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Expression of AMP-activated protein kinase/ten-eleven
translocation 2 and their clinical relevance in colorectal cancer
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Abstract. Inactivation of the ten-eleven translocation (TET)
family members and catalyzation of 5-methylcytosine (5-mC)
into 5-hydroxymethylcytosine (5-hmC) is associated with
cancer initiation and progression. AMP-activated protein
kinase (AMPK) is an enzyme that stabilizes TET2; however,
the clinical relevance of AMPK and TET2 expression levels is
currently unclear. Therefore, the present study aimed to inves-
tigate the clinical implications of AMPK/TET2 expression
levels in colorectal cancer (CRC). Immunohistochemistry
was used to retrospectively examine the expression levels of
AMPK and TET2 in paraffin-embedded specimens obtained
from 343 patients with CRC. The results demonstrated that
AMPK and TET?2 were highly expressed in CRC samples. No
significant association was observed between the expression
levels of TET2 and patient clinicopathological characteris-
tics (age, tumor location, lymphatic, vascular and perineural
invasion, Tumor-Node-Metastasis stages and differentiation);
however, patients with low expression levels of TET2 more
frequently presented with distant metastasis. By contrast, the
expression levels of AMPK were significantly associated with
lymph node and distant metastases. The survival analysis
results revealed that high expression levels of TET2 were
an independent predictor of favorable prognosis compared
with low TET?2 levels. However, no significant differences in
overall survival were observed between patients with high and
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low expression levels of AMPK. These results described the
clinical significance of AMPK/TET?2 in CRC. The results of
the multivariate analysis demonstrated that high expression
levels of TET2 were a predictor of a favorable prognosis,
whereas AMPK was not a significant factor for determining
patient prognosis; therefore, further functional analysis of
AMPK/TET?2 expression in CRC is needed.

Introduction

Colorectal cancer (CRC) was the third most common cancer
among men and women in 2020 South Korea, and it is one of the
deadliest types of cancer worldwide (1,2). In the United States,
there are 147,950 new cases and 53,200 deaths annually associ-
ated with CRC (3). The development of CRC is very complex
and is associated with genetic and epigenetic alterations (4). In
addition, the causes of CRC can be heterogenic, and there are
multiple underlying molecular pathways, such as the suppressor
pathway, the serrated pathway and the Lynch syndrome (5).
These various molecular pathways result in difficulties in CRC
treatment; therefore it is important identify effective biomarkers
and efficient methods to predict the prognosis of CRC.

Methylation results in the silencing of cancer suppressor or
base repair genes and occurs through the binding of methylated
complexes (6). Oxidation of 5-methylcytosine (5-mC) into
5-hydroxymethylcytosine (5-hmC), as well as 5-hmC-induced
5-formylcytosine (5-fC) and 5-carboxylcytosine (5-caC) are
epigenetic modifications (7,8). 5-mC can be actively removed
by oxidative demethylation by the ten-eleven translocation
enzyme family (TET1, TET2, and TET3) or by passive
demethylation through replication (9). 5-hmC is a hallmark
of DNA demethylation, and its levels have been reported to
be downregulated in various types of cancer, including colon
cancer (10,11). The loss of 5-hmC is caused by the inhibition
of TET enzyme activity along with an increase of the
onco-metabolite 2-hydroxyglutarate due to a mutation in the
isocitrate dehydrogenases (IDH1/2) and by a TET mutation,
reducing the TET stability (10).

AMP-activated protein kinase (AMPK) is a member of
the serine/threonine kinase family and forms a heterotrimeric
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Figure 1. Immunohistochemical staining of the expression levels of AMPK and TET?2 in CRC specimens. (A-D) AMPK and (F-H) TET2 proteins were mainly
detected in the cytoplasm and membrane of CRC cells. Representative staining patterns of CRC with (A and E) negative, (B and F) weak, (C and G) moderate
and (D and H) strong staining intensity. Magnification, x200. CRC, colorectal cancer; AMPK, AMP-activated protein kinase; TET2, ten-eleven translocation 2.

complex with one catalytic subunit (ol and 02), and two regu-
latory 3 (B1 or $2) and vy (y1,y2 or y3) subunits (12). AMPK is a
direct intracellular sensor that responds to ATP depletion and
restores energy homeostasis by inhibiting ATP-consuming
fatty acid and cholesterol synthesis and promoting the
generation of ATP (13). The activation of AMPK serves an
important role in the survival of tumor cells under stressful
conditions such as energy stress, hypoxia and hypoglycemia,
which are common in the tumor microenvironment (13,14).
In addition, previous studies have demonstrated that the
metabolic state regulates the epigenome directly through
the AMPK-dependent phosphorylation of the epigenetic
modifying enzyme (14,15). Wu et al (15) have reported that
AMPK increases the activity of TET2 and stabilizes it by
phosphorylation in normal compared with high glucose
conditions, which converts 5-mC bases to 5-hmC, thus altering
the epigenome.

However, it is still unclear how AMPK/TET?2 protein expres-
sion is affected in patients with CRC. The aim of the present
study was to investigate the association between AMPK/TET2
expression levels and other clinicopathological factors in patients
with CRC and to investigate its role as a prognostic factor.

Materials and methods

Patients and samples. Between January 2010 and December 2014,
360 patients who were diagnosed with CRC underwent surgical
resection at the Department of Surgery, Soonchunhyang
University Cheonan Hospital (Cheonan, South Korea) were
included in the present study. Only patients with stage I-IV
CRC were included. The specimens used in the study were fixed
in 10% formalin for 24-48 h at room temperature, embedded
in paraffin and stored at the Department of Pathology. The
exclusion criteria were as follows: 1) Patients who underwent
preoperative chemotherapy and radiotherapy; ii) those who
died within 30 days of the surgery; iii) those under 18 years
old; iv) those with Lynch syndrome or familial adenomatous
polyposis. Subsequently, a total of 343 patients were enrolled
in the present study. The patient clinicopathological data were
retrospectively collected through medical records. For the
survival analysis, the patients' medical records were assessed,
or they were contacted by a direct telephone call; the dura-
tion of disease-free survival (DFS) was analyzed by imaging
(CT or MRI) and an endoscopic follow-up. The median

follow-up time for all patients was 2.4 years (range,0-7.5 years);
17 patients were lost to the follow-up. Tumor stage was defined
according to the Tumor-Node-Metastasis (TNM) classifica-
tion of the American Joint Committee on International Union
against Cancer 7th Edition (16). This study was approved by the
Institutional Review Board of the Soonchunhyang University
Cheonan Hospital (approval no. SCHCA 2019-08-018).

Immunohistochemical staining of TET2 and AMPK.
Immunohistochemical staining of the CRC tissues was
performed using a tissue microarray (TMA) block of 343 patient
tissues. The tissue core punched by a 2-mm puncher (Unitech
Korea Co., Ltd.) was embedded in a recipient paraffin block
(Unitech Korea Co., Ltd.). The TMA blocks were cut into 4-ym
sections, dewaxed in xylene and rehydrated through a gradient
concentration of ethanol (100, 95, 90, 80 and 70%) for 5 min
per concentration. Subsequently, the blocks were incubated in
0.01 M citrate buffer (pH 6.0) at 95°C for 30 min in a micro-
wave. Endogenous peroxidase activity was inactivated using
0.3% H,O, for 1 h at room temperature. The sections were
subsequently incubated with antibodies against TET?2 (1:100;
cat.no.ab245287; Abcam) and AMPK (1:100; cat.no. GTX52341;
GeneTex, Inc.) overnight at 4°C, followed by incubation with an
anti-rabbit EnVision secondary antibody (cat. no. K4002; Dako;
Agilent Technologies, Inc.) for 1 h at 37°C. For visualization,
the sections were treated with ul 3,3'-diaminobenzidine solu-
tion (Dako; Agilent Technologies, Inc.) and counterstained
with Harris' hematoxylin (EMD Millipore). The sections were
mounted using Canada Balsam (Sigma-Aldrich; Merck KGaA).

Semiquantitative analysis of AMPK and TET2. Protein
expression was analyzed by two independent groups of
researchers who were blinded to patient clinical data; they
reached consensus scores for each specimen by evaluating the
percentage of positive cells and the intensity of staining. The
proportion of stained cells was classified on a scale of O to 3
as follows: 0, 0%; 1, 1-33%; 2, 34-66%; and 3, 67-100%. The
staining intensity was classified into four grades: 0, negative;
1, weak; 2, moderate; and 3, strong (Fig. 1). The two scores
were multiplied to obtain final protein expression scores,
which were classified as follows: 0, negative; 1-3, weak;
4-6, moderate; and 7-9, strong. ‘Negative’ and ‘weak’ denoted
low expression, whereas ‘moderate’ and ‘strong’ denoted high
expression.
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Statistical analysis. Statistical analyses were performed using
PASW Statistics v.18.0 (SPSS, Inc.). The %? or Fisher's exact
test were used to analyze the associations between categorical
clinicopathological variables and the expression levels of
AMPK and TET2. Phi correlation analysis was used to deter-
mine the relationship between AMPK and TET2 expression
levels. Survival curves for overall survival (OS) and DFS rates
were calculated using the Kaplan-Meier method and compared
by the log-rank test, and the Bonferroni correction was used to
adjust for multiple comparisons. Univariate and multivariate
analyses of patient prognosis were performed using Cox
proportional hazards modeling. P<0.05 was considered to
indicate a statistically significant difference.

Results

Baseline clinicopathological data. The baseline clinicopatho-
logical characteristics of the patients are presented in Table I.
Among them, 145 were female and 198 were male. The median
age was 64.2 (range, 29-89) years, male patients (57.7%) were
more common than female patients, and patients with diabetes
comprised 19.8% of the study cohort. The predominant primary
tumor location was on the left side (66.2%). The percentages
of patients at each pathological stage were 16.6% at stage I,
44.3% at stage 11, 32.9% at stage III and 6.1% at stage IV. In
addition, there were more patients without lymph node metas-
tasis compared with those with lymph node metastasis, and
7% of patients presented with distant metastasis.

Expression of AMPK and TET?2 in CRC tissue. Expression of
AMPK and TET?2 was assessed in tissues from 343 patients
with CRC by immunohistochemical staining. AMPK and
TET2 were stained in the cytoplasm and membrane of
tumor cells and confirmed by microscopy. According to the
semiquantitative analysis, the percentages of patients with high
expression levels of AMPK and TET2 were 25.9 and 27.1%,
respectively (Table I).

Associations between the expression levels of AMPK and
TET?2 and the clinicopathological characteristics of patients
with CRC. Age, sex, diabetes mellitus status, fasting glucose
and glycated hemoglobin (HbAlc) levels, tumor size, tumor
location, vascular, lymphatic and perineural invasion, pTNM
status, tumor differentiation and overall stage were included
to evaluate the clinical relevance of AMPK and TET2 expres-
sion levels. Patients with high expression levels of AMPK
more frequently presented with lymphatic invasion (P<0.001),
lymph node metastasis (P<0.001), distant metastasis (P=0.019)
and an advanced stage (P<0.001) compared with those in the
low AMPK expression group. However, distant metastasis
was more common among patients with low expression levels
of TET2 compared with those in the high TET2 expression
group (P=0.017) (Table II). No associations were observed
between the expression levels of TET2 and the following
clinicopathological variables: Age, sex, diabetes mellitus
status, fasting glucose or HbAlc levels, tumor size, location,
vascular or lymphatic invasion and overall stage.

Association between the expression levels of AMPK and TET.
The expression levels of AMPK and TET2 were both low in
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Table I. Clinicopathological characteristics of patients with

colorectal cancer.

Characteristics Frequency, n (%)
Total 343 (100%)
Age, mean (range) years 64 (29-89)
Sex

Male 198 (57.7%)

Female 145 (42.3%)
Diabetes mellitus

Yes 68 (19.8%)

No 275 (80.2%)
pT stage

Tl 26 (7.6%)

T2 45 (13.1%)

T3 216 (63.0%)

T4 56 (16.3%)
pN stage

NO 218 (63.5%)

N1 81 (23.6%)

N2 44 (12.9%)
pM stage

MO 322 (93.8%)

M1 21 (62%)
Tumor location

Right 116 (33.8%)

Left 227 (66.2%)
Tumor size

<5cm 226 (65.9%)

>5cm 117 (34.1%)

Vascular invasion
Yes
No
Lymphatic invasion
Yes
No
Perineural invasion
Yes
No
Differentiation
Well/moderately differentiated
Poorly differentiated
AMPK levels
High
Low
TET?2 levels
High
Low

54 (15.7%)
289 (84.3%)

96 (28.0%)
247 (72.0%)

116 (33.8%)
227 (66.2%)

322 (93.9%)
21 (6.1%)

89 (25.9%)
254 (74.1%)

93 (27.1%)
250 (72.9%)

T, tumor; N, node; M, metastasis; AMPK, AMP-activated protein

kinase; TET?2, ten eleven translocation 2.

194 (56.5%) cases, and both were high in 33 (9.6%) cases. In
addition, high expression levels of TET2 were more frequently
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Table II. Associations between AMPK and TET2 levels and the clinicopathological factors of patients with colorectal cancer.

AMPK levels, n (%) TET2 levels, n (%)
Characteristics n (%) Low (%) High (%) P-value Low (%) High (%) P-value
Total 343 (100) 254 (74.1) 89 (25.9) 250 (72.9) 93 (27.1)
Age, years 0.729 0.459
<60 122 (35.6) 89 (35.0) 33 (37.1) 86 (34.4) 36 (38.7)
>60 221 (64.4) 165 (65.0) 56 (62.9) 164 (65.6) 57 (61.3)
Sex 0.180 0.746
Male 198 (57.7) 152 (59.8) 46 (51.7) 143 (57.2) 55(59.1)
Female 145 (42.3) 102 (40.2) 43 (48.3) 107 (42.8) 38 (40.9)
Diabetes mellitus 0.611 0.894
Yes 68 (19.8) 52 (20.5) 16 (18.0) 200 (80.0) 75 (80.6)
No 275 (80.2) 202 (79.5) 73 (82.0) 50 (20.0) 18 (19.4)
Fasting glucose level, mg/dl 0.406 0.713
>126 114 (32.7) 84 (33.1) 30 (33.7) 82 (32.8) 32 (34.4)
100-125 117 (34.1) 82 (32.3) 35(39.3) 85 (34.0) 32 (34.4)
<100 112 (33.2) 88 (34.6) 24 (27.0) 83 (33.2) 29 (31.2)
Glycated hemoglobin, % 0.524 0.175
<6.5 126 (68.9) 87 (67.4) 39 (72.2) 100 (71.4) 26 (60.5)
>6.5 57 (31.1) 42 (32.6) 15 (27.8) 40 (28.6) 17 (39.5)
Tumor size, cm 0.257 0.340
<5 226 (65.9) 163 (64.2) 63 (70.8) 161 (64 .4) 65 (69.9)
>5 117 (34.1) 91 (35.8) 26 (29.2) 89 (35.6) 28 (30.1)
Tumor location 0.815 0.154
Right 116 (33.8) 85 (33.5) 31 (34.8) 79 (31.6) 37 (39.8)
Left 227 (66.2) 169 (66.5) 58 (65.2) 171 (68.4) 56 (60.2)
Vascular invasion 0.043 0.378
Yes 54 (15.7) 34 (13.4) 20 (22.5) 42 (16.8) 12 (12.9)
No 289 (84.3) 220 (86.6) 69 (77.5) 208 (83.2) 81 (87.1)
Lymphatic invasion <0.001 0.994
Yes 96 (28.0) 56 (22.0) 40 (44.9) 70 (28.0) 67 (72.0)
No 247 (72.0) 198 (78.0) 49 (55.1) 180 (72.0) 26 (28.0)
Perineural invasion 0.310 0.375
Yes 116 (33.8) 82 (32.3) 34 (38.2) 88 (35.2) 28 (30.1)
No 227 (66.2) 172 (67.7) 55 (61.8) 162 (64.8) 65 (69.9)
pT stage 0.766 0.155
Tl 26 (7.6) 20 (7.9) 6 (6.7) 22 (8.8) 4 (4.3)
T2 45 (13.1) 32 (12.6) 13 (14.6) 29 (11.6) 16 (17.2)
T3 216 (63.0) 163 (64.2) 53 (59.6) 162 (64.8) 54 (58.1)
T4 56 (16.3) 39 (15.4) 17 (19.1) 37 (14.8) 19 (20.4)
pN stage <0.001 0978
NO 218 (63.6) 178 (70.1) 40 (44.9) 159 (63.6) 59 (63.4)
N1 + N2 125 (36.4) 76 (29.9) 49 (55.1) 91 (36.4) 34 (36.6)
Distant metastasis 0.019 0.017
Absent 322 (93.9) 243 (95.7) 79 (88.8) 230 (92.0) 92 (98.9)
Present 21 (6.1) 11 4.3) 10 (11.2) 20 (8.0) 1 (1.1
Differentiation 0.457 0.877
Well/moderately differentiated 322 (93.9) 237 (93.3) 85 (95.5) 235 (94.0) 87 (93.5)
Poorly differentiated 21 (6.1) 17 (6.7) 4 (4.5) 15 (6.0) 6 (6.5)
Overall stage <0.001 0.615
I-11 199 (58.0) 164 (64.6) 35(39.3) 143 (57.2) 56 (60.2)
II-1v 144 (42.0) 90 (354) 54 (60.7) 107 (42.8) 37 (39.8)

T, tumor; N, node; M, metastasis; AMPK, AMP-activated protein kinase; TET2, ten eleven translocation 2.




ONCOLOGY LETTERS 21: 164, 2021 5

Table III. Correlation between the expression levels of AMPK and TET?2.

TET2,n (%)
Protein markers n, (%) Low (%) High (%) P-value
AMPK, n (%) 0.014°
Low 254 (74.1%) 194 (77.6) 60 (64.5)
High 89 (25.9%) 56 (22.4) 33 (35.5)
Phi coefficient 0.341 0.014°

a2 test. °Phi correlation. AMPK, AMP-activated protein kinase; TET2, ten eleven translocation 2.

Table I'V. Univariate and multivariate analysis using Cox's proportional hazard regression model for disease-free survival.

Univariate analysis Multivariate analysis

Clinicopathological parameters HR (95% CI) P-value HR (95% CI) P-value
Age (<60 vs. =60 years) 1.332 (0.861-2.060) 0.198
Sex (male vs. female) 1.178 (0.782-1.775) 0433
DM (yes vs. no) 0.794 (0.457-1.381) 0415
Tumor location (right vs. left) 0.976 (0.634-1.504) 0914
Vascular invasion (yes vs. no) 2.020 (1.241-3.288) 0.005 1.629 (0.951-2.791) 0.076
Lymphatic invasion (yes vs. no) 2.075 (1.364-3.156) 0.001 0.643 (0.386-1.071) 0.090
Perineural invasion (yes vs. no) 2.723 (1.807-4.105) <0.001 1.812 (1.153-2.847) 0.010
AJCC stage (I, IT vs. IIT, IV) 4.588 (2.923-7.200) <0.001 4.515 (2.706-7.532) <0.001
TET?2 (high vs. low) 0.582 (0.348-0.975) 0.040 0.568 (0.339-0.952) 0.032
AMPK (high vs. low) 1.586 (1.029-2.444) 0.037 1.359 (0.865-2.137) 0.183
AMPK high/TET?2 low vs. AMPK low/TET?2 high 3.569 (1.579-8.066) 0.002 2.840 (1.241-6.498) 0.013

HR, hazard ratio; AMPK, AMP-activated protein kinase; TET2, ten eleven translocation 2; DM, diabetes mellitus; AJCC, American Joint

Committee on Cancer.

observed in patients with high AMPK expression levels
(P=0.014; Table III). There was also a statistically significant
correlation between AMPK and TET2 expression levels
(P=0.014).

Univariate and multivariate survival analysis. The Cox
proportional hazard model was used to determine whether
the independent factors affected the OS and DFS rates in
patients with CRC. Regarding the DFS rates, vascular invasion
(HR,2.020;95% (I, 1.241-3.288; P=0.005), lymphatic invasion
(HR, 2.075; 95% CI, 1.364-3.156; P=0.001), perineural inva-
sion (HR, 2.723; 95% CI, 1.807-4.105; P<0.001), AJCC stage
(HR, 4.588; 95% CI, 2.923-7.200; P<0.001), high expression
levels of TET2 (HR, 0.582; 95% CI, 0.348-0.975; P=0.040)
and AMPK (HR, 1.586; 95% CI, 1.029-2.444; P=0.037) were
significant prognostic factors according to the results of the
univariate analysis. The multivariate analysis demonstrated
that perineural invasion (HR, 1.812; 95% CI, 1.153-2.847,
P=0.010) and AJCC stage (HR, 4.515; 95% CI, 2.706-7.532;
P<0.001) were independent prognostic factors associated
with DFS. High expression levels of TET2 (HR, 0.568;
95% CI, 0.339-0.952; P=0.032) was identified to be an
independent predictor of a favorable prognosis; however, the

expression levels of AMPK (HR, 1.359; 95% CI, 0.865-2.137;
P=0.183) were not significantly associated with DFS in the
multivariate analysis (Table IV).

In the OS rate univariate analysis, vascular (HR, 2.467,
95% CI, 1.416-4.299; P=0.001), lymphatic (HR, 2.976;
95% CI, 1.822-4.862; P<0.001) and perineural (HR, 2.869;
95% CI, 1.754-4.692; P<0.001) invasion, AJCC stage
(HR, 7.681; 95% CI, 4.097-14.401; P<0.001), and high expres-
sion levels of TET2 (HR, 0.369; 95% CI,0.182-0.748; P=0.006)
and AMPK (HR, 1.761; 95% CI, 1.061-2.921; P=0.028) were
significant prognostic factors. By contrast, the results of the
multivariate analysis demonstrated that the expression levels
of TET2 (HR, 0.369; 95% CI, 0.182-0.748; P=0.006) were an
independent predictor of a favorable prognosis; however, the
expression levels of AMPK were not significantly associated
with OS (Table V).

The results of Kaplan-Meier analysis with the log-rank test
demonstrated that the 5-year DFS rate of patients with high
expression levels of TET2 was significantly higher compared
with that of patients with low TET2 levels (P=0.037). However,
patients with high expression levels of AMPK exhibited lower
survival rates compared with those in the low AMPK expression
group (P=0.035; Fig. 2). The 5-year OS rate of patients with
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Table V. Univariate and multivariate analysis using Cox's proportional hazard regression model for overall survival.

Univariate analysis

Multivariate analysis

Clinicopathological parameters HR (95% CI) P-value HR (95% CI) P-value
Age (<60 vs. =60 years) 1.422 (0.843-2.397) 0.187

Sex (male vs. female) 1.332 (0.816-2.175) 1.332

Diabetes mellitus (yes vs. no) 0.945 (0.504-1.771) 0.860

Tumor location (right vs. left) 0.853 (0.512-1.421) 0.540

Vascular invasion (yes vs. no) 2.467 (1.416-4.299) 0.001 2.029 (1.156-3.562) 0014
Lymphatic invasion (yes vs. no) 2.976 (1.822-4.862) <0.001 0.849 (0.476-1.515) 0.580
Perineural invasion (yes vs. no) 2.869 (1.754-4.692) <0.001 1.496 (0.863-2.594) 0.151

AJCC stage (I, II vs. III, IV) 7.681 (4.097-14.401) <0.001 7211 (3.811-13.641) <0.001

TET2 (high vs. low) 0.369 (0.182-0.748) 0.006 0.369 (0.182-0.748) 0.006
AMPK (high vs. low) 1.761 (1.061-2.921) 0.028 1.288 (0.763-2.176) 0.344
AMPK high/TET?2 low vs. AMPK low/TET2 high 5.449 (2.043-14.533) 0.001 3.304 (1.232-8.861) 0.018

HR, hazard ratio; AMPK, AMP-activated protein kinase; TET2, ten eleven translocation 2; AJCC, American Joint Committee on Cancer.
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Figure 2. Kaplan-Meier survival curves of disease-free survival. (A and B) Survival analysis based on (A) AMPK and (B) TET2 expression levels. AMPK,
AMP-activated protein kinase; TET?2, ten-eleven translocation 2.

| | I 1
20 40 60

Time after surgery (months)

Time after surgery (months)

B
—— AMPK high
100 = TET hio
—— AMPK low —— TET2 high
s TET2 low
t l‘”'"".l
é
s 50 -
L
2
P=0.037, log rank
0 I I I 1
80 0 20 40 60 80

—— TET2 high

—— TET2 low

A B
100 =
100 —— AMPK high Wﬂ‘
—— AMPK low = -‘1]
E] 2
2 s
g 2
= 50 = 50—
E 50 E
: 5
P=0.026, log rank P=0.004, log rank
0 T T T 1 0 T T T 1
0 20 40 60 80 0 20 40 60

Time after surgery (months)

Time after surgery (months)

80

Figure 3. Kaplan-Meier survival curves of overall survival. (A and B) Survival analysis based on (A) AMPK and (B) TET2 expression levels. AMPK,
AMP-activated protein kinase; TET2, ten-eleven translocation 2.

high expression levels of TET2 was higher compared with that
of patients in the low TET2 expression group (P=0.004). By
contrast, high expression levels of AMPK were significantly

associated with a lower survival rates compared with low
expression levels of AMPK (P=0.026; Fig. 3). The associa-
tions between the combined expression of AMPK and TET2
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translocation 2.

and the clinical outcome, including OS and tumor recurrence,
were also investigated. The samples were divided into groups
based on the expression levels of both AMPK and TET2.
Kaplan-Meier curve analysis results demonstrated that the
DFS and OS prognosis was poorer in the AMPK high/TET2
low expression group compared with that in the AMPK
low/TET?2 high group (P=0.017 and P<0.001, respectively, with
Bonferroni correction; Fig. 4). The results of the multivariate
analysis revealed that the AMPK high/TET2 low expression
pattern was an independent prognostic factor for DFS and OS
(P=0.013 and P=0.018, respectively; Tables IV and V).

Discussion

The present study investigated the clinical relevance of AMPK
and TET2 expression levels in a large cohort of patients with
CRC. The results of the present study demonstrated that high
expression levels of TET?2, but not AMPK, predicted a favor-
able prognosis for patients with CRC, despite the significant
correlation between AMPK and TET?2 expression levels.
The first group to establish a relationship between cellular
metabolism and tumorigenesis was Warburg et al (17);
their study demonstrated continued aerobic glycolysis of
tumor cells despite oxygen-rich conditions. AMPK is an
enzyme associated with cancer and cell metabolism (18,19).
A number of studies, including those in CRC, have studied
the prognostic roles of AMPK; in the majority of cases, the
expression levels of AMPK have been associated with a
favorable prognosis (20-22). Based on preclinical data, these
results indicate that AMPK generally serves a role as a tumor
suppressor, regulates cell proliferation and induces apoptosis
by upregulating p53 (23). In addition, AMPK-dependent acti-
vation of the tuberous sclerosis complex inhibits the mTOR
pathway, further inhibiting cell proliferation and protein
synthesis (12). By contrast, in the present study, the expres-
sion levels of AMPK were associated with lymphatic invasion
and an advanced cancer stage, indicating a poor prognosis.
These results suggested that AMPK may serve different roles
depending on the tumor microenvironment.

In an in vivo study, Jang et al (24) reported that the devel-
opment of glioma was associated with high levels of AMPK
activation in the early tumor microenvironment. In addition,
AMPK has been reported to serve a role in inducing tumor cell

proliferation, and the deletion of oncogenic RAS and PTEN
has been demonstrated to activate AMPK (18). The activation
of AMPK has also been observed in non-stressful condi-
tions, typically by hormones (25). Hormones such as leptin
and interleukin-6 are involved in the progress and develop-
ment of certain solid tumors, such as prostate, colorectal and
breast (26). In hypoxic tumor cells, inducible AMPK may
also serve a pro-survival role analogous to that proposed
for hypoxia-inducible factors during tumorigenesis (27). In
clinical studies, tumor grade, prognosis and their associa-
tion with high expression levels of AMPK or phosphorylated
AMPK have been reported in various solid tumors, including
colon, breast, ovarian, prostate and cervical cancer (19,21,28).
In addition, AMPK has been demonstrated to be involved in
the invasion and migration of cancer cells through various
other signaling pathways, and novel kinase family 1, which
are members of the AMPK family, serve an important role
in cell migration and invasion by regulating the AKT/NF-«xB
signaling pathway (29,30).

A recent study has demonstrated that AMPK is a key
nutrient or energy sensor with high sensitivity for blood
glucose levels, and that TET2 expression is upregulated by
AMPK (15). In addition, AMPK serves an important role in
protecting the stability of TET2 by phosphorylating TET2
S99 in high glucose conditions (15). In the present study, no
statistical associations were identified between the expres-
sion levels of AMPK or TET2 and diabetes mellitus or high
glucose levels. However, those results were obtained as single
data points measured during the study; therefore, to overcome
these limitations, further studies are required to measure blood
glucose levels at various time points.

The results of the present study were consistent with
those of previous studies suggesting that low expression
levels of TET2 indicate a poor prognosis and demonstrating
that methylation serves an important role in CRC (31,32).
The inactivation of TET2 has been reported in 15% of
hematopoietic malignancies as well as CRC; in addition,
IDH1/2 gene mutations have also been identified in glioma,
chondrosarcoma and thyroid carcinoma (33-35). DNA
methylation occurs throughout the genome and is constantly
maintained during the replication process (36). Although
DNA methylation is a physiological process, a decrease in
the levels of 5-hmC can affect tumorigenesis (10). Various
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mechanisms exist to protect CpG island promoters from
DNA methylation, such as the binding of TET1 and the
exclusion of de novo DNA methyltransferases by trimeth-
ylation of histone H3 at lysine 4 (37,38). In addition, CpG
islands and promoters inhibit ectopic DNA methylation
by the polycomb-associated F-box and leucine-rich repeat
protein 10 (39). Therefore, DNA methylation is protected
through various defensive mechanisms in addition to TET?2,
which is why it is necessary to conduct further studies on
AMPK, as well as TET?2.

The results of the present study demonstrated that
although a significant correlation existed between the expres-
sion levels of AMPK and TET2, they were associated with
conflicting prognoses. This result may suggest that TET2
increases in response to methylation as CRC progresses, and
that the role of AMPK increases during tumor cell migration
and invasion according to the metabolic needs of the tumor
cells.

There were several limitations to the present study,
including its retrospective nature and selection biases. In addi-
tion, inconsistent results may have been observed due to a lack
of an established methodology for evaluating the expression of
AMPK and TET2. Also, clinical in vivo and in vitro studies
such as functional tests and prospective studies are needed
to evaluate the AMPK/TET/5-hmC axis further. Although
the association between diabetes mellitus and AMPK/TET?2
expression, which was one of the hypotheses of the present
study, was not determined, the results demonstrated that the
levels of AMPK/TET?2 expression may be a powerful prog-
nostic predictor of diabetes-associated CRC. However, it is
difficult to determine the relevance of AMPK/TET?2 expres-
sion levels in diabetes mellitus based solely on the results of
the present study.

In conclusion, the results of the present study demon-
strated that TET2 expression was an independent factor for
recurrence and survival of patients with CRC, and was a more
significant predictor of prognosis compared with AMPK. In
addition, the prognostic value of AMPK and TET2 levels
combined was greater compared that of the expression levels
of each protein alone. Further analyses are warranted to fully
establish AMPK/TET2/5-hmC as a predictive biomarker or a
therapeutic target for CRC.
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