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Abstract

Background: Liver cancer (LC) is a common malignancy with very high morbidity. Pyruvate
dehydrogenase kinases (PDKSs) are regulators of mitochondrial pyruvate dehydrogenase

complexes (PDCs) and play an important role in regulating cellular energy metabolism. In this
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study, The Cancer Genome Atlas (TCGA) database was used to analyze the expression of
PDK2 mRNA in LC, and to explore the value of PDK2 in the diagnosis and prognosis of LC.
Methods: The TCGA database, containing the clinical data of 373 LC patients, includes
information on PDK2 expression values. The receiver operating characteristic (ROC) curve of
PDK2 was drawn to evaluate its diagnostic ability. Patients were divided into PDK2 high- and
low-expressing groups by threshold levels. The Chi-square test was used to evaluate the
correlation between PDK?2 levels and clinicopathological characteristics. The Kaplan-Meier
estimator and Cox regression analysis were performed to assess the effect of PDK2 levels on
survival outcomes.

Results: PDK2 expression in LC tissue was lower than that in normal liver tissues. According
to the area under the curve (AUC) value calculated by ROC, PDK2 has a considerable
diagnostic value for LC prognosis. The decreased expression of PDK2 is associated with
clinical parameters, such as histologic grade (P=0.0001), radiation therapy (P=0.0490), vital
status (P=0.0240), and overall survival (OS) (P=0.0222). Multivariate analysis shows that
decreased PDK2 level is an independent risk factor for predicting poor prognosis in LC.
Conclusions: PDK2 has a significant impact on the prognosis of LC and is a potential
biomarker for the diagnosis and prognosis of LC.

Keywords: Pyruvate dehydrogenase kinase2 (PDK2). Liver neoplasms. Prognosis. The Cancer

Genome Atlas (TCGA).

Background

Liver cancer (LC) is one of the most common malignancies and has attracted worldwide
attention. The morbidity of LC is higher than that of any other cancer, irrespective of gender

[1]. LC is characterized by occult onset and rapid progression, together with a high degree of
2
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invasiveness, metastasis and recurrence, with the result that the overall prognosis is extremely
poor [2]. Studies have shown that the five-year survival rate of LC is more than 70% if it is
diagnosed early, but is reduced to 10% if diagnosed at an advanced stage [3, 4]. Since most
diagnoses occur in the middle or late stages, patients are only able to choose between
interventional therapy, ablation therapy, radiation therapy and chemotherapy. Surgical
resection is the choice of less than 20% of LC patients [5]. Therefore, there is a critical need to
develop reliable novel biomarkers for the early diagnosis and prognosis of LC in order to
choose the appropriate individualized treatment strategy.

Oxidative phosphorylation and glycolysis are two main ways for mammalian cells to
obtain energy. Under aerobic conditions, ATP 1is produced mainly by oxidative
phosphorylation, while under hypoxia, ATP is produced mainly by glycolysis [6]. Pyruvate
dehydrogenase complexes (PDCs) are the key enzymes of the aerobic oxidation of glucose,
catalyzing the conversion of pyruvate to acetyl-CoA which then enters the citric acid cycle, an
important control point of glucose metabolism [7]. Pyruvate dehydrogenase kinases (PDKs)
are the regulatory enzymes of PDCs and can negatively regulate PDC activity by
phosphorylation. Therefore, an increase or decrease in PDKs expression will have a significant
impact on glucose metabolism and cell bioenergetics [8]. Current research has found that PDKs
are closely related to cancer cell metabolism, cancer drug resistance and cell steatosis [9-11].

PDKSs include four subtypes, PDK 1, PDK2, PDK3, and PDK4. Among them, PDK2 is the
most widely distributed and is expressed in almost all tissues [12]. At present, it is generally
believed that PDK2 is closely related to proto-oncogenes, transcription factors and growth
factors in tumorigenesis and development [13]. However, there are few reports on the
prognostic value of PDK2 levels in cancer cells. In this study, we performed a retrospective
analysis of The Cancer Genome Atlas Liver Hepatocellular Carcinoma (TCGA-LIHC) level 3

data to evaluate the relationship between PDK?2 levels and prognosis of LC. The value of PDK?2
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as a biomarker for diagnosis and prognosis of LC was explored.

Materials and methods

Data Mining

RNA-seq and clinical data of PDK2 were obtained from The Cancer Genome Atlas (TCGA)
database (https://cancergenome.nih.gov). There is no need for ethical review as all information

is in the public domain.

Statistical analysis

We used the ggplot2 software package in R (version 3.6.1) to draw boxplots of clinical features
to visualize the differences between discrete variables[14, 15]. The SPSS software (version
20.0) was used to test the relationship between PDK2 expression and clinicopathological
characteristics using the Chi-square test and Fisher’s exact test. The receiver operating
characteristic (ROC) curve was drawn using the PROC software package[16]. According to
the threshold PDK2 value calculated in ROC, patients were divided into PDK?2 high- and low-
expressing groups. Area under the curve (AUC) was calculated to measure the diagnostic value
of parameters [16]. The Kaplan-Meier curve was generated to compare the survival times of
the different PDK2 expression groups, using the R-Survival package[17, 18]. The statistical
significance of the above differences was calculated by log-rank test. The univariate and
multivariate Cox proportional hazard models of overall survival (OS) and relapse-free survival
(RFS) were established to explore the impact of PDK2 expression on prognosis and other

clinical parameters.

Results
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Data Overview

This study used the TCGA database of 373 LC patients with complete clinical data and PDK?2
expression values. The clinical data include age, gender, histological type, histologic grade,

stage, radiation therapy and residual tumor (Table 1).

Comparison of hepatic PDK?2 expression in cancerous and normal tissues

Boxplots were prepared to examine the correlation between PDK2 expression and different
histological features (Figure 1). The expression of PDK2 mRNA in LC tissue was lower than
that in normal liver tissue (P=1.1¢e’'%). In addition, PDK2 expression was clearly related to

histological type (P=0.0019), histologic grade (P=0.00043) and radiation therapy (P=0.0089).

The diagnostic value of PDK2 in LC

The ROC curve shows that the AUC value of all LC patients is 0.781, suggesting that PDK2
has considerable diagnostic ability (Figure 2). The subsequent subgroup analysis showed that
the AUC of stages I, II, I1I, and IV were 0.774, 0.760, 0.816, and 0.844, respectively, suggesting
that the diagnostic sensitivity and specificity were acceptable. These results indicate that PDK2

has a high degree of accuracy in predicting the prognosis of LC.

Correlation between PDK?2 expression and clinical parameters in LC

Based on the threshold expression value, all patients were divided into high- and low-
expressing groups and the correlations between PDK2 expression and clinical parameters were
examined (Table 1). The Chi-square test indicated that PDK2 expression was clearly correlated

with histologic grade (P = 0.0001), radiation therapy (P=0.0490), vital status (P=0.0240) and
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0S (P =0.0222).

Hepatic PDK2 expression correlates with OS and RFES in all patients

The Kaplan—Meier curve was drawn to determine the correlation between PDK2 levels and
patient survival (Figure 3). Patients were grouped as above. The statistical significance of the
differences was calculated by log-rank test. The results showed that PDK2 levels were
significantly associated with OS (P <0.0001) and RFS (P=0.0032). It is not difficult to conclude
that decreased PDK2 levels can predict unsatisfactory OS and RFS in all patients. Next, the
same method was used to explore the effect of PDK2 expression on patient prognosis in

subgroup analysis.

Relationship of hepatic PDK?2 expression with OS in subgroup analysis

Subgroup analysis showed that PDK?2 levels have remarkable predictive value for OS (Figure
4). This was seen for PDK2 levels in relation to early clinical stage (I/I) (P <0.0001), early
and late histologic stage (G1/G2 and G3/G4, P=0.00032 and P =0.0027, respectively), gender
(P=2¢% for males and P=0.0025 for females) and older and younger age (P=0.00024 and
P=0.0013, respectively). In these subgroups, decreased hepatic PDK2 levels predict

unsatisfactory OS.

Relationship of hepatic PDK?2 expression with RFS in subgroup analysis

Subgroup analysis showed that PDK?2 levels in early clinical stages (I/IT) (P=0.00097), early
histologic stage (G1/G2) (P<0.0001), male gender (P=0.0049) and older age (P=0.015) have
remarkable predictive value for RFS (Figure 5). In the above subgroups, decreased hepatic

PDK2 levels predict unsatisfactory RFS.
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Univariate and multivariate analysis of OS of LC

Cox proportional hazard models were established for single and multiple factor analysis of OS

(Figure 6). In univariate analysis, stage (P<<0.001), T classification (P<<0.001), residual tumor
(P=0.003) and PDK2 expression (P<<0.001) were clearly related to OS. Multivariate analysis

showed that low expression of PDK2 was an independent risk factor for OS (risk ratio: 0.372,

95% CI: 0.226-0.613, P <0.001).

Univariate and multivariate analysis of RFS of LC

Cox proportional hazard models were established for single and multiple factor analysis of RFS

(Figure 7). In univariate analysis, stage (P<<0.001), T classification (P<<0.001), residual tumor

(P=0.042) and PDK2 expression (P=0.004) were clearly related to RFS. Multivariate analysis
showed that T classification and residual tumor were independent risk factors for RFS (risk
ratio: 1.659, 95% CI: 1.279-2.153, P <0.001 and risk ratio: 1.282, 95% CI: 1.004-1.637, P

=0.046).

Discussion

Our group has, after a long period of research, identified a variety of novel LC biomarkers [19-
38]. This study confirmed that hepatic PDK2 levels were lower in cancerous tissue than in
normal tissue. PDK2 mRNA expression was found to be related to histologic grade, radiation
therapy, vital status, and OS of LC patients. We also found that PDK2 plays an important role
as a diagnostic indicator of LC. Patients with low PDK2 expression in LC have unsatisfactory
OS and RFS, especially those in stage I/II. The Cox proportional hazard model confirmed that
low expression of PDK2 is an independent risk factor for poor prognosis of LC. PDK2 may be

a novel and reliable biomarker for clinical evaluation of LC prognosis.
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Both the occurrence and development of tumors are closely related to energy metabolism.
Even with sufficient oxygen content, malignant cancer cells still use glycolysis instead of
aerobic oxidation as the main source of energy metabolism. This metabolic feature is called
"Warburg metabolism". The traditional view is that Warburg metabolism is a prominent feature
of malignant cells and that this metabolism is conducive to the rapid proliferation of cancer
cells [39]. Previous studies have also confirmed that PDKs, as the regulatory enzyme of PDCs,
can inhibit the activity of PDCs through phosphorylation, thus inhibiting the aerobic oxidation
promoted by PDCs. This will shift the metabolism of cancer cells to glycolysis, which will
promote the growth of cancer cells and inhibit their death [40]. It has been found that PDK2
expression is increased in tumor tissues such as glioblastoma, lung cancer, and gastric cancer
[41-43]. Cui et al. found, by mining TCGA database in a similar method to ours, that PDK2
overexpression can lead to poor prognosis of acute myeloid leukemia [10].

However, in this study, we found the opposite phenomenon. PDK2 expression in LC
tissue was observed to be lower than in normal tissue and low expression of PDK2 can lead to
poor prognosis of LC. This difference may be due to the different type of cell: it is possible
that PDK2 may have a unique role and mechanism in LC. Although the presence of Warburg
metabolism has been confirmed in most cancer cells, not all cancer cells appear to utilize it to
the same extent. In addition, different types of tumors have different bioenergetic demands [44,
45]. Approximately 50-70% of ATP in cancer cells is generated by glycolysis [46, 47]. Besides,
cancer cells also use aerobic oxidative metabolism and thus have a dynamic balance between
oxidative metabolism and glycolysis [48, 49]. The alteration in metabolic functioning in
hepatocellular carcinoma cells is one of the most important features that distinguish it from
other malignant cells [50]. We speculate that the potential mechanism of PDK2 in regulating
LC metabolism may be inconsistent with other types of tumors. The low expression of PDK?2

may provide favorable conditions for the proliferation and progression of hepatocellular
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carcinoma cells by regulating the cell cycle and other pathways.

To our knowledge, this is the first study to investigate the prognostic significance of PDK2
in LC. We report that low PDK2 expression may be an independent risk factor for poor
prognosis of LC. However, there are few in vivo and in vitro experiments on PDK?2 in LC, and
the specific molecular mechanism of PDK?2 in LC is still not clear. The data of this study are
only from a single public database and the sample size is limited. In future research, we intend
to explore the potential prognostic value of PDK2 for LC in different populations and test its

molecular function through in vivo and in vitro experiments.

Conclusions

In summary, we found that PDK2 levels were down-regulated in LC and were related to several
clinicopathological features of patients. Patients with low PDK2 expression in LC have
unsatisfactory OS and RFS. Low expression of PDK2 was also found to be an independent risk
factor for poor LC prognosis. We conclude that PDK?2 has a significant impact on the prognosis
of LC and is a potential biomarker for the diagnosis and prognosis of LC. In future study, we
plan to conduct complex experiments to further explore the mechanisms behind these findings
and the application of PDK2 levels in predicting the prognosis of LC patients in the clinic.
Abbreviations

LC: Liver cancer; PDKs: Pyruvate dehydrogenase kinases; PDCs: Pyruvate dehydrogenase
complexes; TCGA: The Cancer Genome Atlas; TCGA-LIHC: The Cancer Genome Atlas
Liver Hepatocellular Carcinoma; ROC: Receiver operator characteristic; AUC: Area under

the curve; OS: Overall survival; RFS: Relapse-free survival.
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369 Tables

370 Table 1 Correlation of PDK2 mRNA expression in LC tissue with clinicopathologic variables.
charstersics __VeTibI patenss “Figh % Tow 5% 2 Pvalue
Age <55 117 103 (31.12) 14 (34.15) 0.0465 0.7227

>=55 255 228  (68.88) 27 (65.85)
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Gender Female 121 108 (32.53) 13 (31.71) 0.0000 1.0000
Male 252 224 (67.47) 28 (68.29)

Histological type  Fibrolamellar carcinoma 3 2 (0.60) 1 (2.44) 3.8433 0.1001
Hepatocellular 363 325 (97.89) 38 (92.68)
carcinoma
Hepatocholangiocarcino
ma (Mixed) 7 5 (1.51) 2 (4.88)

Histologic grade Gl 55 54 (16.51) 1 (2.44) 20.5437  0.0001
G2 178 165 (50.46) 13 (31.71)
G3 123 100 (30.58) 23 (56.1)
G4 12 8 (245) 4 (9.76)

Stage I 172 159 (51.13) 13 (34.21) 5.5831 0.1476
I 87 76 (24.44) 11 (28.95)
I 85 71 (22.83) 14 (36.84)
v 5 5 (1.61) 0 (0.00)

T classification Tl 182 168 (50.91) 14 (34.15) 5.9882 0.1728
T2 95 83 (25.15) 12 (29.27)
T3 80 66 (20.00) 14 (34.15)
T4 13 12 (3.64) 1 (2.44)
X 1 1 0.30) 0 (0.00)

N classification NO 253 224 (67.67) 29 (70.73) 1.0958 0.4190
N1 4 3 (0.91) 1 (2.44)
NX 115 104 (31.42) 11 (26.83)

M classification ~ MO 267 239 (71.99) 28 (68.29) 0.884 0.7364
Ml 4 4 (1200 0 (0.00)
MX 102 89 (26.81) 13 (31.71)

Radiation therapy No 340 304 (98.38) 36 (92.31) 3.3056 0.0490
Yes 8 5 (1.62) 3 (7.69)

Residual tumor RO 326 292 (89.57) 34 (85.00) 1.4073 0.4755
R1 17 15 (4.60) 2 (5.00)
R2 1 1 0.31) 0 (0.00)
RX 22 18 (5.52) 4 (10.00)

Vital status Deceased 130 109 (32.83) 21 (51.22) 4.6548 0.0240
Living 243 223 (67.17) 20 (48.78)

Sample type Primary tumor 371 330 (99.40) 41 (100.00)  0.0000 1.0000
Recurrent tumor 2 2 (0.60) 0 (0.00)

(0N No 237 218 (66.67) 19 (47.50) 4.9165 0.0222
Yes 130 109 (33.33) 21 (52.50)

RFS No 179 163 (56.60) 16 (50.00) 0.2761 0.5741
Yes 141 125 (43.40) 16 (50.00)

371
372 Figure captions

373

374

375

376

377

Figure 1. Boxplots based on patient groups. Differences in PDK2 expression based on

clinicopathological characteristics such as LC histological type, histologic grade, stage, TNM

classification, residual tumor and radiation therapy.

Figure 2. ROC analysis of PDK2 expression in LC. Normal and tumor samples; Normal and

stage I tumor samples; Normal and stage II tumor samples; Normal and stage I1I tumor samples;
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378

379

380

381

382

383

384

385

386

387

388

Normal and stage IV tumor samples.

Figure 3. Relationship of hepatic PDK2 expression with OS and RFS. Relationship of
hepatic PDK2 expression with OS and RFS in all patients.

Figure 4. Relationship of hepatic PDK2 expression with OS in subgroup analysis.
Subgroup analysis of OS was performed according to patient gender, age, clinical stage and G
stage.

Figure 5. Relationship of hepatic PDK2 expression with RFS in subgroup analysis.
Subgroup analysis of RFS was performed according to patient gender, age, clinical stage and
G stage.

Figure 6. Univariate and multivariate analyses of OS in LC patients.

Figure 7. Univariate and multivariate analyses of RFS in LC patients.
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Figure 1

Boxplots based on patient groups. Differences in PDK2 expression based on clinicopathological
characteristics such as LC histological type, histologic grade, stage, TNM classification, residual tumor

and radiation therapy.
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Overall survival group by PDK2 in all tumors
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Relationship of hepatic PDK2 expression with OS in subgroup analysis. Subgroup analysis of OS was
performed according to patient gender, age, clinical stage and G stage.
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Univariate analysis of overall survival in liver cancer patients

age
gender
histologic_grade
stage
T_classification
N_classification
M_classification
radiation_therapy
residual_tumor

PDK2

pvalue
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0.220
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<0.001
<0.001
0.086
0.077
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0.003
<0.001

Hazard ratio
0.999(0.689-1.449)
0.801(0.562-1.142)
1.044(0.839-1.299)
1.381(1.148-1.660)
1.661(1.387-1.990)
0.727(0.506-1.046)
0.716(0.495-1.037)
0.515(0.258-1.028)
1.424(1.126-1.800)
0.328(0.202-0.532)

+
+

-
-
-

——
—_——

r T T T T T T 1
018 025 035 050 07 1.0 141 20
Hazard ratio

Multivariate analysis of overall survival in liver cancer patients
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Univariate and multivariate analyses of OS in LC patients.



Figure 7

Univariate analysis of relapse free survival in liver cancer patients

age
gender
histologic_grade
stage
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pvalue
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Hazard ratio
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Multivariate analysis of relapse free survival in liver cancer patients
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Univariate and multivariate analyses of RFS in LC patients.



