no study has been carried out discovering the relationship
among p53, mitochondrial transcription factor A (TFAM) expression and change of
mitochondrial DNA (mtDNA) copy number. In our study, co-expression of p53 and
TFAM was observed in colon adenocarcinoma tissues, paracancerous tissues and
9 colorectal cancer cell lines. Then, a significant linear correlation was established
between either p53 or TFAM expression and advanced TNM stage, positive lymph nodes
and low 5-year survival rate in patients with colon adenocarcinoma. Additionally,
advanced TNM stage, large tumor burden, presence of distant metastasis, and high
TFAM expression were significantly related to poor overall 5-years survival. Moreover,
alteration of p53 expression could change TFAM expression but TFAM could not
influence p53 expression, and p53 could enhance TFAM expression via binding to
TFAM promoter. While, both of p53 and TFAM expression could incrase mtDNA copy
number in vitro. In conclusions, p53 might incrase mtDNA copy number through its
regulation on TFAM expression via TFAMpromoter.

tissues in patients with colorectal cancer [4]. Various
mechanisms are responsible for the regulation of
mtDNA copy number [5-7]. Among them, mitochondrial
transcription factor A (TFAM) is considered essential
because it could maintain the structure and stimulate the
transcription of mtDNA [8]. However, though it has been
observed that TFAM is associated with the prognosis of
patients with colorectal cancer [9], not much has been
done to investigate whether there is a role of TFAM in the

INTRODUCTION

Colorectal cancer, accounting for 8% of newly
diagnosed cancer, is the third leading type of cancer which
causes the death of both men and women [1]. However,
the mechanism of how colorectal cancer develops is still
elusive. In order to provide novel treatment to colorectal
cancer, efforts on understanding its progression should be
made.

mtDNA is the DNA inside of mitochondria,
which functions to encode polypeptides of the oxidative
phosphorylation complexes [2]. Given its role in
metabolism, it is not surprising that alteration of mtDNA
is also related to human diseases, including cancer [3]. Our
previous work found that mtDNA copy number was higher
in cancerous tissues than in corresponding paracancerous

development of colorectal cancer.

p53 gene is a tumor suppressor gene encoding p53
protein, whose primary function is to arrest cell-cycle and
cause apoptosis when necessary [10]. Mutation of p53 gene
is found in approximately 35% to 55% of the patients with
colorectal cancer [11], which promotes oncogenesis [12]. It
has long been observed an accumulation of p53 protein in
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cancer [13], though this overexpression is not necessarily
associated with pS3 gene mutation [14, 15]. In addition,
p53 was announced to be a regulator of metabolism
recently [16], and some report has been published,
describing p53 regulation on mtDNA [17]. Thus, it is
interesting to explore whether p53 overexpression could
influence mtDNA copy number in colorectal cancer.

Our research aims to reveal p53 and TFAM
expression and their correlation with clinicopathological
characteristics of patients with colon adenocarcinoma,
the regulative relationship between p53 and TFAM, and
whether p53 and TFAM could regulate mtDNA copy
number in colorectal cancer cell lines.

RESULTS

Patient characteristics

As shown in Table 1, the clinical factors of the 90
patients with colon cancer were recorded. Among the
patients, 52 (57.8%) were men and the remaining 38
(42.2%) were women. The average age when the resection
was performed was 67.1£10.8, while 36 (40%) patients
were younger than 65 years of age and 54 (60%) were
no less than 65 years of age. 49 (54.4%) patients had
cancer in right colon, whereas 41 (45.6%) in left colon.
Regarding to histologic grade of colon cancer, 66 (73.3%)
patients had the grade of I-II, while 24 (26.7%) patients
had the grade of III-IV. As for TNM stage, 42 (46.7%)
were in stage I-II and 48 (53.3%) were in stage III-IV.
For tumor size, 34 (37.8%) patients had the tumor smaller
than 5 cm, while 56 (62.2%) had the tumor no less than 5
cm in size. Among the 90 patients, positive lymph nodes
were found in 44 (48.9%) of them, distant metastasis was
observed in 5 (5.6%) and lymphovascular invasion was
discovered in 5 (5.6%).

Expression of p53 and TFAM in colon
adenocarcinoma tissues and corresponding
paracancerous tissues

While p53 showed nuclear staining, TFAM
staining was found to be inside of cytoplasm, in colon
adenocarcinoma and paracancerous tissues (Figure
1A). Judging from the histological score, it was found
that p53 expression was significantly higher in colon
adenocarcinoma tissues than in paracancerous tissues (p
=0.001; Figure 1B). TFAM expression was also observed
to be significantly higher in colon adenocarcinoma tissues
than in paracancerous tissues (p = 0.01; Figure 1C).
Considering the p53 and TFAM expression together, co-
expression of p53 and TFAM was found with positive
linear correlation (r = 0.598, p = 0.001; Figure 1D).
Moreover, it was revealed that high co-expression of p53
and TFAM was more frequent in colon adenocarcinoma
tissues than to paracancerous tissues (Figure 1D).

Correlation of p53 and TFAM expression
with progression to metastasis in human colon
adenocarcinoma

In order to investigate the correlation of p53 as
well as TFAM and clinicopathological characteristics,
respectively, the patients were divided into two groups
according to staining of either p53 or TFAM in colon
adenocarcinoma tissues (Table 1). For p53 staining, two
subgroups were divided according to high or low p53
expression (Table 1). Of all 90 cases, 37 (41.1%) were
revealed as low p53 expression and 53 (58.9%) were
found to be high p53 expression. A significant correlation
between p53 expression and TNM stage as well as positive
lymph nodes was observed (p = 0.001 and p = 0.001,
respectively). Regarding to TNM stage I-11I, percentage of
patients with low p53 expression prevailed over patients
with high p53 expression (73.0% vs. 28.3%). In contrast,
in the context of TNM stage III-1V, 71.7% of patients had
high p53 expression while 27% of patients had low p53
expression. Besides, it was likely that patients with high
p53 expression had higher risk of developing positive
lymph nodes compared with patients who had low p53
expression (66.0% vs. 24.3%, p = 0.001). No other
significant correlation was found between p53 expression
and other clinicopathological factors, including the
association between p53 expression and metastasis of colon
cancer, which might be totally uncorrelated (p = 1.000).

Similarly, two subgroups were divided according
to the level of TFAM expression (Table 1). For all of
90 cases, 39 (43.3%) were identified as low TFAM
expression and 51 (56.7%) were found to be high TFAM
expression. Association between TFAM expression and
TNM stage as well as positive lymph nodes was found
to be significant (p = 0.019 and p = 0.012, respectively).
As for TNM stage I-11, percentage of patients with low
TFAM expression was more than patients with high
TFAM expression (61.5% vs. 35.3%). However, for TNM
stage I11I-1V, 64.7% of patients had high TFAM expression
while 38.5% of patients had low TFAM expression. In
addition, patients with high TFAM expression had higher
risk of developing positive lymph nodes than patients with
low TFAM expression (60.8% vs. 33.3%, p = 0.012). No
other significant correlation was identified between TFAM
expression and other clinicopathological factors, including
the association between TFAM expression and metastasis
of colon cancer (p <0.05).

Correlation of p53 and TFAM expression with
5-years survival rate

The overall 5-year survival of 90 patients was
53.3%. The median 5-year survival was 36 months (range
from 1 to 60 months). Based on the expression of either
p53 or TFAM, Kaplan-Meier method was administered to
estimate the survival rate (Figure 2).
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Table 1: Relationships between TFAM/pS3 expression and clinicopathological characteristics in 90 colon

adenocarcinoma cases

p53 expression (%) TFAM expression (%)
Number (%)c p value
Low High Low High
Total 90(100) 37(41.1) 53(58.9) 39(43.3) 51(56.7)
Average years 67.1+10.8 67.1£10.8  67.1£10.8 65.5+11.7  68.3£9.9
<65 36(40.0) 16(43.2) 20(37.7) 0.665 19(48.7) 17(33.3) 0.193
>65 54(60.0) 21(56.8) 33(62.3) 20(51.3) 34(66.7)
Gender
Male 52(57.8) 19(51.4) 33(62.3) 0.386 27(69.2) 25(49.0) 0.084
Female 38(42.2) 18(48.6) 20(37.7) 12(30.8) 26(51.0)
Location
Right colon 49(54.4) 19(51.4) 30(56.6) 0.671 22(56.4) 27(52.9) 0.832
Left colon 41(45.6) 18(48.6) 23(43.4) 17(43.6) 24(47.1)
Histologic grade
I~11 66(73.3) 29(78.4) 37(69.8) 0.469 30(76.9) 36(70.6) 0.632
I~ 111 24(26.7) 8(21.6) 16(30.2) 9(23.1) 15(29.4)
TNM stage
I-1I 42(46.7) 27(73.0) 15(28.3) 0.001 24(61.5) 18(35.3) 0.019
- 1v 48(53.3) 10(27.0) 38(71.7) 15(38.5) 33(64.7)
Tumor size (cm)
<5 cm 34(37.8) 11(29.7) 23(43.4) 0.269 13(33.3) 21(41.2) 0.514
>5cm 56(62.2) 26(70.3) 30(56.6) 26(66.7) 30(58.8)
Lymphovascular Invasion 5(5.6) 1(2.7) 4(7.5) 0.645 1(2.6) 4(7.8) 0.384
Positive lymph nodes 44(48.9) 9(24.3) 35(66.0) 0.001 13(33.3) 31(60.8) 0.012
Distant metastasis 5(5.6) 2(5.4) 3(5.7) 1.000 0(0.0) 5(9.8) 0.063

A significant difference was established between
pS3 expression and S-year survival rate (p = 0.049;
Figure 2A). The overall survival with high p53 expression
at 5 years was 45.3%, whereas the overall survival with
low p53 expression was 64.9%. Median 5-year survival
rate of high and low p53 expression was 36 months (range
from 1 to 60 months) and 60 months (range from 2 to 60
months), respectively.

With regard to TFAM expression, high TFAM
expression was related to a low S5-year survival rate
(p = 0.019; Figure 2B). 43.1% of patients with high
TFAM expression survived at 5 years, while 66.7% of
patients with low TFAM expression survived at the same
time point. Median 5-years survival rate of high and low
TFAM expression was 48 months (range from 1 to 60
months) and 60 months (range from 1 to 60 months),
respectively.

Factors correlated with overall survival

We further performed multivariate analysis by Cox
regression to estimate the factors affecting overall survival
(Table 2). Among the factors identified, we noticed that
advanced TNM stage, large tumor burden, presence
of distant metastasis, and high TFAM expression were
significantly related to poor overall survival (p = 0.041,
p = 0.029, p = 0.028, p = 0.042, respectively). Worth
mentioning, p53 expression level was not found to be
an independent prognostic factor predicting the overall
survival (p = 0.349).

p53 and TFAM expression in colorectal cancer
cell lines

Then, we examined the p53 and TFAM expression
in colorectal cancer cell lines and the relationship
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Figure 1: p53 and TFAM expression in colon adenocarcinoma tissues. Immunohistochemistry of p53 and TFAM for colon
adenocarcinoma and corresponding paracancerous tissues A. Scoring of p53 and TFAM staining according to staining index described
in methods B, C. The linear correlation between p53 and TFAM expression in colon adenocarcinoma and corresponding paracancerous

tissues D.
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Figure 2: Association of p53 A. or TFAM B. expression and 5-year survival in colon adenocarcinoma tissues.
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Table 2: Multivariable cox regression analysis of overall survival in 90 colon adenocarcinoma cases

Features HR (95% CI) p value
Average years
(<65 vs. 265) 0.611 0.271-1.381 0.237
Gender
(Male vs. Female) 1.816 0.855-3.726 0.104
Location
(Left vs. Right) 1.400 0.712-2.754 0.329
Histologic grade
(I(11 vs. TI( TII) 0.858 0.380-1.934 0.711
TNM stage
(LI vs. III- V) 0.458 0.116-0.924 0.041
Tumor size
(<5 om vs. =5 cm) 0.420 0.193-0.913 0.029
Lymphovascular Invasion (No vs. Yes) 0.501 0.148-1.695 0.266
LSS ) TS 0.740 0.144-3.793 0.718
(No vs. Yes)
Distant metastasis
(No vs. Yes) 0.246 0.071-0.857 0.028
TFAM expression
Loy v T 0.421 0.287-1.014 0.042
P53 expression _
(Low vs. High) 0.677 0.300-1.532 0.349
HR: hazard ratio; CI: confidence interval.
between p53 and TFAM expression to each other. p53 Up-regulation of TFAM expression by p53
and TFAM expression of colorectal cancer cell lines LS-
174T, HCT116, Lovo, RKO, RKO-E6, Caco-2, Sw480, We further investigated whether it was p53 that
HT-29 and Colo-205 was determined by Western blot upregulated TFAM (Figure 4).
(Figure 3A-3D). Quantification of protein levels was HCT116 was used as control and p53 as well as
normalized to GADPH. p53 expression was higher in negative control siRNAs oligo was transfected into
the cell lines of p53 mutation type compared with that of HCT116 (p53-siRNA and NC-siRNA, respectively,
p53 wild type (p < 0.05), while overall TFAM expression Figure 4A). Transfe(.:tlon of P53'SlRNA was aimed to
was not apparently different between them (Figure 3C). suppress p53 expression. HCT116 with p53-siRNA had a
Then, we quantitatively investigated the p53 and TFAM lower p53 as well as TFAM expression compared with that
expressions of individual cells (Figure 3D). A relatively of control and HCT116 with NC-siRNA. Then, HCT116
high TFAM expression could be observed in cells with was transfected with p53-pEnter and Empty-pEnter
high p53 expression (HCT116 and SW480). Furthermore, (Figure 4B)~. p53-pEnter could lead to p53 overexpression.
a positive linear correlation was found to confirm the HCT116 with pS3-pEnter had a higher p53 as well as
relationship between p53 expression and corresponding TFAM expression than that of control and HCTI116
TFAM expression (r = 0.753, p = 0.001; Figure 3E). with Empty-pEnter. Besides, HCT116 was treated with
Due to its p53 loss, RKO-E6 cell line has weaker Pifithrin-a, a p53 inhibitor (Figure 4C). Compared with
p53 staining compared to RKO (Figure 3A), which control, TFAM expression of HCT116 with Pifithrin-a
was confirmed quantitatively by analyzing p53 protein treatment was low, while p53 expressign was not affected.
expression (p = 0.023; Figure 3D). Intriguingly, TFAM Th§s§ resqlts were confirmed l?y 1mmunpﬂuorescent
expression of RKO-E6 was also significantly lower staining (Figure 4D). In general, in every circumstance,
compared with that of RKO (p = 0.015). low TFAM expression was associated with low p53
expression (or inhibition of p53), and vice versa.
www.impactjournals.com/oncotarget 75985 Oncotarget



TFAM do not regulate p53

In addition, we also investigated whether TFAM
could upregulate p53 (Figure 5).

TFAM and negative control siRNAs oligo was
transfected into HCT116 (TFAM-siRNA and NC-siRNA,
respectively, Figure 5A). The purpose of transfection
with TFAM-siRNA was to suppress TFAM expression.

A B

p53 wild type

p53 mutation type

HCT116 with TFAM-siRNA had a lower TFAM but
normal p53 expression compared with that of control and
HCT116 with NC-siRNA. Then, HCT116 was transfected
with TFAM-pEnter and Empty-pEnter (Figure 5B).
TFAM-pEnter could result in TFAM overexpression.
HCT116 with TFAM-pEnter had a higher TFAM
expression than that of control and HCT116 with Empty-
pEnter, though p53 expression was not altered. The results
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Figure 3: p53 and TFAM expression in different colorectal cancer cell lines. Western blot for determination of p53 and TFAM
expression in cell lines of p53 wild type A. and p53 mutation type B. Quantitative analysis of p53 and TFAM expression comparing p53
wild type with p53 mutation type C. Quantitative analysis of p53 and TFAM expression in individual cell lines D. The linear correlation
between p53 and TFAM expression in p53 wild type and p53 mutation type cell lines E. Immunofiuorescent staining of p53, TFAM and

DAPI in RKO and RKO-E6 cell lines F.
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were confirmed by immunofluorescent staining (Figure
5C). Thus, p53 expression remained unchanged even if
TFAM expression was low or high.

p53 enhance TFAM expression via binding to
TFAM promoter

To wvalidate whether p53 interacts with
TFAMpromoter region, we performed dual-luciferase
reporter assay (Figure 6). Significant increment of relative
luciferase activity by 4-fold was induced by elevated p53

expression due to pPCDNA3.1-p53 transfection (35.039 +
2.303; p=10.001), compared with pCDNA3.1 transfection
(8.820 £ 1.166). Therefore, it indicated that p53 could
enhance TFAM expression via binding to TFAMpromoter.

Increase of mitochondrial copy number by p53
and TFAM

HCT116 treated with the abovementioned siRNAs
oligo and plasmid was further analyzed for mitochondrial
morphology and mtDNA copy number (Figure 7).
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Figure 4: TFAM expression following alteration of pS3 expression. Western blot for determination of p53 and TFAM expression
in cell lines treated with NC- or p53-siRNA A. Empty- or p53-pEnter B. and pifithrin-a C. compared with control. Immunofluorescent
staining of p53, TFAM and DAPI in cell lines with different treatment, compared with control D.
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Mitochondria were visualized by using fluorescent probe
Mito-Tracker Green. It could be found under fluorescence
microscope that, when p53 was inhibited by p53-siRNA or
Pifithrin-a, less mitochondria with lower staining intensity
could be identified; when p53 was induced by p53-pEnter,
more mitochondria with higher staining intensity could
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be identified (Figure 7A). In support of the observation,
mtDNA copy number, determined by qRT-PCR, was found
to be lower in cells treated with p53-siRNA or Pifithrin-a
(p <0.05; Figure 7E, 7G) while mtDNA copy number was
higher in cells treated with pS3-pEnter (p < 0.05; Figure
7F). The mitochondrial morphology and mtDNA copy

B
GAPDH N

P53 [ — -

TFAM . ==
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Figure 5: p53 expression following alteration of TFAM expression. Western blot for determination of p53 and TEAM expression
in cell lines treated with NC- or TFAM-siRNA A. and Empty- or TFAM-pEnter B. compared with control. Immunofluorescent staining of
p53, TFAM and DAPI in cell lines with different treatment, compared with control C.
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number of control was comparable with cells treated with
NC-siRNA and Empty-pEnter.

As for TFAM, when TFAM was inhibited by
TFAM-siRNA, less mitochondria with lower staining
intensity could be identified (Figure 7B); when TFAM was
induced by TFAM-pEnter, more mitochondria with higher
staining intensity could be identified (Figure 7C). Further
investigation of mtDNA copy number in these scenario
supported the observation: mtDNA copy number was
found to be lower in cells treated with TFAM-siRNA (p <
0.05; Figure 7H) while mtDNA copy number was higher
in cells treated with TFAM-pEnter (p < 0.05; Figure 71).
These results suggest mtDNA copy number is related to
p53 as well as TFAM expression.

Furthermore, analysis of mitochondrial morphology
as well as mtDNA copy number of RKO and RKO-E6
was performed (Figure 7D, 7J). Under fluorescence
microscope, more mitochondria with higher staining
intensity could be observed in RKO than that in RKO-E6
(Figure 7D). In addition, more mtDNA copy number
was detected in RKO than in RKO-E6 (p < 0.5; Figure
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7]). Considering the fact that RKO-E6 has a lower p53
expression, the TFAM expression should also be lower
in RKO-E6 according to the results stated previously,
resulting in a lower mtDNA copy number in RKO-E6 than
in RKO, which indicates a relationship among p53, TFAM
and mtDNA copy number.

DISCUSSION

mtDNA copy number changes in the context of
cancer [3]. However, controversial results have been
reported concerning the relationship of mtDNA copy
number with colorectal cancer. Some suggested there
is a decrease in mtDNA copy number [18-20], while
others observed a mixed change or even an increase of
mtDNA copy number in patients with colorectal cancer
[4, 21-23]. However, the variable results found in these
researches might be the reflection of different mechanisms
lying behind the regulation of mtDNA copy number. It
was reported that both p53 [24] and TFAM [25] have
an influence on mtDNA copy number, but in colorectal

"
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Figure 6: TFAM promoter region-driven luciferase expression. Relative luciferase activities were shown after different
transfection patterns. pGL3-Basic: a firefly luciferase reporter vector; pGL4.75: a Renilla luciferase vector, working as an internal control;
pGL3-Basic-TFAM: pGL3-Basic construct with TFAM promoter region (-1486 to +185 of TFAM gene); pCDNA3.1-p53: a plasmid which

could highly express p53 after transfection.
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cancer, the relationship among p53, TFAM and mtDNA
copy number is unknown. In the present study, we have
revealed that co-expression of p53 and TFAM was
more common in colon adenocarcinoma tissues than
in paracancerous tissues of patients with colon cancer.
Patients with either high p53 or high TFAM expression
were prone to developing advanced TNM stage and
positive lymph nodes, and having a low 5-year survival
rate. However, after multivariate survival analysis, p53
expression was not associated with survival rate while
consistently, advanced TNM stage, large tumor burden,
presence of distant metastasis, and high TFAM expression
were correlated with poor overall survival. Then, after
investigating the relationship between p53 and TFAM
expression in vitro, we found that p53 could upregulate
TFAM but not the other way around. Additionally, it
was also observed that either pS3 or TFAM expression
could induce an elevation of mtDNA copy number.
Taken together, it could be speculated that p53 regulates
TFAM expression and alteration of mtDNA copy number
succeeds to the change of either pS3 or TFAM expression.
To our knowledge, there is currently no research exploring
the relationship among p53, TFAM and mtDNA copy
number all together in colorectal cancer. Thus, this
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study could provide further insights into understanding
colorectal cancer.

p53, known as the guardian of genome [26], has
a critical role of inducing apoptosis and preventing
oncogenesis [27]. Accumulation of p53 protein in cancer
is common [13], which does not have to relate to p53
mutation in colorectal cancer [14, 15]. Consistent with the
literacy [13], we found that colon adenocarcinoma tissue
from our patients had high p53 expression. In addition,
advanced TNM stage and positive lymph nodes, and a
low 5-year survival rate were related to pS3 expression.
Different from our observation, some authors suggested
that, for all patients or patients with a body mass index
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between p53 expression and survival rate [28]. The
difference between our results might be mainly ascribed
to different methods involved for evaluating level of
pS3 expression, plus we did not record the body mass
index of our patients. Additionally, we did not observe
a relationship between p53 expression and overall
survival. This might be explained simply as a result of
the role of pS3 as an upstream factor, and the key factor
affects survival should be its downstream effector. For
example, in a recent study, high p53 expression was
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Figure 7: Immunofluorescent staining of mitochondria and relative mtDNA copy number. Immunofluorescent staining of
mitochondria for cells treated with NC-, p53- or TFAM-siRNA, Empty-, pS3- or TFAM-pEnter and pifithrin-a A, B, C. as well as RKO and
RKO-E6 D. Relative mtDNA copy number of cells treated with NC-, p53- or TFAM-siRNA, Empty-, p53- or TFAM-pEnter and pifithrin-a
expressed as percentage of control E, F, G, H, L. as well as RKO-E6 expressed as percentage of RKO J.
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not associated with poor survival in pancreatic cancer
whereas its postulated downstream factor RAB27B was
associated with prognosis [29]. In another research,
pS53 expression did not show prognostic value either,
but similarly, cyclin A, a potential target of p53, was
observed to be the prognosticator of cervical carcinoma
[30]. Specifically, in our study, the downstream factor was
TFAM, which functioned directly to influence prognosis.
Finally, regarding to p53 mutation, we observed that
cells from p53 mutation type did not show an absolute
overexpression of p53 protein (Figure 3D). Thus, we
validated that p5S3 mutation did not necessarily guarantee
an overexpression of p53 protein [15].

TFAM, packing whole mtDNA, is essential
to maintenance and transcription of mtDNA [31],
whose mutation is also found to be associated to
some colorectal cancer [32]. In our study, high TFAM
expression was revealed in the TMA of patients with
colon adenocarcinoma, which was correlated to advanced
TNM stage, high incidence of positive lymph nodes, a
low 5-year survival rate and poor prognosis. There is
a limited number of research available discussing the
relationship between TFAM expression and the outcome
of colorectal cancer. According to Nakayama et al [9],
TFAM positivity indicates a worse survival rate with
higher rate of lymph node metastasis and advanced
TNM staging in colorectal cancer; however, they also
demonstrated that distant metastasis is also related to
positive TFAM expression, which was not seen in our
study. Actually, we did observe a tendency of higher
incidence of distant metastasis in patients with higher
TFAM expression but the result was not significant. This
might be attributed to more patients involved in their
study as well as the fact that we only recruited patients
with colon adenocarcinoma but they also included
patients with rectal cancer. Nevertheless, more research
should be conducted to find out the relationship of TFAM
expression with distant metastasis.

It is already established that p53 interactis with
TFAM to regulate mtDNA content [33-35]. However, in
colorectal cancer, no research has reported the effect of
p53 on TFAM. In addition, it’s not clear whether TFAM
could regulate p53. According to our observation, in
different colorectal cancer cell lines, a positive linear
correlation was established between the level of p53
expression and the level of TFAM expression. Besides,
by inducing p53 expression, TFAM expression was also
enhanced while the suppression of p53 could lead to the
change of TFAM expression in the same direction. On
the contrary, neither overexpression nor inhibition of
TFAM could alter p53 expression. Thus, we confirmed
that p53 could regulate TFAM expression [33], and we
also suggested that TFAM could not do the opposite,
indicating p53 being an upstream regulator of TFAM. We
further used dual-luciferase reporter assay to determine
how p53 affects TFAM expression. From our observation,

it is safe to say that pS3 promotes TFAM expression by
interacting with TFAM promoter. According to a previous
study [36], after an acute bout of treadmill exercise in
the mouse, p53 could translocate to nucleus and it is
speculated that TFAM expression is upregulated because
of the interaction between nuclear DNA and p53 [16].
Thus, these results were consistent with ours and we
proved that p53 could enhance TFAM expression via
TFAM promoter.

As previously stated [18-23], mixed results have
been published on the change of mtDNA copy number in
colorectal cancer, suggesting the complexity of regulation
on mtDNA copy number. According to other researchers,
mtDNA copy number could be influenced via many
aspects other than p53 or TFAM, such as proliferator-
activated receptor gamma coactivator alpha (PGC-1a)
[5], nuclear respiratory factor 2 (NRF-2) [6], polymerase
v gene POLG (POLG) [7] and so on. However, it is only
recently demonstrated that p53 could form a complex with
TFAM, which could further bind at the D-loop region of
mtDNA, regulating the transcription activity of mtDNA
[35]. Thus, it will be interesting to find out more about the
relationship among p53, TFAM and mtDNA. Our finding
was that the change of either pS3 or TFAM expression
could result in the alteration of mtDNA copy number.
In general, high p53 or TFAM expression could lead to
the increased mtDNA copy number, while with low p53
or TFAM expression, decrease of mtDNA copy number
occurred. Considering p53 as an upstream molecule
regulating TFAM, we deduce that pS3 might, at least to
some degree, alter mtDNA copy number via its regulation
on TFAM. This conclusion is supported by our results
that both TFAM and mtDNA copy number changed in the
same direction with p53 expression. Further investigation,
such as inducing p53 and inhibiting TFAM simultaneously
and quantitatively to observe the change of mtDNA copy
number (since it is reported that the mtDNA copy number
is associated with the total TFAM protein level in a
manner of direct proportion [37]), should be conducted to
warrant our thought.

As a summary, we have found a correlation of
both p53 and TFAM expression to advanced TNM stage,
positive lymph nodes and low 5-year survival rate in
patients with colon adenocarcinoma. Also, TNM stage,
tumor size, distant metastasis, and TFAM expression
but not p53 expression were identified as independent
prognostic factors. Besides, p53 could regulate TFAM
expression as an upstream regulator via TFAM promoter,
and both of them could influence mtDNA copy number
in colorectal cell lines. Thus, we speculate p53 might
regulate mtDNA copy number via its regulation on
TFAM expression. Our study highlighted the relationship
among p53, TFAM and mtDNA copy number, which
provides novel insights into understanding colorectal
cancer and innovative treatment might be developed
based on this.
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MATERIALS AND METHODS

Tissue microarray (TMA)

Colon adenocarcinoma TMA utilized in the
study was provided by National Engineering Center for
Biochip at Shanghai (Shanghai, China). 90 patients who
were diagnosed with colon cancer and received surgical
treatment between April 2008 and November 2008 were
included in the TMA samples. The detailed clinical and
pathologic information of these patients was shown in
Table 1. All patients were followed up from the date of
surgery until September 2014.

Immunohistochemistry (IHC) and scoring

TMA sections were deparaffinized in xylene and a
series of ethanol dilutions. Antigen retrieval was carried
out by heating sections in 10 mM sodium citrate buffer
to 98°C for 15 min. Endogenous peroxidase activity was
blocked with treatment of 3% H,O,. Then, the section
incubation was performed with p53 antibody (1:100,
Santa Cruz Biotechnology, Santa Cruz, CA, USA)
and TFAM antibody (1:100, Abcam, Cambridge, UK)
overnight at 4°C, for assessment of p53 and TFAM,
respectively. Subsequently, it was followed by 30 min
of incubation with horseradish peroxidase-conjugated
secondary antibody kits (ZSGB Bio, Beijing, China) at
4°C for 30 min. Finally, sections were stained with 3,
3’-diaminobenzidine tetrahydrochloride solution after
which the counterstain with haematoxylin was done. Each
section was assessed by three independent pathologists
with blinded information, clinically and pathologically.
The expression of p53 and TFAM in sections was scored
semi-quantitatively by positive percentage and intensity of
stained preparation (staining index = positive X intensity
score). The positively staining percentage of tumor cells
was scored as: 0, no staining; 1, <20%; 2, 20-75%; 3,
>75%. The staining intensity of tumor cells was graded
as follows: 0, negative; 1, weak; 2, moderate; 3, strong
staining. Based on the abovementioned staining index, a
final score of 0-4 was thought to be low expression of p53
and TFAM, while a final score of 4.1-9 was deemed as
high expression.

Cell culture and treatments

Human colon adenocarcinoma cell LS-174T,
HCTI116, Lovo, RKO, RKO-E6, Caco-2, Sw480, HT-
29 and Colo-205 was obtained from the Type Culture
Collection of the Chinese Academy of Sciences (Shanghai,
China). RKO, RKO-E6 and Caco-2 were cultured with
minimum essential medium (MEM, HyClone, Logan, UT,
USA) containing essential amino acids (Sigma, St. Louis,
MO, USA) and 10% fetal bovine serum (FBS, Gibco,
Logan, UT, USA). LS-174T and HT-29 cells were cultured

with Dulbecco’s modified Eagle’s medium (DMEM,
HyClone) containing 10% FBS. HCT116, Lovo, Sw480
and Colo-205 cells were performed with PRMI-1640
(HyClone) containing 10% FBS. Cells were incubated
in a humidified atmosphere of 37°C, with 5% CO,. Prior
to the treatment of pifithrin-a for 24 h, cells were serum-
starved with culture medium containing 2% FBS for
6 h. Pifithrin-a (10 mmol/L) was dissolved in dimethyl
sulphoxide (DMSO) immediately before incubation. The
final concentration Pifithrin-a (Sigma) and DMSO was 10
uM and 0.1% in each treated cells, respectively.

Gene silencing of pS3 and TFAM by small
interfering RNA (siRNA)

The siRNAs oligo (p53, TFAM and negative
control) was synthesized by Transheep Bio (Shanghai,
China). siRNA was transfected into 70% confluent
HCT116 cells with Lipo2000 (Invitrogen, Carlsbad,
CA, USA) The procedure of siRNA transfection was
followed with the instruction of manufacturer. p53-
siRNA: GCAUCUUAUCCGAGUGGAATT, UUCCA
CUCGGAUAAGAUGCTT. TFAM-siRNA: GACGAAAC
UCGUUAUCAUATT, UAUGAUAACGAGUUUCGU
CTT.Negative control (NC-siRNA): UUCUCCGAACGUG
UCACGUTT, ACGUGACACGUUCGGAGAATT. At
24 h and 72 h after transfection, cells were harvested and
analyzed by quantitative real-time PCR (qRT-PCR) and
Western blot, respectively, to confirm the silence efficacy
of p53 or TFAM.

Over-expression of p53 and TFAM by plasmid
transfection

The open reading frame (ORF) of p53 in pEnter
(pS3-pEnter), ORF of TFAM in pEnter (TFAM-pEnter)
and empty vector plasmid pEnter (Empty-pEnter,
Transheep Bio, Shanghai, China) were transfected into
HCTI116 cells by using LipoFiter (Shanghai Hanheng,
Shanghai, China) according to the manufacturer’s protocol.
In short, HCT116 cells which were in logarithmic growth
phase were seeded on 6 cm dishes with the density of
5x10° cells per dish. p53-pEnter, TFAM-pEnter or empty-
pEnter DNA (3 pg) and LipoFilter (20 puL) were added
to each well when HCT116 cells grew to around 50-70%
confluence. Then, after 6 h of transfection, serum-free
medium was replaced with fresh PRMI-1640 and cultured
for another 72 h after which subsequent experiments were
performed. pS3 and TFAM protein overexpression were
both verified by qRT-PCR and Western blot.

Western blot analysis for pS3 and TFAM protein
expression

Extraction of whole proteins was performed for
cultured cells with protein extraction kit (Nanjing Kaiji,
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Nanjing, China). Same amount of protein (30 pg) from
each sample were transferred respectively to PVDF
membrane (Millipore, Billerica, MA, USA). PVDF
membranes were treated with 5% non-fat dry milk
dissolved in incubation buffer to block non-specific
binding sites. Then, PVDF membranes were incubated
with primary antibodies directed against GAPDH
(1:5000, Abcam), TFAM (1:2000) and p53 (1:2000) in
primary antibody dilution buffer at 4°C overnight. After
washing, membranes were incubated with appropriate
horseradish-peroxidase-conjugated secondary antibodies
(1:10000, Santa Cruz) for 2 h at 37°C. The bands were
then visualized with ECL detection kit (Nanjing Kaiji),
determined by Quantity One software 4.5.0 (Bio-Rad,
Hercules, CA, USA) and normalized to GAPDH.

Immunocytofluorescence staining for p53 and
TFAM

HCT116 cell culture was performed on coverslips,
at the bottom of 24-well plates. The cells were fixed with
4% paraformaldehyde prior to permeabilization with
0.1% Triton X-100. After blocking with 5% goat serum,
incubation was performed with primary antibodies against
p53 and TFAM overnight at 4°C followed by incubation
with each corresponding TRITC-conjugated and FITC-
conjugated secondary antibodies. Cell nuclei were stained
with 4°, 6-diamino-2-phenylindole (DAPI, Roche, Basel,
Switzerland). Slides were coverslipped with anti-fading
medium and observed under a fluorescence microscope
(CX41, Olympus, Tokyo, Japan).

Mito-tracker green

The fluorescent probe Mito-Tracker Green
(Beyotime, Jiangsu, China) was used to detect
mitochondria of cultured cells. Cells were cultured on
coverslips at the bottom of 24-well plates. At the end
of corresponding treatments, cells were incubated with
50 nM Mito-Tracker Green in RPMI-1640 for 30min at
37°C in darkness. After washing, fluorescent staining was
observed under a fluorescence microscope.

Quantitative real-time PCR (qRT-PCR) for
mtDNA copy number

Extraction of mitochondrial DNA (mtDNA)
was performed with QIAamp DNA Mini kit (Qiagen,
Hilden, Germany) and real time PCR was done
by using mtDNA specific primer (forward primer
5'-TACTCACCAGACGCCTCAACCG-3' reverse
primer 5'-TTATCGGAATGGGAGGTGATTC-3"),
and the other primer pair for B-actin gene was run in
parallel to standardize the input DNA (forward primer
5'-CGGGAAATCGTGCGTGACAT-3', reverse primer
5'-GAAGGAAGGCTGGAAGAGTG-3"). Primers were

synthesized by Invitrogen. Reactions were carried out in
a 25 pL volume containing 12.5 pl 2xSYBR Premix Ex
Taq (BioRad), 1.0 pL forward primer (10mM), 1.0 pL
reverse primer (10 mM), 2.0 uLL DNA template (100 ng)
and 8.5 uL dH,O. The cycling conditions were as follows:
95°C for 30 sec followed by 40 cycles of 95°C degree for
5 sec and 60°C for 30 sec. Final results were presented
as percentage of mtDNA copy number relative to that
of control (in the case of comparison between RKO and
RKO-E6, the result was the percentage of mtDNA copy
number relative to that of RKO).

Dual-luciferase reporter assay

Dual-luciferase reporter assay was utilized to
confirm whether p53 could directly upregulate TFAM
expression. HEK293 cells were cultured with DMEM
containing 10% FBS. Transfection was done with
FuGENE 6 Transfection Regent (Promega, Madison,
WI, USA) according manufacturer’s instruction after
cells were grown to 70%-80% confluence. A TFAM
responsive luciferase construct which encodes the firefly
luciferase reporter gene controlled by TFAM promoter
region was transfected (pGL3-Basic-TFAM). The TFAM
promoter region was a fragment of human TFAM gene
promoter, generated by amplification of a region from
-1486 to +185 of TFAM gene. By the way, pGL3-Basic
is a vacant construct without TFAM promoter region.
pGL4.75 is a Renilla luciferase vector, working as an
internal control. pCDNA3.1-p53 is the plasmid which
could highly express p53 after transfection. Cells
were harvested 30 hours after transfection, underwent
lysis, and were measured for luminescence with Dual-
Luciferase Reporter Assay System (Promega, Madison,
WI, USA). Finally, Firefly- Luc/Renilla Luc ratio
was recorded. The results were expressed as relative
luciferase activity, after normalized to the Renilla
luciferase internal control.

Statistical analysis

All data were expressed as mean + SD. SPSS
19.0 software (SPSS, Chicago, IL, USA) was utilized
for analysis. Quantitative data were analyzed by one-
way ANOVA followed with SNK multiple comparison
test. Analysis of the difference of clinicopathological
parameters between low and high p53 and TFAM
expression groups, respectively, was conducted by y? test.
Survival rates as well as survival curves were derived from
the Kaplan-Meier method and the results were compared
by log-rank test. The correlation between p53 and TFAM
expression was assessed by the Pearson Correlation
analysis. Multivariable Cox proportional hazards
regression model was applied to determine hazard ratios
of overall survival. A p-value of < 0.05 was considered
significant.

www.impactjournals.com/oncotarget

75993

Oncotarget



ACKNOWLEDGMENTS

None.

CONFLICTS OF INTEREST

All authors declare no conflicts of interest.

GRANT SUPPORT

of

This study was supported by Natural Science Fund
China (81301770 and 81400637).

REFERENCES

Siegel RL, Miller KD, Jemal A. Cancer statistics, 2015. CA:
a cancer journal for clinicians. 2015; 65:5-29.

Moraes CT, Srivastava S, Kirkinezos I, Oca-Cossio J, van
Waveren C, Woischnick M, Diaz F. Mitochondrial DNA
structure and function. Int Rev Neurobiol. 2002; 53:3-23.

Reznik E, Miller ML, Senbabaoglu Y, Riaz N, Sarungbam
J, Tickoo SK, Al-Ahmadie HA, Lee W, Seshan VE, Hakimi
AA, Sander C. Mitochondrial DNA copy number variation
across human cancers. Elife. 2016; 5.

Feng S, Xiong L, Ji Z, Cheng W, Yang H. Correlation
between increased copy number of mitochondrial DNA and
clinicopathological stage in colorectal cancer. Oncology
letters. 2011; 2:899-903.

LeBleu VS, O'Connell JT, Gonzalez Herrera KN,
Wikman H, Pantel K, Haigis MC, de Carvalho FM,
Damascena A, Domingos Chinen LT, Rocha RM, Asara
JM, Kalluri R. PGC-lalpha mediates mitochondrial
biogenesis and oxidative phosphorylation in cancer
cells to promote metastasis. Nature cell biology. 2014;
16:992-1003.

Bruni F, Polosa PL, Gadaleta MN, Cantatore P, Roberti M.
Nuclear respiratory factor 2 induces the expression of many
but not all human proteins acting in mitochondrial DNA
transcription and replication. The Journal of biological
chemistry. 2010; 285:3939-3948.

Correia RL, Oba-Shinjo SM, Uno M, Huang N, Marie
SK. Mitochondrial DNA depletion and its correlation
with TFAM, TFB1IM, TFB2M and POLG in human
diffusely infiltrating astrocytomas. Mitochondrion. 2011;
11:48-53.

Campbell CT, Kolesar JE, Kaufman BA. Mitochondrial
transcription factor A regulates mitochondrial transcription

initiation, DNA packaging, and genome copy number.
Biochimica et biophysica acta. 2012; 1819:921-929.

. Nakayama Y, Yamauchi M, Minagawa N, Torigoe T,

Izumi H, Kohno K, Yamaguchi K. Clinical significance
of mitochondrial transcription factor A expression in
patients with colorectal cancer. Oncology reports. 2012;
27:1325-1330.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Wang X, Simpson ER, Brown KA. p53: Protection against
Tumor Growth beyond Effects on Cell Cycle and Apoptosis.
Cancer research. 2015; 75:5001-5007.

Markowitz SD, Bertagnolli MM. Molecular origins of
cancer: Molecular basis of colorectal cancer. N Engl J Med.
2009; 361:2449-2460.

Haupt S, Raghu D, Haupt Y. Mutant p53 Drives Cancer
by Subverting Multiple Tumor Suppression Pathways.
Frontiers in oncology. 2016; 6:12.

Bartek J, Bartkova J, Vojtesek B, Staskova Z, Lukas J,
Rejthar A, Kovarik J, Midgley CA, Gannon JV, Lane DP.
Aberrant expression of the p53 oncoprotein is a common
feature of a wide spectrum of human malignancies.
Oncogene. 1991; 6:1699-1703.

Dix B, Robbins P, Carrello S, House A, lacopetta
B. Comparison of p53 gene mutation and protein
overexpression in colorectal carcinomas. British journal of
cancer. 1994; 70:585-590.

el-Mahdani N, Vaillant JC, Guiguet M, Prevot S,
Bertrand V, Bernard C, Parc R, Bereziat G, Hermelin B.
Overexpression of p53 mRNA in colorectal cancer and its
relationship to p53 gene mutation. British journal of cancer.
1997; 75:528-536.

Bartlett JD, Close GL, Drust B, Morton JP. The emerging
role of p53 in exercise metabolism. Sports medicine. 2014;
44:303-309.

Koczor CA, White RC, Zhao P, Zhu L, Fields E, Lewis W.
p53 and mitochondrial DNA: their role in mitochondrial
homeostasis and toxicity of antiretrovirals. The American
journal of pathology. 2012; 180:2276-2283.

Linkowska K, Jawien A, Marszalek A, Malyarchuk BA,
Tonska K, Bartnik E, Skonieczna K, Grzybowski T.
Mitochondrial DNA Polymerase gamma Mutations and
Their Implications in mtDNA Alterations in Colorectal
Cancer. Annals of human genetics. 2015.

van Osch FH, Voets AM, Schouten LJ, Gottschalk RW,
Simons CC, van Engeland M, Lentjes MH, van den Brandt
PA, Smeets HJ, Weijenberg MP. Mitochondrial DNA copy
number in colorectal cancer: between tissue comparisons,
and  survival.

clinicopathological ~ characteristics

Carcinogenesis. 2015.

Cui H, Huang P, Wang Z, Zhang Y, Zhang Z, Xu W, Wang
X, Han Y, Guo X. Association of decreased mitochondrial
DNA content with the progression of colorectal cancer.
BMC cancer. 2013; 13:110.

Mohideen AM, Dicks E, Parfrey P, Green R, Savas S.
Mitochondrial DNA polymorphisms, its copy number
change and outcome in colorectal cancer. BMC research
notes. 2015; 8:272.

Gao J, Wen S, Zhou H, Feng S. De-methylation of
displacement loop of mitochondrial DNA is associated with
increased mitochondrial copy number and nicotinamide
adenine dinucleotide subunit 2 expression in colorectal
cancer. Molecular medicine reports. 2015; 12:7033-7038.

WWw

.impactjournals.com/oncotarget

75994

Oncotarget



23.

24.

25.

26.

27.

28.

29.

30.

31.

Chen T, He J, Shen L, Fang H, Nie H, Jin T, Wei X, Xin
Y, Jiang Y, Li H, Chen G, Lu J, Bai Y. The mitochondrial
DNA 4,977-bp deletion and its implication in copy number
alteration in colorectal cancer. BMC medical genetics.
2011; 12:8.

Kulawiec M, Ayyasamy V, Singh KK. p53 regulates
mtDNA copy number and mitocheckpoint pathway. Journal
of carcinogenesis. 2009; 8:8.

Chakrabarty S, D'Souza RR, Kabekkodu SP, Gopinath PM,
Rossignol R, Satyamoorthy K. Upregulation of TFAM and
mitochondria copy number in human lymphoblastoid cells.
Mitochondrion. 2014; 15:52-58.

Efeyan A, Serrano M. p53: guardian of the genome and
policeman of the oncogenes. Cell cycle. 2007; 6:1006-1010.

Meulmeester E, Jochemsen AG. p53: a guide to apoptosis.
Curr Cancer Drug Targets. 2008; 8:87-97.

Morikawa T, Kuchiba A, Liao X, Imamura Y, Yamauchi
M, Qian ZR, Nishihara R, Sato K, Meyerhardt JA, Fuchs
CS, Ogino S. Tumor TP53 expression status, body mass
index and prognosis in colorectal cancer. International
journal of cancer Journal international du cancer. 2012;
131:1169-1178.

Zhao H, Wang Q, Wang X, Zhu H, Zhang S, Wang W,
Wang Z, Huang J. Correlation Between RAB27B and p53
Expression and Overall Survival in Pancreatic Cancer.
Pancreas. 2016; 45:204-210.

Shiohara S, Shiozawa T, Miyamoto T, Feng YZ, Kashima
H, Kurai M, Suzuki A, Konishi I. Expression of cyclins,
p53, and Ki-67 in cervical squamous cell carcinomas:
overexpression of cyclin A is a poor prognostic factor in
stage Ib and II disease. Virchows Arch. 2005; 446:626-633.
Kang D, Kim SH, Hamasaki N. Mitochondrial transcription
factor A (TFAM): roles in maintenance of mtDNA and
cellular functions. Mitochondrion. 2007; 7:39-44.

32.

33.

34.

35.

36.

37.

Guo J, Zheng L, Liu W, Wang X, Wang Z, Wang Z, French
Al, Kang D, Chen L, Thibodeau SN, Liu W. Frequent
truncating mutation of TFAM induces mitochondrial DNA
depletion and apoptotic resistance in microsatellite-unstable
colorectal cancer. Cancer research. 2011; 71:2978-2987.

Park JY, Wang PY, Matsumoto T, Sung HJ, Ma W, Choi
JW, Anderson SA, Leary SC, Balaban RS, Kang JG, Hwang
PM. p53 improves aerobic exercise capacity and augments
skeletal muscle mitochondrial DNA content. Circulation
research. 2009; 105:705-712, 711 p following 712.

Yoshida Y, Izumi H, Torigoe T, Ishiguchi H, Itoh H, Kang
D, Kohno K. P53 physically interacts with mitochondrial
transcription factor A and differentially regulates binding
to damaged DNA. Cancer research. 2003; 63:3729-3734.

Saleem A, Hood DA. Acute exercise induces tumour
suppressor protein p53 translocation to the mitochondria
and promotes a p53-Tfam-mitochondrial DNA complex
in skeletal muscle. The Journal of physiology. 2013;
591:3625-3636.

Philp A, Chen A, Lan D, Meyer GA, Murphy AN, Knapp
AE, Olfert IM, McCurdy CE, Marcotte GR, Hogan MC,
Baar K, Schenk S. Sirtuin 1 (SIRT1) deacetylase activity
is not required for mitochondrial biogenesis or peroxisome
proliferator-activated ~ receptor-gamma  coactivator-
lalpha (PGC-lalpha) deacetylation following endurance
exercise. The Journal of biological chemistry. 2011;
286:30561-30570.

Ekstrand M1, Falkenberg M, Rantanen A, Park CB, Gaspari
M, Hultenby K, Rustin P, Gustafsson CM, Larsson NG.
Mitochondrial transcription factor A regulates mtDNA copy
number in mammals. Human molecular genetics. 2004;
13:935-944.

www.impactjournals.com/oncotarget

75995

Oncotarget



