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The transcriptomic G1–G6 signature
of hepatocellular carcinoma in an Asian population
Association of G3 with microvascular invasion
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Abstract
In this study, a transcriptomic group classification based on a European population is tested on a Singapore cohort. The results
highlight the genotype/phenotype correlation in a Southeast Asian population. The G1–G6 transcriptomic classification derived from
hepatocellular carcinoma (HCC) resected from European patients, robustly reflected group-specific clinical/pathological features. We
investigated the application of this molecular classification in Southeast Asian HCC patients.
Gene expression analysis was carried out on HCC surgically resected in Singapore patients who were grouped into G1–G6

transcriptomic categories according to expression of 16 predictor genes (illustrated in Supplementary Table 1, http://links.lww.com/
MD/B413 and Supplementary Fig. 1, http://links.lww.com/MD/B413) using quantitative reverse transcription polymerase chain
reaction (RT-PCR). Univariate and multivariate polytomous logistic regression was used to investigate association between clinical
variables and pooled transcriptomic classes G12, G3, and G456.
HCC from Singapore (n=82) were distributed (%) into G1 (13.4), G2 (24.4), G3 (15.9), G4 (24.4), G5 (14.6), and G6 (7.3)

subgroups. Compared to the European data, the Singapore samples were relatively enriched in G1–G3 versus G4–G6 tumors
(53.7% vs 46.3%) reflecting the higher proportion of hepatitis B virus (HBV) patients in Singapore versus Europe samples (43% vs
30%). Pooled classes were defined as G12, G3, and G456. G12 was associated with higher alpha-fetoprotein (AFP) concentrations
(OR=1.69, 95% CI: 1.30–2.20; P<0.0001) and G3 with microvascular invasion (OR=4.91, 95% CI: 1.06–24.8; P=0.047).
The European and Singapore cohorts were generally similar relative to associations between transcriptomic groups and clinical

features. This lends credence to the G1–G6 transcriptomic classifications being applicable regardless of the ethnic origin of HCC
patients. The G3 group was associated with microvascular invasion and holds potential for investigation into the underlying
mechanisms and selection for therapeutic clinical trials.

Abbreviations: AFP = alpha-fetoprotein, HBV = hepatitis B virus, HCC = hepatocellular carcinoma, HCV = hepatitis C virus,
INSERM = Institut National de la Santé et de la Recherche Médicale, OS = overall survival, RT-PCR = reverse transcription
polymerase chain reaction.
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1. Introduction cancer-related mortality worldwide.[1–5] There are multiple
1.1. Background

Hepatocellular carcinoma (HCC) is the most predominant
type of primary liver cancer and the third leading cause of
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etiologies of HCC, the most important being chronic viral
hepatitis B and C which account for 80% to 90% of all HCC
worldwide.[3,6,7] The prevalence and etiology of HCC vary
considerably by geographic location with East Asia ranking
and INCa (Institut National du Cancer).
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among the regions of highest prevalence owing to the high
incidence of hepatitis B virus (HBV).[8,9] This is in contrast to
hepatitis C virus (HCV) and high alcohol intake which are the
primary etiological factors in the West.[10,11]

Surgical resection, radiofrequency ablation, and liver trans-
plantation in selected cases are the main modalities of curative
treatment for HCC. Nevertheless, these are applicable in fewer
than 30% of cases and outcomes are impaired by high recurrence
rates (up to 70%) and tumor-related deaths (30–50% at 5
years).[12,13] Microvascular invasion is specifically associated
with poorer overall survival (OS) and shorter time to tumor
recurrence.[14,15] In more advanced HCC, locoregional ablative
therapy such as transarterial chemoembolization and radio-
embolization are useful for prolonging survival in an additional
20% of patients.[16] The only proven systemic therapeutic agent
is sorafenib for which efficacy is limited and the mechanism of
action remains unclear.[17–19]

HCC is heterogeneous at the molecular level,[20,21] which
makes prognostication based on anatomical staging difficult and
the selection of systemic therapeutic agents challenging. Although
the complete etiological mechanisms of HCC molecular
carcinogenesis are not fully understood,[22,23] various molecular
alterations have been proposed as playing significant roles in
HCC tumorigenesis—these include chromosomal aberrations,
mutations in TP53, and aberrations in the Wnt, TGFb, and Ras
signaling pathways.[24–28] Studies employing genome-scale
analysis of gene expression suggest that HCC is a heterogeneous
disease represented by several different subtypes of liver cancer
defined by distinct gene expression profiles implicating different
molecular mechanisms.[24,29] Conceptually, distinct gene expres-
sion profiles and their biological pathways may be associated
with particular clinical features, response to therapy and natural
history. Genomic markers may thus provide insight into the
molecular pathways involved, predict treatment response to
targeted therapies and potentially improve prognostication.
1.2. The INSERM G1–G6 transcriptomic classification

In a study on patients from a European population, Boyault et al
analyzed 57 HCC tissue samples using Affymetrix HG-U133A
GeneChip arrays and identified 6 groups (labeled G1–G6) based
on unsupervised hierarchical clustering of transcriptomic profiles
using a 6712 probe set.[30] Moreover, tumors could be classified
into the 6 groups, G1–G6, using a minimal subset of 16 genes.
Validation of the associations identified in the Affymetrix
analysis was performed on a second sample of 63 independent
tumors using quantitative reverse transcription polymerase chain
reaction (RT-PCR).
In the G1–G6 transcriptomic classification scheme, groups

G1–G3 were generally characterized by chromosomal instability
and association with the mitotic cell cycle. They found that G1
and G2 HCC tumors were associated with HBV (low and high
copy, respectively) and were very distinct from other HCCs. G1
and G2 were both linked to protein kinase B (AKT) pathway
activation—G1 through IGF2 overexpression and G2 through
PIK3CA mutations, and developmental and imprinting genes.
G1 included HBV-related tumors from younger patients relative
to other HBV HCCs, frequent AXIN1 mutations, absence of
TP53mutation, and overexpression of genes normally controlled
by parental imprinting. In contrast, G3 subgroup HCC tumors
were generally characterized by mutation of TP53 but without
HBV infection. G3 was associated with overexpression of genes
encoding proteins implicated in nucleus import/export, and
2

overexpression of genes controlling the cell cycle and cell cycle
checkpoints. G3 tumors were also associated with the worst
prognosis.
Groups G4–G6 were generally characterized by chromosomal

stability. G4 was a heterogeneous subgroup of tumors including
TCF1-mutated hepatocellular adenomas and carcinomas. G5
and G6 were strongly related to b-catenin mutations that lead to
Wnt pathway activation.[31] G6 tumors were characterized by
satellite nodules, higher activation of the Wnt pathway, and
E-cadherin under expression.
A subset of the clinical features listed by Boyault et al appears

to be relevant to the Southeast Asian population. We hypothe-
sized that the G1–G6 transcriptomic classification and associ-
ations with clinical, pathological, and biological tumor features
could apply to Southeast Asian HCC patients and might
potentially be useful for prognostication of response to therapy.
2. Methods

2.1. G1–G6 group classification

HCC tumor specimens of patients surgically resected by a single
surgeon at the Singapore General Hospital (SGH) and collected
between May 2001 and October 2012 were snap frozen within
liquid nitrogen, and stored in the SingHealth Tissue Repository
(STR) at �80°C. All tissues were collected with patient consent
and the study was approved by the Institutional Review Board
(CIRB Ref 2012/387/B). Frozen HCC tissues were retrieved from
the STR and sent to the Institut National de la Santé et de la
Recherche Médicale (INSERM) laboratory for gene expression
analysis. Patients were grouped into G1–G6 transcriptomic
categories according to the 16-gene predictor using quantitative
RT-PCR as previously described.[30] All the transcriptomic
analyses were performed blindly from clinical and pathological
data. Clinical and pathological features of patients and tumors
were obtained from an established database.[14,32] Satellite
tumors were defined as nodules located less than 2cm from
the primary tumor.
2.2. Statistical analysis

All statistical analyses were performed using SAS V9.3 (SAS, Inc.,
Cary, NC). Statistical significance was set at P�0.05.
Standard methods were used in the statistical analysis. Patients

were classified into transcriptomic groups according to the
INSERM tissue analysis. Boyault et al used Fisher exact test to
investigate association of G1–G6 groups and patient clinical
features on 2 independent patient cohorts, an initial cohort using
the Affymetrix GeneChipTM in which the 6 transcriptomic groups
were identified and defined (“Initial” cohort), and an independent
follow-up validation cohort using RT-PCR (“Validation” co-
hort).[30] Our analysis was consistent with that of Boyault et al in
which individual transcriptomic classifications were dichotomized
as G1 versus non-G1, G2 versus non-G2, etc. and then afterward
cross-tabulated with dichotomized Singapore clinical and demo-
graphic variables. Fisher exact test for association was applied to
the resulting2�2 tables.Notall variables analyzedbyBoyault et al
were available for the Singapore cohort.
Variables defined and analyzed by Boyault et al which were

also available for the Singapore cohort were serum alpha-
fetoprotein (AFP) >100IU/mL, gender, HBV status, age, and
presence/absence of satellite nodules. Additional clinical–-
pathological variables available for all patients from Singapore
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were tumor burden as defined by the Milan criteria (single HCC
�5m, or �3 lesions each �3cm, no macrovascular invasion,
no distant metastasis) and the presence or absence or
microvascular invasion. Test results for the European and
Singapore analyses were compared for agreement based on
P values and significance level.
Selected demographic and clinical baseline variables reflective

of biological tumor parameters were investigated for as potential
transcriptomic group patient classifiers using logistic regression.
Model stability and improved precision for parameter estimation
was achieved by pooling patients from selected G1–G6 groups to
create 3 pooled classes. Pooling rationale was based on shared
inherent genetic and biological pathway features described
previously: G12 was created from G1 and G2 while retaining
G3 as a separate class and G456, which served as the reference
class, was created from G4, G5, and G6. Univariate and
multivariate generalized (polytomous) logistic regression analysis
was performed to identify associations of G12, G3, and G456
with baseline variables reflective of inherent biological tumor
features. The idea is that evidence of association can link
transcriptomic classes with clinical variables reflecting biological
tumor parameters and tumorigenic pathways, thus suggesting
treatment strategies—as opposed to a focus on survival
prognosis.
OS and disease-free survival (DFS) for G12, G3, and G456 was

estimated using the Kaplan–Meier method and compared among
the 3 pooled classes using the log-rank test.
3. Results

3.1. Tissue sample disposition for G1–G6 group
classification

A total of 113 Singapore HCC tumor samples were analyzed at
the INSERM Research Laboratory for HCC transcriptomic
classification. Eighty-two samples with sufficient tissue quantity
and RNA of good quality were analyzed by quantitative RT-
PCR. Data from these samples were used in the statistical
analysis. The 82 samples corresponded to 82 patients character-
ized by HBV infection in 36 (43.9%), HCV in 22 (26.8%), and
both HBV and HCV in 1 (1.22%). Forty-five (55%) patients had
tumor burden beyond the Milan criteria and 51 (62%) had AFP
levels >200IU/mL. Microvascular invasion was present in
43.2% of the Singapore cohort. Details of the other major
clinical and tumor features are found in Table 1.
Frequency distributions for the G1–G6 classifications were

compared between Singapore and European samples. Singapore
frequency counts (%) were G1: 11 (13.4), G2: 20 (24.4), G3: 13
(15.9), G4: 20 (24.4), G5: 12 (14.6), and G6: 6 (7.3) (n=82).
Corresponding counts for European patients were G1: 11 (9.2),
G2: 17 (14.2), G3: 15 (12.5), G4: 41 (34.2), G5: 24 (20.0), and
G6: 12 (10.0) (n=120). Overall, the 2 distributions did not differ
statistically by Fisher exact test (P=0.248). However, 53.7% of
Singapore tissue samples were classified as G1–G3 and 46.3% as
G4–G6, whereas in the European data 35.8% were classified as
G1–G3 and 64.2% as G4–G6. The difference in the G1–G3:
G4–G6 ratio for Singapore versus Europe was statistically
significant by Fisher exact test (P=0.014) and reflects HBV+
enrichment in the Singapore G1–G3 groups. The percentage of
patients with HBV+ versus HBV� was not significantly different
for G123 (56.4%) versus G456 (44.1%) (P=0.352). Singapore
patient characteristics and HCC features are presented in Table 1
according G1–G6 transcriptomic classification.
3

3.2. Association of G1–G6 transcriptomic groups with
HCC clinical variables: Singapore vs Europe

General agreement was exhibited among the European and
Singapore cohorts relative to associations between transcrip-
tomic groups and clinical features.
The association between serum AFP >100IU/mL and G1 was

statistically significant in the Singapore cohort (P=0.0006) and
in both European cohorts (Initial, P=0.01; Validation, P=
0.006). Significance levels in the European samples supporting
association between female gender and G1 approached signifi-
cance for the Initial cohort (P=0.06) and achieved significance in
the Validation cohort (P=0.05). Similarly, for the Singapore
samples association between G1 and female gender approached
statistical significance (P=0.068). Results assessing association
between age <60 and pooled G1 and G2 data were consistent
among all 3 cohorts (European: Initial, P=0.04; Validation, P=
0.09; Singapore, P=0.073), although P�0.05 was not achieved
in any cohort. Evidence for association between satellite nodules
and G6 was mixed for the European samples (Initial, P=0.01;
Validation, P=0.30) but consistent with the nonsignificant
Singapore outcome (P=0.319). HBV positivity was the only
outcome variable exhibiting inconsistent results between the 3
cohorts (European: Initial, P=0.05; Validation, P=0.07;
Singapore, P=0.79) (Table 2).
In an assessment of association between the G1–G6 classifica-

tion and presence of activating CTNNB1 mutations (coding for
b-catenin) we performed quantitative RT-PCR of 2 target genes
of theWnt/b-catenin pathway, GLUL and LGR5. These genes are
classically overexpressed when the Wnt/b-catenin pathway is
activated due to CTNNB1 mutations and could be used as
surrogate markers. We showed that GLUL and LGR5 were
significantly overexpressed in the G5 and G6 subgroup (Fig. 1).
These results confirmed the association between activation of the
Wnt/b-catenin pathway and the G5–G6 subgroup in the
Singapore cohort.

3.3. Association of clinical variables and transcriptomic
class in the Singapore cohort

In univariate generalized logistic regression analysis on the
pooled transcriptomic classes G12, G3, and G456, baseline
variables exhibiting statistical significance at P�0.20 were ln
(AFP), age, microvascular invasion (Y/N), tumor grade (1 and 2/3
and 4), ethnicity (Chinese/non-Chinese), gender, and HBV status
(+/�). Multivariate analysis (n=67 owing to incomplete patient
profiles) on these 7 variables identified ln(AFP), age, and
microvascular invasion as statistically significant predictors of
pooled class membership (Table 3). Multivariate analysis on a
parsimonious model incorporating only ln(AFP), age, and
microvascular invasion, effectively increasing the sample size
to n=76 owing to fewer incomplete profiles, showed statistical
significance for ln(AFP) (P=0.0002), age (P=0.015), and
microvascular invasion (P=0.018) with improved precision in
odds ratios estimates (Table 4). The odds ratio estimate (95%CI)
for ln(AFP) was 1.69 (1.30, 2.20) indicating a 69% increase in
odds of G12membership (relative to G456) per unit increase in ln
(AFP). Advanced age was associated with reduced odds of
belonging to G12 and G3 (relative to G456) with respective odds
ratios (95%CI) of 0.92 (0.87, 0.98) and 0.91 (0.85, 0.98). Hence
each additional year of age reduced the odds of belonging to G12
by 7% and to G3 by 8%, with increased odds of belonging to
G456. Odds of patients with microvascular invasion were almost
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Table 1

Singapore patient characteristics and HCC features by G1–G6 transcriptomic classification.

Clinical/HCC variable
Transcriptomic group

Total (n=82)G1 (n=11) G2 (n=20) G3 (n=13) G4 (n=20) G5 (n=12) G6 (n=6)

Gender, n (%)
Male 7 (10.1) 16 (23.2) 12 (17.4) 19 (27.5) 11 (15.9) 4 (5.8) 69 (54.9)
Female 4 (30.8) 4 (30.8) 1 (7.7) 1 (7.7) 1 (7.7) 2 (15.4) 13 (45.1)

Ethnicity, n (%)
Chinese 2 (5.7) 7 (20.0) 6 (17.1) 10 (28.6) 6 (17.1) 4 (11.4) 35 (42.7)
Non-Chinese 9 (19.2) 13 (27.7) 7 (14.9) 10 (21.3) 6 (12.8) 2 (4.3) 47 (57.3)

Age, y
Mean±SD 53.3±21.8 59.0±8.8 54.7±10.3 63.2±12.2 63.7±8.0 67.5±5.5 59.9±12.6

Age category, n (%)
�60 y 7 (17.2) 13 (31.7) 9 (22.0) 7 (17.1) 5 (12.2) 0 (0.0) 41 (50.0)
>60 y 4 (9.8) 7 (17.1) 4 (9.8) 13 (31.7) 7 (17.1) 6 (14.6) 41 (50.0)

Milan criteria, n (%)
Within 7 (18.9) 6 (16.2) 4 (10.8) 12 (32.4) 5 (13.5) 3 (8.1) 37 (45.1)
Exceeds 4 (8.9) 14 (31.1) 9 (20.0) 8 (17.8) 7 (15.6) 3 (6.7) 45 (54.9)

Microvascular invasion, n (%)
No 7 (15.2) 13 (28.3) 3 (6.5) 12 (26.1) 8 (17.4) 3 (6.5) 46 (56.8)
Yes 4 (11.4) 7 (20.0) 10 (28.6) 7 (20.0) 4 (11.4) 3 (8.6) 35 (43.2)

Child–Pugh status, n (%)
A 9 (12.0) 19 (25.3) 11 (14.7) 18 (24.0) 12 (16.0) 6 (8.0) 75 (91.5)
B 2 (28.6) 1 (14.3) 2 (28.6) 2 (28.6) 0 0 7 (8.5)

Tumor size group, n (%)
�5cm 6 (13.6) 9 (20.5) 5 (11.4) 15 (34.0) 5 (11.4) 4 (9.0) 44 (54.7)
>5cm 5 (13.2) 11 (29.0) 8 (21.1) 5 (13.2) 7 (18.4) 2 (5.3) 38 (46.3)

HBV status, n (%)
Negative 5 (13.9) 9 (12.3) 3 (8.3) 12 (33.3) 3 (8.3) 4 (11.1) 36 (49.3)
Positive 5 (13.5) 8 (21.6) 9 (24.3) 6 (16.2) 7 (18.9) 2 (5.4) 37 (50.7)

Hepatitis Status, n (%)
None 4 (22.2) 2 (11.1) 2 (11.1) 7 (38.9) 1 (5.56) 2 (11.1) 18 (22.0)
HBV 5 (13.9) 8 (22.2) 8 (22.2) 6 (16.7) 7 (19.4) 2 (5.6) 36 (43.9)
HCV 1 (4.6) 8 (36.4) 2 (9.1) 7 (31.8) 2 (9.1) 2 (9.1) 22 (26.8)
HBV+HCV 0 0 1 (100) 0 0 0 1 (1.22)
Unconfirmed 1 (20.0) 2 (40.0) 0 0 2 (40.0) 0 5 (6.10)

Serum AFP (IU/mL), n (%)
Median (IQR) 3230 (599, 13,739) 627 (34.3, 8366) 27 (8.9, 74.3) 16.65 (7.5, 82.5) 19.4 (2.6, 30.1) 20.6 (4.1, 837) 37.0 (8.9, 825)

Serum category, n (%)
�200 IU/mL 2 (3.9) 9 (11.8) 11 (21.6) 16 (31.4) 9 (17.7) 4 (7.8) 51 (67.1)
>200 IU/mL 8 (32.0) 10 (40.0) 2 (8.0) 2 (8.0) 1 (4.0) 2 (8.0) 25 (32.9)

Max. tumor size (cm)
Mean±SD 5.08±2.47 5.76±3.37 7.67±6.03 5.06±3.25 7.61±5.70 7.47±7.58 6.19±4.53
Median (IQR) 4 (3.2, 6) 5.5 (3.2, 6.75) 6 (1.5, 23) 4 (4, 9.5) 6 (4.5, 9.9) 3.5 (2.6, 12) 4.65 (3.1, 7)

Tumor number, n (%)
Solitary 9 (14.8) 14 (17.1) 10 (12.2) 15 (18.3) 9 (11.0) 4 (4.9) 61 (74.4)
Multiple 2 (9.5) 6 (28.6) 3 (14.3) 5 (23.8) 3 (14.3) 2 (9.5) 21 (25.6)

Pathological grade, n (%)
Grade 1, 2 4 (9.5) 10 (23.8) 4 (9.5) 15 (35.7) 7 (16.7) 2 (4.8) 42 (51.9)
Grade 3, 4 7 (18.0) 10 (25.6) 9 (23.1) 4 (10.3) 5 (12.8) 4 (10.3) 39 (48.2)

Extrahepatic invasion, n (%)
No 11 (13.6) 20 (24.7) 12 (14.8) 20 (24.7) 12 (14.8) 6 (7.4) 81 (98.8)
Yes 0 0 1 (100) 0 0 0 1 (1.2)

Microscopic resection margin, n (%)
R0 11 (15.3) 19 (26.4) 11 (15.3) 16 (22.2) 10 (13.9) 5 (6.9) 72 (87.8)
R1 0 1 (10.0) 2 (20.0) 4 (40.0) 2 (20.0) 1 (10.0) 10 (12.2)

Satellite tumors, n (%)
No 10 (15.2) 16 (24.2) 9 (13.6) 17 (25.8) 10 (15.2) 4 (6.1) 66 (81.5)
Yes 1 (6.7) 4 (26.7) 4 (26.7) 2 (13.3) 2 (13.3) 2 (13.3) 15 (18.5)

Cirrhosis, n (%)
No 6 (17.6) 5 (14.7) 7 (20.6) 10 (29.4) 3 (8.8) 3 (8.8) 34 (42.0)
Yes 5 (10.6) 15 (31.9) 6 (12.8) 10 (21.3) 8 (17.0) 3 (6.4) 47 (58.0)

HBV=hepatitis B, HCV=hepatitis C, IQR= interquartile range, R0=negative margin, R1=positive margin, SD= standard deviation.
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5 times greater for belonging to G3 than patients with no
microvascular invasion, with odds ratio (95% CI) of 4.91 (1.06,
24.8) (Table 4).
Odds ratios on the continuous variables are risk multipliers

rather thanmeasures of absolute risk, hence curves from the fitted
regression model showing estimated probability of class
membership in G12, G3, and G456 as a function of ln(AFP)
and age is informative in an assessment of these variables (Fig. 2A
and B). Figure 2A and B shows that the probability curves for
G12 and G456 are essentially reflections of one another.
4

Figure 2A shows low probability of G12 for low levels of AFP
with a dramatic rise as AFP levels increase. Predicted probability
curves for G12 as a function of AFP remain relatively unaffected
by presence or absence of microvascular invasion. In the absence
of microvascular invasion, probability of G3 remains consistently
low. In the presence of microvascular invasion and younger age,
the probability of G3 is relatively high for low levels of AFP and
drops off dramatically with increasing levels of AFP; however,
with increasing age, the probability of G3 is suppressed at all
levels of AFP. Figure 2B shows relatively low probability of G3



Table 2

European vs Singapore HCC populations per Boyault et al: associations between transcriptomic groups and clinical variables.

European cohorts‡ Singaporex

Variable Transcriptomic groupings Identification (Affymetrix, n=57) Validation (RT-PCR, n=63) (n=82)

Serum AFP>100 IU/mL G1 0.01
∗

0.006
∗

0.0006
∗

Female G1 0.06† 0.05
∗

0.068†

HBV+ G2 0.05
∗

0.07† 0.790
Age<60 G1 and G2 0.04

∗
0.09† 0.073†

Satellite nodules G6 <10�2∗ 0.30 0.319

AFP= alpha-fetoprotein, HBV=hepatitis B, HCC=hepatocellular carcinoma, RT-PCR= reverse transcription polymerase chain reaction.
Bold values signifies statistically significant at P�0.05.
‡ Extracted from Table 1, Boyault et al; P values from Fisher exact test.
x Fisher exact test:

∗
P�0.05; †P�0.10.
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when microvascular invasion is absent with higher probability at
younger ages. When microvascular invasion is present there is a
pronounced increase in the probability of G3 at younger ages
with an accompanying, relatively precipitous, drop off with
increasing AFP levels, and a consistent lowering of the curve with
increasing age. In the presence of microvascular invasion, the
probability of G12 remains suppressed at the lower AFP levels
with a modest increase with rising AFP levels.

3.4. Patient survival related to pooled transcriptomic
classes

OS curves for the 3 classes did not differ statistically (P=0.784).
Estimated 12-month OS was G12: 83%, G3: 90%, and G456:
86%; 24-month OS was G12: 78%, G3: 75%, G456: 75%. DFS
did not differ significantly among the 3 classes (P=0.307).
Estimated 6-month DFS was G12: 78%, G3: 78%, G456, 100%;
12-month DFS was G12: 70%, G3: 65%, G456: 68%; and 24-
month DFS was G12: 56%, G3: 26%, G456: 38%.
4. Discussion

This is the first validation study of the G1–G6 transcriptomic
classifications of Boyault et al in a Southeast Asian HCC patient
population. Our results were generally consistent with those of
Boyault et al and lend credence to the G1–G6 transcriptomic
classifications as being applicable regardless of geographic origin
of HCC patients. G1 was strongly associated with higher serum
AFP in both cohorts. This is not surprising because in Boyault
et al,[30]Fig. 1B, AFP was shown to be one of the 16 classifiers
Figure 1. Expression of the genes GLUL

5

with strong weight on G1 (u=�12.36). Serum AFP would be
expected to be significant because the RNA expression of AFP is
one of the classifiers. Female gender was weakly associated with
G1 in both cohorts; G1 and G2 were weakly associated with
younger age in both; HBV+ infection was associated with G2 in
Europe but not in Singapore; and satellite nodules were
associated with G6 in Europe but no satellite nodules were
found in Singapore. Patients with hemochromatosis or of African
origin are uncommon in Southeast Asia, and we found no clinical
features in the Southeast Asian population associated with G4,
G5, or G6 subgroups.
The relative frequencies among G1–G6 differed somewhat

between Singapore (S) and European (E) cohorts with a higher
percentage of Singapore patients in the G1–G3 classifications
(46%) compared to Europe (36%). The greatest disparities were
on the order of 10 percentage points and occurred in G2 (S: 24.4;
E: 14.2) and G4 (S: 24.4; E: 34.2). In a previous work,[30] it was
found that G1–G3 subgroups were enriched in HBV-related
HCC, which could explain the differences of distribution
observed in the present study. HBV is the leading etiology of
HCC in Singapore as well as other Asia-Pacific countries with a
prevalence of approximately 75% to 80%,[33] whereas HCV and
alcohol are the leading ones in European and Western
populations. The relative proportions of patients with HBV in
the Singapore and European cohorts were 43.9% and 30%.
Although not statistically significant, Boyault et al found better
survival for subgroups G4–G6 than subgroups G1–G3.
In an analysis of pooled classes G12, G3, and G456, our data

showed serum AFP as a significant predictor of the G12 pooled
transcriptomic class and may reflect biological processes
and LGRF among the G1–G6 groups.
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Table 3

Summary of univariate and multivariate polytomous logistic regression analyses on pooled classes G12, G3, and G456: baseline clinical
variables reflecting tumor biological parameters (n=67).

Variable

Univariate Multivariate
∗

n Omnibus P† Odds ratio‡ (95% CI) Omnibus p-value Adj. rdds ratiox (95% CI) Class P

ln (AFP) (AFP units), IU/mL 76 0.0002 G12: 1.59 (1.27, 2.01) 0.001 G12: 1.84 (1.31, 2.57) 0.0004
G3: 1.11 (0.84, 1.46) G3: 1.08 (0.75, 1.57) 0.673

Age, y 82 0.026 G12: 0.95 (0.91, 0.99) 0.014 G12: 0.89 (0.83, 0.97) 0.004
G3: 0.94 (0.89, 0.99) G3: 0.93 (0.85, 1.01) 0.087

Microvascular invasion, Y/N 81 0.046 G12: 1.11 (0.41, 2.98) 0.025 G12: 0.48 (0.09, 2.48) 0.379
G3: 0.18 (0.43, 0.78) G3: 8.19 (1.22, 55.0) 0.030

Tumor grade, 1, 2/3, 4 81 0.075 0.575
Ethnicity, Chinese/non-Chinese 82 0.145 0.858
Gender 82 0.174 0.822
HBV status, Y/N 73 0.200 0.177
Microscopic resection margins, R0, R1 82 0.219
Milan criteria, within/exceeds 82 0.362
Satellite tumors, Y/N 81 0.477
Tumor size, �5/>5 82 0.510
Cirrhosis, Y/N 81 0.523
Child–Pugh status, A/B 82 0.530

AFP= alpha-fetoprotein, CI= confidence interval, HBV=hepatitis B.
Bold values signifies statistically significant at P�0.05.
∗
Includes variables significant at P�0.20 in the univariate analysis.

†Wald Chi-square testing overall significance of G12 or G3.
‡ G12=pooled G1 and G2; reference is G456=pooled G4, G5, and G6.
x Adjusted for 7 variables included in the multivariate analysis.

Allen et al. Medicine (2016) 95:47 Medicine
underpinning HCC in the pooled G12 transcriptomic group.
This is consistent with the current understanding of the clinical
behavior of HCC. G1 was also weakly associated with the female
gender which could be significant as HCCs are generally more
prevalent in males.[3,35]

Our data further suggest that microvascular invasion is strongly
associated with G3. The odds of patients with microvascular
invasion were almost 5 times greater for belonging to G3 than
patients with nomicrovascular invasion,with odds ratio (95%CI)
of 4.91 (1.06, 24.8). In the absence of microvascular invasion,
probability of G3 remains consistently low.
Microvascular invasion is an independent clinical feature that

is negatively associatedwithOS as well as amajor factor affecting
metastasis.[14,15] While G3 was found to overexpress proteins of
nuclear pore and cell cycle regulators,[30] the underlying
mechanism for its association with microvascular invasion is
unknown. As the G3 group is associated with aberrant
Table 4

Multivariate polytomous logistic regression analysis on pooled classes
and age (n=76).

Variable Class Odds ratio†

ln (AFP) (AFP units), IU/mL G12 1.69
G3 1.08

Age, y G12 0.92
G3 0.91

Microvascular invasion, Y/N G12 0.41
G3 4.91

nAFP= alpha-fetoprotein.
Bold values signifies statistically significant at P�0.05.
∗
Wald Chi-square.

† G12=pooled G1 and G2; reference is G456=pooled G4, G5, and G6.
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methylation of CDKN2A and aberrant mutation of TP53, these
genes may play a major role in the mechanism of microvascular
invasion in HCC. CDKN2A produces the protein (alternate
reading frame protein product of the CDKN2A), which is an
upstream regulator of TP53. This suggests a relationship between
aberrant methylation of CDKN2A and the aberrant mutation of
TP53, as well as the mechanism leading to microvascular
invasion. Previous studies have also shown a positive correlation
between TP53 overexpression and microvascular invasion,[36,37]

as well as a correlation between aberrant methylation and poor
prognosis in HCC.[38–40] Exploring the roles these genes might
have in microvascular invasion might elucidate the pathways
leading to microvascular invasion and reveal new therapeutic
targets for HCC. The G3 group thus provides an enriched group
of patients for further investigation of the underlying mechanism
of microvascular invasion and eventually, for therapeutic clinical
trials.
G12, G3, and G456: clinical variables AFP, microvascular invasion,

P
∗

95% Wald confidence interval Class Omnibus

1.30 2.20 <0.0001 0.0002
0.79 1.47 0.634
0.87 0.98 0.010 0.018
0.85 0.98 0.011
0.10 1.64 0.206 0.011
1.06 24.8 0.047



Figure 2. A. Logistic regression model based predicted probabilities of G12, G3 and G456 for selected values of age across the observed range of ln(AFP) for
microvascular invasion absent and present. B. Logistic regression model based predicted probabilities of G12, G3 and G456 for selected values of ln(AFP) across
the observed range of age for microvascular invasion absent and present.
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This classification system allows important biological and
pathological parameters (e.g., microvascular invasion), as well as
specific molecular pathways (e.g., AKT pathway activation)
pertaining to a specific HCC tumor, to be identified through a
single biopsy. This will be applicable even in inoperable cases.
Patients can thus be potentially be stratified and prioritized in
treatment algorithms. The identification of molecular pathways
under-pining specific tumors will also potentially allow selection
for inclusion in clinical trials.
One limitation of our study was the modest sample sizes in

both Singapore and European cohorts. Nevertheless, statistically
significant or near-significant consistency of association was
demonstrated for comparable variables measured on both
populations.
5. Conclusion

General agreement was exhibited among the European and
Singapore cohorts relative to associations between transcrip-
tomic groups and clinical features and lends credence to the
G1–G6 transcriptomic classifications as applicable regardless of
geographic origin of HCC patients.
The G12 pooled class was associated with high AFP levels,

while the G3 group was associated with microvascular invasion
and holds potential for investigation into the underlying
mechanisms and selection for therapeutic clinical trials.
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