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Abstract Metabolic reprogramming is an important

hallmark of cancer cells, including the alterations of

activity and expression in tricarboxylic acid (TCA) cycle

key enzymes. Previous studies have reported the associa-

tions between tumor formation and three core enzymes

involved in the TCA cycle. However, the association

between functional single nucleotide polymorphisms

(SNPs) in one of TCA cycle key gene isocitrate dehydro-

genase (IDH) and the overall survival of hepatocellular

carcinoma (HCC) patients treated with transcatheter arte-

rial chemoembolization (TACE) has never been investi-

gated. Five functional SNPs in IDH1 and IDH2 genes were

genotyped using the Sequenom iPLEX genotyping system

in a cohort of 419 unresectable Chinese HCC patients

treated with TACE. Multivariate Cox proportional hazards

model and Kaplan–Meier curve were used for the prog-

nosis analysis. We found that SNPs rs12478635 in IDH1

and rs11632348 in IDH2 gene exhibited significant asso-

ciations with death risk in HCC patients in the dominant

model (HR 1.33; 95 % CI 1.02–1.73; P = 0.037) and in

recessive model (HR 1.87; 95 % CI 1.27–2.75; P =

0.001), respectively. Moreover, we observed a cumulative

effect of these two SNPs on HCC overall survival, indi-

cating a significant trend of death risk increase with

increasing number of unfavorable genotypes (P for

trend = 0.001). Additionally, our data suggest that unfa-

vorable genotypes of two SNPs may be used as an inde-

pendent prognostic marker in those with advanced stage

and patients with serum AFP \200 lg/L. Our results for

the first time suggest that IDH gene polymorphisms may

serve as an independent prognostic marker for HCC

patients treated with TACE.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most com-

mon cancers and third leading cause of cancer-related

death worldwide. Almost half of these cases and deaths

were estimated to occur in China [1]. According to the data

from the National Central Cancer Registry of China, the

crude incidence of HCC was 27.29/100,000, and the crude

mortality was 23.76/100,000 in 2010 [2]. The prognosis of

post-operational HCC patients is still poor due to the high

recurrence rate, and most HCC patients, diagnosed with
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advanced tumors, have to receive palliative or conservative

therapy only [3]. Transcatheter arterial chemoembolization

(TACE) is one of the therapies recommended as first-line

therapy for patients with intermediate-stage HCC [4]. It has

been demonstrated that TACE significantly improves the

overall survival of unresectable HCC patients [5]. But there

is still a lack of effective and specific biomarkers for pre-

diction of TACE treatment responses.

The tricarboxylic acid (TCA) cycle, which occurs in

mitochondria, is a core pathway for the metabolism of

sugars, lipids, and amino acids [6]. The fundamental role of

TCA cycle is usually described as a cyclic pathway con-

stantly oxidizing the acetyl moiety of acetyl-CoA to CO2

and generating NADH and FADH2 that feed electrons to the

respiratory chain for ATP generation [7]. Recently, the roles

of mitochondrial alterations in cancer come to general

attention with the discovery of mutations in mitochondrial

TCA cycle core genes, which mainly include succinate

isocitrate dehydrogenase 1 (IDH1) and 2 (IDH2), succinate

dehydrogenase (SDH), and fumarate hydratase (FH) [8].

The recent identification of cancer-associated mutations in

three metabolic enzymes suggests that altered cellular

metabolism can indeed be a cause of some cancers [6, 9, 10].

Isocitrate dehydrogenase is a member of the b-decarb-

oxylating dehydrogenase family with activity of catalyzing

the oxidative decarboxylation of isocitrate to produce a-

ketoglutarate (a-KG) and CO2 in the TCA cycle. There are

three isoforms for IDH. IDH1 and IDH2 are the cytoplasmic

and mitochondrial NADP?-dependent isocitrate dehydro-

genases, respectively, and are homologs. IDH3, which is

unrelated to IDH1 and IDH2, is a NAD?-dependent isocitrate

dehydrogenase and has not been found to be mutated in can-

cer. IDH1 catalyzes this reaction in the cytosol and peroxi-

some to mediate a variety of cellular housekeeping functions,

whereas IDH2 and IDH3 catalyze a step in the tricarboxylic

acid (TCA) cycle [11]. Recently, loss-of-function mutations in

IDH1 and IDH2 have been identified in a diverse array of

cancers, including gliomas, acute myelogenous leukemia

(AML), and cancers of thyroid, colon, and prostate [12–14].

Single nucleotide polymorphisms (SNPs) are easily

detectable genetic variants as they can be analyzed from

blood samples [15]. Thus, SNPs are attractive molecular

markers for translational studies. Our previous studies have

found that several SNPs are capable of predicting survival

of HCC [16, 17]. Considering that the important role of

TCA pathway core genes IDH1 and IDH2 in cancer pro-

gression [18], we hypothesize that SNPs in these genes

may alter gene expression and/or protein activity and have

an effect on the prognosis of HCC. To test this hypothesis,

we selected five functional SNPs in the IDH1 and IDH2

genes and evaluated their associations with the survival in a

cohort of 419 unresectable Chinese HCC patients treated

with TACE.

Materials and methods

Study population

A total of 448 Han Chinese patients who had unresectable

HCC were recruited from an undergoing study at the

Departments of Pain Treatment, Tangdu Hospital affiliated

to the Fourth Military Medical University in Xi’an and

Eastern Hepatobiliary Surgery Hospital affiliated to the

Secondary Military Medical University in Shanghai, China.

These patients were recruited between January 2008 and

November 2011. All cases had no previous history of other

cancers or cancer-related treatments. There were no

recruitment restrictions on age, gender, and tumor stage.

After recruitment, all patients received TACE as the first-

line treatment within a week after diagnosis. In the present

study, 29 cases with incomplete clinical information or

follow-up data or poor DNA quality were excluded.

Finally, a total of 419 patients were included in the primary

cohort and successfully genotype-assayed. Written

informed consent was obtained from each participant

before enrollment. Our study was approved by Hospital’s

Ethics Committees both in Shanghai and Xi’an.

Demographic and clinical data

Demographic variables, including age, gender, ethnicity,

residential region, and family history of cancer, were col-

lected by well-trained interviewers. Detailed clinical infor-

mation was collected through medical chart review or

consulting with treating physicians, including the date of

diagnosis, history of hepatitis virus infection, tumor number,

tumor size, lymph node invasiveness and/or distant metas-

tases, portal vein tumor thrombosis (PVTT), Child–Pugh

score, serum alpha-fetoprotein (AFP), treatment protocols,

and response. Clinical staging was determined according to

tumor-node-metastasis (TNM) classification system. The

follow-up information was updated every 3-month interval

through onsite interview, direct calling, or medical chart

review by a trained clinical specialist. The latest follow-up

data in this analysis were obtained in July 2013. For each

patient, 5 mL of venous blood was collected for genomic

DNA extraction using the E.Z.N.A. Blood DNA Midi Kit

(Omega Bio-Tek, Norcross, GA, USA) in the laboratory.

SNP selection and genotyping

Functional SNPs in the IDH1 and IDH2 genes were

selected by an approach combining SNPs that were pre-

dicted in a web-based tool (available at http://snpinfo.

niehs.nih.gov/snpinfo/snpfunc.htm) and SNPs that have

been reported in related diseases. Only validated SNPs

were selected, and SNPs with minor allele frequency\5 %
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in Han Chinese population (CHB) were excluded. Potential

functional SNPs were identified to meet the following

criteria: (a) SNPs located in miRNA binding sites of 30

untranslated region (UTR), SNPs in the transcription factor

binding site of the 50 flanking region (2,000 bp upstream

from the transcript start site), SNPs in splice sites or non-

synonymous SNPs in exons. (b) SNPs were shown to be

associated with disease according to the literature review

[19]. If there were multiple potential functional SNPs

within the same haplotype block (defined by the linkage

coefficient r2 [0.8), only 1 SNP was included. Finally, we

identified five SNPs including one in IDH1 gene

(rs12478635, TFBS), and four in IDH2 gene (rs11540478,

splicing site; rs11632348, rs4283211, rs4932158, TFBS).

All selected SNPs were genotyped by iPLEX genotyping

system (Sequenom, San Diego, CA, USA). Laboratory

persons who conducted the genotyping assay were blinded

to patient information. Internal quality controls and nega-

tive controls were used to ensure genotyping accuracy, and

strict quality control measures were implemented during

genotyping with over 99.0 % concordance with the main

genotyping results. Call rate for genotyping ranged from

98.6 to 99.8 %.

Statistical analysis

The SPSS Statistics19.0 software (IBM) was used for all

statistical analyses in this study. The survival time was

defined as the period from the date of first treatment to the

date of death or last follow-up. The association between

single SNP and OS was estimated as hazard ratios (HRs) by

Cox proportional hazards regression model, with adjusting

for gender, age, serum HBsAg, serum AFP, TNM stage,

and treatment. The main analyses were performed under

three genetic models, including dominant (homozygous

variant ? heterozygous genotypes vs. homozygous wild-

type), recessive (homozygous variant vs. heterozy-

gous ? homozygous wild-type genotypes), and additive

(homozygous variant vs. heterozygous vs. homozygous

wild-type, showing as P for trend) models. The Kaplan–

Meier survival curve and log-rank test were used to assess

the differences in OS time. Cumulative effect was evalu-

ated by the combination of unfavorable genotypes identi-

fied from the main effects analysis of individual SNPs. All

statistical tests were two-sided and P B 0.05 was consid-

ered to be statistically significant.

Results

Distribution of patients’ characteristics and prognosis

analysis

A total of 419 eligible patients were included in this study.

As shown in Table 1, the patients included 366 males

(87.4 %) and 53 female (12.6 %) with a median age of

53 years (range 20–80). Three hundred and fifty-nine

(85.7 %) patients were HBsAg positive. The percentage of

patients with tumor stage I and II was 48.0 %. Two hundred

and thirty (54.9 %) patients had significantly increased

Table 1 Distribution of

patients’ characteristics and

prognosis analysis

CI confidence interval, HR

hazard ratio, Ref. reference
a Adjusted by gender, age,

HBsAg, TNM stage, serum

AFP, and treatment after

surgery where appropriate
b Significant P values (\0.05)

Parameter All patients, n (%)

n = 419

Death, n (%)

n = 326

HRa 95 % CI P value

Gender

Female 53 (12.6) 40 (12.3) Ref.

Male 366 (87.4) 286 (87.7) 1.12 0.80–1.57 0.499

Age

\60 222 (53.0) 172 (52.8) Ref.

C60 197 (47.0) 154 (47.2) 0.99 0.79–1.25 0.956

HBsAg

Negative 60 (14.3) 47 (14.4) Ref.

Positive 359 (85.7) 279 (85.6) 0.81 0.59–1.13 0.220

TNM stage

I–II 201 (48.0) 134 (41.1) Ref.

III–IV 218 (52.0) 192 (58.9) 1.87 1.48–2.35 <0.001

Serum AFP, ng/ml

\200 189 (45.1) 136 (41.7) Ref.

C200 230 (54.9) 190 (58.3) 1.40 1.11–1.77 0.004

Treatment

TACE 341 (81.4) 284 (87.1) Ref.

TACE ? other 78 (18.6) 42 (12.9) 0.40 0.29–0.56 <0.001
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serum alpha-fetoprotein (C200 lg/L). Among all patients,

341 (81.4 %) received only TACE treatment, whereas the

remaining 78 (18.6 %) received TACE and other non-sur-

gical treatments, such as radio frequency ablation (RFA),

percutaneous ethanol injection (PEI), gamma knife radio-

surgery, and/or immunoradiotherapy. During the median

follow-up of 12.1 months (ranging from 2 to 57.0), a total of

326 (77.8 %) patients died and 8.7 % patients were lost

during follow-up. The median survival time for all patients

was 9.9 months. Furthermore, multivariate analysis indi-

cated significant poor overall survival in HCC patients’

advanced tumor stage III and IV (HR 1.87; 95 % CI

1.48–2.35) and higher serum AFP (HR 1.40; 95 % CI

1.11–1.77). But patients who received TACE and other non-

surgical treatments showed a significantly decreased risk of

death (HR = 0.40; 95 % CI 0.29–0.56) compared with

those treated by TACE alone. There was no association

between HCC outcome and gender (P = 0.499), age

(P = 0.956), as well as HBV infection status (P = 0.220).

Association of SNPs with clinical outcome in HCC

patients

We assessed the association of each individual SNP with

clinical outcome using multivariate Cox proportional haz-

ards model with adjustment for gender, age, HBV infec-

tion, TNM stage, serum AFP, and treatment. We found that

rs12478635 was significantly associated with HCC overall

survival (Table 2). Compared to the homozygous wild-type

(WW) of rs12478635, heterozygous variant (WV) and the

homozygous variant (VV) conferred a significant increased

risk of death (HR 1.33; 95 % CI 1.02–1.73; P = 0.037) in

HCC patients. Another two SNPs rs11632348 and

rs4283211 in IDH2 gene were significantly associated with

increased death risk in HCC patients with HR of 1.87

(95 % CI 1.27–2.75; P = 0.001) and 1.88 (95 % CI

1.28–2.77; P = 0.001), respectively, under recessive

model. Because of the similar risk ratio of these two SNPs,

we evaluated the linkage disequilibrium (LD) of them in

our data and the r2 was over 0.8 between these SNPs. So

we only choose one (rs11632348) of them for further

analysis.

Cumulative effect of unfavorable genotypes on HCC

overall survival

To further assess the cumulative effect of genetic variants

on HCC overall survival, we conducted a combination

analysis by including the two SNPs with a significant

association in single SNP analysis. The unfavorable

genotypes were defined as WV ? VV for rs12478635 and

VV for rs11632348. When we combined these unfavor-

able genotypes, there was a significant trend of increasing

death risk with increasing number of unfavorable geno-

types. Compared with the reference (group 1 without any

unfavorable genotypes), the HRs for patients with 1

(group 2) and 2 (group 3) unfavorable genotypes were

1.33 (95 % CI 1.01–1.75; P = 0.044) and 2.45 (95 % CI

1.52–3.97, P \ 0.001), respectively. A significant dose–

response trend was observed as well (P = 0.001)

(Table 3). Kaplan–Meier analysis showed that there was a

significant trend for decreased overall survival with the

increasing number of unfavorable genotypes (Log rank

P = 0.031, Fig. 1).

Table 2 Association of

Mitochondrial metabolism

related genes SNPs with clinical

outcome of HCC patients

CI confidence interval; HR

hazard ratio
a Adjusted by gender, age,

HBsAg, TNM stage, serum

AFP, and treatment after

surgery where appropriate
b Significant P values (\0.05)

Gene SNP Call rate Function Genetic models OS

HRa(95 % CI) P valueb

IDH1 rs12478635 99.4 % TFBS Additive 1.20 (1.02–1.40) 0.025

Dominant 1.33 (1.02–1.73) 0.037

Recessive 1.22 (0.95–1.58) 0.125

IDH2 rs11540478 99.8 % Splicing Additive 1.00 (0.82–1.21) 0.976

Dominant 0.93 (0.74–1.17) 0.545

Recessive 1.40 (0.87–2.26) 0.168

rs11632348 99.2 % TFBS Additive 1.10 (0.91–1.32) 0.321

Dominant 0.97 (0.78–1.21) 0.790

Recessive 1.87 (1.27–2.75) 0.001

rs4283211 99.4 % TFBS Additive 1.06 (0.88–1.28) 0.526

Dominant 0.92 (0.74–1.15) 0.476

Recessive 1.88 (1.28–2.77) 0.001

rs4932158 98.6 % TFBS Additive 0.91 (0.74–1.12) 0.380

Dominant 0.85 (0.67–1.09) 0.204

Recessive 1.10 (0.70–1.75) 0.673
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Stratified analysis on association of unfavorable

genotypes with outcomes in HCC patients

The associations between unfavorable genotypes and HCC

survival were further evaluated by stratified analysis of

AFP level and TNM stage. As shown in Table 4, the sig-

nificant increased death risk conferred by unfavorable

genotypes is observed in patients with AFP \200 lg/L

(HR 1.90; 95 % CI 1.21–2.99), but not in patients with

AFP C200 lg/L (HR 1.19; 95 % CI 0.84–1.70). Similar

results were also observed in patients with advanced stage

(stage III and IV, HR 1.77; 95 %CI 1.21–2.60; P = 0.003),

but not in patients with early stage (stage I and II) (HR

0.97; 95 %CI 0.65–1.46; P = 0.896). As indicated in

Fig. 2a–d, log-rank test indicates a significant difference in

overall survival between patients with unfavorable geno-

types in above-mentioned subgroups.

Discussion

In the present study, we examined whether genetic poly-

morphisms in the IDH1 and IDH2 gene are associated with

survival in a cohort of 419 TACE-treated HCC patients.

The most important finding is that SNP rs12478635 in

50UTR region of IDH1 and rs11632348 in 50UTR region of

IDH2 are significantly associated with HCC overall sur-

vival and cumulative effect analysis demonstrated that the

effects of these SNPs on OS of HCC patients showed a

dose-dependent manner. Additionally, our data suggest that

unfavorable genotypes of two SNPs may be used as an

independent prognostic marker in those with advanced

stage and patients with serum AFP\200 lg/L. To the best

of our knowledge, this is the first study to report that IDH

gene polymorphisms may serve as an independent prog-

nostic marker for HCC patients treated with TACE.

Cellular metabolism has been hypothesized to play a

central role in cancer [20]. Mutations in metabolic

enzymes, including IDH1 and IDH2, in cancer strongly

implicate altered metabolism in tumorigenesis [6, 10]. In

eukaryotic cells, IDH1 and IDH2 are homodimeric

NADP?-dependent enzymes that catalyze the oxidative

decarboxylation of isocitrate to produce a-ketoglutarate,

NADPH, and CO2 [21]. Gain-of-functions mutations in

IDH1 and IDH2 generate neomorphic enzyme activity to

catalyze the production of high levels of a metabolite, (R)-

2-hydroxyglutarate [(R)-2HG], which is normally found at

very low levels in cells [22, 23]. (R)-2HG promotes cellular

transformation, perhaps by altering the redox state of cells

Table 3 Cumulative effect of unfavorable genotypes on overall

survival of HCC patients

Group (number of

unfavorable genotype)a
Death/

total

HR (95 % CI)b P valuec

Group 1 (0) 66/87 Ref.

Group 2 (1) 233/303 1.33 (1.01–1.75) 0.044

Group 3 (2) 24/26 2.45 (1.52–3.97) <0.001

P for trend 0.001

CI confidence interval, HR hazard ratio, Ref. reference
a Unfavorable genotypes: IDH1 rs12478635 (WV ? VV) and IDH2

rs11632348 (VV)
b Adjusted by gender, age, HBsAg, TNM stage, serum AFP, and

treatment after surgery where appropriate
c Significant P values (\0.05)

Fig. 1 Cumulative effects of unfavorable genotypes. Kaplan–Meier

curves analysis

Table 4 Stratified analysis on association of unfavorable genotypes

with prognosis in HCC patients

Variable Death/total HRa (95 % CI) P valueb

Patients

with 0

unfavorable

genotype

Patients

with 1–2

unfavorable

genotypes

AFP (ng/mL)

\200 24/36 110/151 1.90 (1.21–2.99) 0.005

C200 42/51 147/178 1.19 (0.84–1.70) 0.329

TNM stage

I–II 32/45 100/154 0.97 (0.65–1.46) 0.896

III–IV 34/42 157/175 1.77 (1.21–2.60) 0.003

CI confidence interval, HR hazard ratio, Ref. reference
a Adjusted by gender, age, HBsAg, TNM stage, serum AFP, and treatment

after surgery where appropriate
b Significant P values (\0.05)
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or modulating the activity of metabolic and epigenetic

tumor suppressor enzymes that use the structurally similar

metabolite a-ketoglutarate as a cosubstrate [11, 14, 24].

Another hypotheses suggested that loss of IDH activity

from either loss of the wild-type allele or gain of a domi-

nant-negative mutant allele alters normal mitochondrial

function and promotes the metabolic switch of cancer cells

to glycolysis, the major bioenergic form in cancer cells as

suggested by Warburg [20, 25, 26].

Recently, a series of studies have reported the associa-

tion between mutations in IDH genes and various malig-

nancies. Several sequencing studies of malignant gliomas

confirmed that IDH1 Arg132 mutation is very common in

specific types of adult brain tumors, occurring in[70 % of

adult grade II and grade III gliomas and [80 % of adult

secondary glioblastoma multiformes [27, 28]. IDH1

Arg132 mutation was also identified in normal karyotype

acute myelogenous leukemia (AML) by whole-genome

sequencing [29]. Besides, IDH mutations have been found

in 10–20 % of cholangiocarcinomas as well as a few rare

cases of paraganglioma, colon cancer, prostate cancer, and

lung cancer [13, 28, 30–32]. All these studies strongly

support the idea that the mutations in IDH are involved in

the development or progression of human cancers.

Since SNPs play an important role in the variation of gene

expression level and activity of proteins, it is reasonable to

presume that SNPs in IDH genes may affect the intracellular

concentration of the metabolites through their impact on the

enzyme activity. Variations of these metabolites would

activate oncogenic signaling pathways at different levels in

tumor cells, leading to different characteristics of tumor and

distinctions in patient survival at last. Indeed, it has been

reported that variant genotype of rs11554137 in IDH1 is

associated with poor prognosis of AML and glioma [33–35].

In addition, genotype of rs11554137 is associated with the

expression level of IDH1 [33]. In our study, we for the first

Fig. 2 Stratified analysis on

association of unfavorable

genotypes with outcomes in

HCC patients. a, b Kaplan–

Meier survival curves for HCC

patients stratified by serum

AFP. c, d Kaplan–Meier

survival curves for HCC

patients stratified by TNM stage
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time linked the SNPs in IDH genes with clinical outcome of

HCC patients. Both the significant SNPs rs12478635 and

rs11632348 are located in the predicted transcription factor

binding sites in IDH1 and IDH2 genes. It is reasonable to

assume that genetic variation of these SNPs might alter the

expression level of IDH by affecting the binding capacity of

specific transfactors and thus to regulate the translational

efficacy of IDH mRNA.

The present study had some limitations. Firstly, only

419 patients were included for statistical analysis, so our

findings need to be confirmed by additional studies with

large sample size. Second, the exact biological significance

of these SNPs need further clarification by functional

studies. Moreover, our results should be validated among

different ethnic populations in future.

In conclusion, our study reported the first epidemio-

logical evidence supporting a role of rs12478635 and

rs11632348 in the prognosis prediction of Chinese HCC

patients treated with TACE. Further functional studies are

warranted to understand the underlying mechanism implied

in our findings.
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