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ment was used [27]. Multivariate Cox proportional hazards
regression models were used to control for confounding variables.
The multivariate regression analysis was performed using the
significant clinicopathological variables identified in the univariate
analysis. The variable “pathological stage” was excluded in
multivariate analysis because pathological stage was determined
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Table 1. Correlation between H3K27 modification and clinicopathological features in patients with HCC who underwent

hepatectomy.

Clinical or pathological feature Total N H3K27 modification group P value

A B C D

All cases 198 49 49 46 54

Age (years) 0.770
=60 64 16 17 12 19
>60 134 33 2 34 35

Sex 0.831
Male 152 40 37 34 41
Female 46 9 12 12 13

HBs Ag 0.913
Positive 45 1 11 9 14
Negative 153 38 38 37

HCV Ab 0.435
Positive 132 3 37 31 33
Negative 66 18 12 15 21

Cirrhosis 0.441
Yes T3 28 28 22 35
No 85 21 21 24 19

Pathological stage 0.185
Stage 1 18 5 6 5 2
Stage 2 86 24 25 16 21
Stage 3 74 14 14 18 28
Stage 4a 20 6 4 7 3

Maximum tumor size (mm) 0.356
=50 144 40 33 34 37
>50 54 9 16 12 17

Histological grade 0.003*
well 52 19 14 13 6
mod 115 27 30 27 31
por 31 3 5 6 17

No. of lesions 0.603
1 130 30 35 32 33
=2 68 19 14 14 21

Vascular invasion 0.051
Yes 64 12 11 21 20
No 134 37 38 ; 25 34

Serum AFP level (ng/mL) 0.104
=200 136 39 36 29 32
>200 62 10 13 17 22

Serum DCP level (mAU/mL) 0.082
=100 11 35 25 22 29
>100 87 14 24 24 25

AFP: alpha-fetoprotein DCP: des-gamma-carboxy prothrombin,

doi:10.1371/journal.pone.0091330.t001

by other pathological variables, such tumor size and number and
vascular invasion [19]. The time-dependent ROC analysis was
performed to evaluate the discriminatory ability for the prediction
of survival using R software (version 3.0.2, http://www.r-project.
org) and its specific package as described previously [28,29]. The
5-year overall and recurrence-free models were used to perform
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Table 2. Correlation between H3K27 modification and
nuclear accumulation of p53 and B-catenin in patients with
HCC who underwent hepatectomy.

Molecular feature Total N H3K27 modification group  pyajue
A B C D
All cases 198 49 49 46 54
p53 0.032%
Positive 50 9 10 9 22
Negative 148 40 39 37 32
B-catenin 0312
Positive 43 11 7 9 16
Negative 155 38 42 37 38

doi:10.1371/journal.pone.0091330.t002

this analysis and the area under the curve (AUC) was calculated
for measuring the prediction accuracy [30].

Results

Immunohistochemical analysis of H3K27ac and

H3K27me3 in HCC

Immunohistochemical analyses of H3K27ac and H3K27me3
revealed positive staining of both in nuclei of HCC (Figure la
and 1b). Approximately 40% of cases showed over 80% of cells
containing vivid positive staining (IHC marker intensity 2-3, H-
score >200), and 40% of cases showed various nuclear staining
levels (IHC marker intensity 1-3, H-score 100-200). In the
remaining 20% of cases, less than 50% cells exhibited weak or
moderate positive staining (IHC marker intensity 1-2, H-
score<<100). As for the background liver, in over 80% of cases,
few cells exhibited weak or moderate positive staining (IHC
marker intensity 1-2, H-score<<50). In total, the H-score of
H3K27ac was 156.7+86.8 (meanzZstandard deviation [SD],
range: 9-293) in HCC and 40.3%33.0 (range: 3-159) in
background liver. The H-score of H3K27me3 was 151.8+78.1
in HCGC (range: 9-296) and 64.7%45.6 (range: 8-211) m

0.1+ = (P=0.003) 0.1
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background liver. Mann—Whitney test showed that H-scores of
H3K27ac and H3K27me3 were higher in HCC than those in
background livers (P<0.001) (Figure 1c). Western blotting
analysis of frozen samples confirmed that H3K27ac and
H3K27me3 levels were elevated in HCC (Figure 1d).

Distributions of H3K27ac and H3K27me3 in HCC

Distributions of H3K27ac and H3K27me3 H-scores are shown
in Figure 2. There was no significant correlation between these
two modifications (r = 0.165). Cases were divided into two groups
based on the H-scores, as in the previous study on H3K27
modification [24]: the low H-score group (H-score =150) and the
high H-score group (H-score >150).

H3K27 modification and correlation with
clinicopathological characteristics

Based on the two-category classification (low/high H-score
groups), the high H3K27me3 group correlated with poor
differentiation, vascular invasion and serum alpha-fetoprotein
(AFP) level, and the high H3K27ac group also had association
with poor tumor differentiation (Table $1). To investigate the
significance of concurrent activation of both histone modifications
at the same residue of H3 in more detail, the cases were re-
classified into four groups (Group A-D). Group A included cases
with low H-scores for both H3K27ac and H3K27me3 (low-
H3K27ac/low-H3K27me3 group), Group B included high-
H3K27ac/low-H3K27me3 cases, Group C included low-
H3K27ac/high-H3K27me3 cases, and Group D included high-
H3K27ac/high-H3K27me3 cases. Representative photomicro-
graphs of H3K27ac and H3K27me3 immunohistochemistry of
Group A and Group D cases are shown in Figure 3.

The correlation of clinicopathological variables with the four
groups (Group A-D) revealed that Group D (high-H3K27ac/
high-H3K27me3 group) had a strong association with poor
differentiation (Table 1). Group D also showed significant
correlation with p53-positive staining (Table 2, Figure S1).
The levels of B-catenin staining were not different among the four
groups.

The median follow-up period was 45.0 months (range 2.3-196.2
months). The overall cumulative survival rate at five years was
40.4% and the recurrence free cumulative survival rate at five

S Y - SOV N
P=0.039

20 40 60 80
Time after surgery (months)

Figure 4. Kaplan-Meier analysis of (a) overall survival and (b) recurrence-free survival after resection according to histone H3K27
modification in HCC. Log-rank analysis showed significant differences in overall survival among the four groups (A-D) in both overall (P=0.021)
and recurrence free (P=0.039) survival. Censored data were plotted as “+” in the Kaplan-Meier curve.

doi:10.1371/journal.pone.0091330.g004
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Table 3. H3K27 modification in HCC and patient outcome (univariate analysis).

H3K27 Modification in Hepatocellular Carcinoma

Age >60 years (vs =<60)
Sex female (vs male)
HBs Ag positive (vs negative)
HCV Ab positive (vs negative)
Cirrhosis positive (vs negative)
Pathological stage
Stage 2 (vs Stage 1)
Stage 3 (vs Stage 1)
Stage 4 (vs Stage 1)
Maximum tumor size >50 mm (vs =50)
Histological grade
mod (vs well)
por {vs well)
No. of Tumor =2 (vs 1)
Vascular invasion positive (vs negative)

Serum AFP level >200 ng/mL (vs =200)

p53 positive (vs negative)
B-catenin positive (vs negative)
H3K27 modification

Group B (vs Group A)

Group C (vs Group A)

Group D (vs Group A)

Serum DCP level >100 mAU/mL (vs <100)

Overall survival

Recurrence free survival

HR

1378
1.255
0.951
1.204
1.804

1.948
4.683
6.286
1517

1.149
2.186
2:219
2592
1.697
1.140
1516
1.343

1.347
1519
2,054

95% CI

0.955 -1.988
0.863 -1.827
0.632 -1.432
0.840 -1.727
1.275 -2.554
0.885 -4.289
2131 -10.29
2.644 -14.94
1.060 =273
0.769 -1716
1.309 -3.649
1.580 -3.114
1.843 -3.644
1.198 -2.380
0.817 -1.586
1.053 -2.183
0.909 -1.986

0.820 -2213
0.924 -2.499
1.285 -3.284

P-value
0.087
0.235
0.811
0.312
<0.001*
<0.001*
0.098
<0.001*
<0.001*
0.023*
0.011*
0.497
0.004*
<0.001*
<0.001*
0.003*
0.438
0.025*
0.139
0.023*
0.239
0.099
0.003*

HR 95% CI
1.247 0.902
1.034 0.729
1.065 0.741
1.233 0.893
1.529 1927
1334 0.750
3.281 1.838
3543 1.778
1.691 1.217
1.146 0.803
2.009 1.261
1.985 1451
2587 1.887
1.845 1301
1.206 0.863
1.502 1.072
1.345 0.942
1.275 0.822
1.537 0.986
1.823 1.186

-1.724
-1.468
=1.533
-1.704
-2.075

-2374
-5.857
-7.061
-2.349

-1.635
-3.200
=Xz
-3.548
-2591
-1.678
-2.104
-1.920

-1.980
-2395
-2.802

P-value
0.182
0.851
0.733
0.204
0.006*
<0.001*
0.327
<0.001*
<0.001*
0.002*
0.011*
0.453
0.003*
<0.001*
<0.001*
<0.001*
0.270
0.018*
0.103
0.040*
0.278
0.058
0.006*

Cl, confidence interval; HR, hazard ratio.

years was 19.2%. Kaplan—Meier analysis revealed significant
difference of overall and recurrence-free survival in the four
H3K27 modification groups in HCC (log-rank P=0.021 and

P=0.039, respectively) (Figure 4). Group D showed significantly
poorer prognosis in overall survival than Group A (P=0.003) even
after the Bonferroni correction for multi-group comparison

Table 4. H3K27 modification in HCC and patient outcome (multivariate analysis).

Overall survival

Recurrence free survival

HR 95% CI P-value HR 95% CI P-value
Cirrhosis positive (vs negative) 1.903 1.322 - 2775 <0.001* 1.828 1.316 - 2561 <0.001*
Maximum tumor size >50 mm (vs 50=) 1.239 0.799 - 1.895 0.334 1.488 0.998 - 2189 0.051
Histological grade 0.095 0.111
mod (vs well) 0.769 0.491 - 1218 0.259 0.808 0.545 = 1.21 0.299
por (vs well) 1.261 0.674 - 2337 0.466 1.279 0.735 - 2204 0.381
No. of Tumor =2 (vs 1) 2.095 1.440 - 3.040 <0.001* 1.763 1.250 - 2474 0.001*
Vascular invasion positive (vs negative) 2.130 1416 - 3186 < 0.001* 2212 1.502 - 3235 <0.001*
Serum AFP level >200 ng/mL (vs <200) 1.184 0.776 - 1788 0.429 1.038 0.697 1.527 0.851
p53 positive (vs negative) 1.072 0.703 - 1.606 0.743 1.206 0.822 - 1742 0.333
H3K27 modification 0.171 0.686
Group B (vs Group A) 1.492 0.898 - 2494 0.122 1.270 0.809 - 2.000 0.299
Group C (vs Group A) 1.546 0.907 - 2652 0.101 1.253 0.783 - 2010 0.347
Group D (vs Group A) 1.730 1.037 = 2925 0.036* 1.275 0.790 -~ 2073 0.321
Cl, confidence interval; HR, hazard ratio.
doi:10.1371/journal.pone.0091330.t004
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Figure 5. Double immunofluorescent staining of H3K27ac and H3K27me3 in HCC. (a) Images of double immunofluorescent staining of
H3K27ac and H3K27me3 in frozen samples. (b) Distribution of immunofluorescent signal intensity in nucleus. Image analysis was performed of the
dashed line shown in the merged image using LAS (Leica Microsystems, Mannheim, Germany). Nucleolus regions are shown by the gray bar.

doi:10.1371/journal.pone.0091330.g005

(Table $2). The univariate Cox regression analysis also showed
that Group D had significantly poorer prognosis than Group A
both in overall survival and in recurrence free survival (Table 3).
In addition, the multivariate Cox regression analysis revealed that
Group D had significant poorer prognosis than Group A in overall
survival (Table 4).

The time-dependent ROC analysis showed that the H3K27
modification can predict 5-year recurrence-free survival
(AUC =0.662) especially in early-stage HCC (stage 1, 2)
(AUC =0.712) (Figure S2). The AUC of H3K27 modification
is higher than other prognostic indicators or markers previously
reported [31], such as AFP (AUC =0.615 and AUC = 0.583, in all
stage and in early-stage HCC, respectively). In the 5-year overall
survival model, AUCs of H3K27 modification were nearly the
same as those of other predictors.

Immunofluorescent analysis of H3K27ac and H3K27me3
in HCC

The images of double immunofluorescence staining of
H3K27ac and H3K27me3 in frozen sections are shown in
Figure 5a. These two modifications were detected as mutually
exclusive dot-like regions in the nucleus. H3K27ac tended to
localize mn the central euchromatin region of nuclei, whereas
H3K27me3 was observed in the peripheral heterochromatin zone.
Different immunofluorescent intensity peaks between H3K27ac
and H3K27me3 were confirmed by quantitative intensity analysis
using image analyzing software (Figure 5b).

Discussion

This is the first study that evaluated the clinicopathological
significance of concurrent increase of H3K27ac and H3K27me3
in HCC. Although both modifications appeared to occur
independently, concurrent activation of acetylation and methyla-
tion at the same residue, H3K 27, was observed in a subset of HCC
with poorly-differentiated morphology and p53 abnormality, and
the patients with this subset of HCC showed poor prognosis
compared with others. These results could not be obtained without
the precise quantification of immunohistochemical results in the
present study. We confirmed that the system is feasible and
reproducible [16]. The obtained data represented very well subtle
differences among the cases, as illustrated in the scatter diagram
(Figure 2).

PLOS ONE | www.plosone.org

Additionally, both modifications showed different nuclear
localization patterns in individual cancer cells; H3K27ac was
localized in the central euchromatin regions, while H3K27me3
was observed in the peripheral heterochromatin regions [32].
H3K27ac acts as an active enhancer, while H3K27me3 acts as a
silencer [15]. Thus, the segregated localization might reflect
compartmentalization of oncogenes related to proliferation or
invasion and tumor suppressor genes related to apoptosis or
differentiation within the nucleus [33,34].

H3K27ac modification is induced by p300/CBP and removed
by HDACs, while H3K27me3 is induced by EZH2 and removed
by JMJD3 [6]. Previous studies revealed the clinicopathological
significance of expression of these modification enzymes. High
expression of p300 m HCC correlated with poor differentiation
and poor prognosis and high expression of EZH2 in HCC
correlated with poor differentiation [35-38]. As for H3K27ac,
high expressions of some HDAGs in HCC also correlated with de-
differentiation and worse survival [39,40]. These data are
consistent with our results, but further studies are necessary to
evaluate which targets are better for the patient stratification,
either the modifying enzymes or the histone modifications.

The HCC subgroup with concurrently high H-scores of
H3K27ac and H3K27me3 showed significant correlation with
positive staining of p53. Positive p53 staining has been noted to
correlate with p53 mutation in HCC [41]. The correlation of p53
abnormality with p300 and EZH2 has been recognized in several
cancers. Nuclear accumulation of p53 was associated with p300
expression in breast cancer [42] and with EZH2 expression in
squamous cell carcinoma of esophagus [43]. In an & vio study,
overexpression of mutant p53 upregulated EZH2 expression [44].
Di Agostino et al. demonstrated that mutant p53 is able to recruit
p300 and cause histone acetylation in some promoter regions [45].
Therefore, some of the p53 abnormalities might cause concurrent
increase of H3K27ac and H3K27me3 levels through mechanisms
that have not been investigated yet.

In summary, concurrent activation of acetylation and methyl-
ation on H3K27 occurs in the subgroup of HCC, showing p53-
positive poorly differentiated type. Further studies are necessary to
evaluate the possible association between p53 and the concurrent
increase of histone modification. Our findings demonstrate that
image analyzer-assisted H-scores of H3K27ac and H3K27me3
identified an aggressive subgroup of HCC, and could serve as a
prognostic marker for HCC. Additional ROC analysis supports
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the possibility that the H3K27 modification might predict more
accurately in HCC than other prognostic indicators or markers.

Supporting Information

Figure S1 Representative photomicrographs of p53 and
p-catenin immunochistochemistry.

(TTF)

Figure S2 Time-dependent ROC analysis using (a) 5-
year overall survival and (b) 5-year recurrence-free
survival models in HCC. Prognostic clinical and pathological
valuables, tumor markers and H3K 27 modification were entered;
cirrhosis (positive or negative), tumor size (mm), tumor number
(number), histological grade (well, moderate or poor), vascular
invasion {positive or negative), AFP (ng/mL), DCP (mAU/mL),
p53 (positive or negative), B-catenin (positive or negative) and
H3K27 (group A, B, C or D). 95% confidence intervals were
shown after AUC values.

(T1F)
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