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Abstract

Background Results of previous studies about the prognostic roles of histone H4 lysine 16 acetylation (H4K16ac) and histone
H4 lysine 20 trimethylation (H4K20me3) in breast cancer were inconsistent. Cellular experiments revealed the interplays
between H4K16ac and H4K20me3, but no population study explored the interaction between them on the prognosis.
Methods H4K16ac and H4K20me3 levels in tumors were evaluated by immunohistochemistry for 958 breast cancer patients.
Hazard ratios for overall survival (OS) and progression-free survival (PFS) were estimated using Cox regression models.
Interaction was assessed on multiplicative scale. Concordance index (C-index) was calculated to verify the predictive
performance.

Results The prognostic roles of the low level of H4K16ac or H4K20me3 were significant only in patients with the low level
of another marker and their interactions were significant. Moreover, compared with joint high levels of both them, only the
combined low levels of both them was associated with a poor prognosis but not the low level of single one. The C-index of
the clinicopathological model combined the joint expression of H4K16ac and H4K20me3 [0.739 for OS; 0.672 for PFS]
was significantly larger than that of the single clinicopathological model [0.699 for OS, P <0.001; 0.642 for PFS, P=0.003]
or the model combined with the single H4K16ac [0.712 for OS, P <0.001; 0.646 for PFS, P <0.001] or H4K20me3 [0.724
for OS, P=0.031; 0.662 for PFS, P=0.006].

Conclusions There was an interaction between H4K16ac and H4K20me3 on the prognosis of breast cancer and the combina-
tion of them was a superior prognostic marker compared to the single one.
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Introduction

Breast cancer is a highly heterogeneous disease ranging from
premalignant hyperproliferation to invasive and metastatic
carcinomas [1]. Various types of prognostic factors such as
clinical stage, hormone receptor status and human epidermal
growth factor receptor 2 (HER?2) expression have been used
to determine therapeutic approaches [2—4]. However, female
breast cancer has surpassed lung cancer as the most com-
monly diagnosed cancer, which further leads to the increase
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H4 lysine 20 trimethylation (H4K20me3) was a common
hallmark of human cancer [9]. H4K16ac was a well-estab-
lished epigenetic marker of active transcription and its loss
was associated with the epigenetic silencing of oncogenes
or tumor suppressor genes [10, 11], while H4K20me3 was
associated with transcriptional repression and the loss
could induce the expression of these genes [12, 13]. When
H4K16ac and H4K20me3 co-regulate one gene (either onco-
gene or tumor suppressor gene), there would be interesting
interplays between them [13].

Currently, a population study found that the loss of global
H4K16ac was associated with a poor prognosis of breast
cancer in only univariate analysis but not multivariate analy-
sis [14]. For the prognostic roles of H4K20me3 in breast
cancer, the findings were inconsistent [14, 15]. One study
found no significant association [14], while another study
found that the loss of global H4K20me3 was associated with
a poor breast cancer prognosis [15]. These findings sug-
gested that the prognostic roles of H4K16ac and H4K20me3
in breast cancer may be affected by other factors. Consider-
ing about the interplays between H4K16ac and H4K20me3
on breast cancer related genes [13], the prognostic roles of
them may be affected by each other. Only one previous study
simultaneously considered the prognostic roles of H4K16ac
and H4K20me3 [14], but it didn’t explore the modification
effects between them.

In the present study, therefore, we aimed to examine the
interaction between the global H4K16ac and H4K20me3
in breast cancer tissues on the prognosis and explore the
joint associations of them with the prognosis. For clinical
use, we further explored that whether the joint expression
of H4K16ac and H4K20me3 could improve the prediction
power of the prognostic model using known clinical and
pathologic factors.

Materials and methods
Study population

A total of 1062 female patients with pathologically diag-
nosed primary invasive breast cancer and > 1 cm of tumor
size in diameter between January 2008 and December 2015
were recruited from the Cancer Center of Sun Yat-sen Uni-
versity in Guangzhou, China. Patients with metastatic tumor
and missing information of the expression of H4K16ac and
H4K20me3 in tumor tissues (N =88) were excluded (Fig.
S1, Online Resource). Of 974 eligible women, 958 (98.4%)
were successfully followed up until Dec 31, 2020. This study
was approved by the Ethics Committee of the School of Pub-
lic Health at Sun Yat-sen University. Informed consent was
obtained from each participant.
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Baseline data collection

Information on demographic and clinicopathologic charac-
teristics was collected at diagnosis from patients’ medical
records, including age, menopausal status, body mass index
(BMI), family history of breast cancer, clinical stage, histo-
logical grade, estrogen receptor (ER), progesterone receptor
(PR) and HER2 status etc. The status of ER, PR, and HER2
was defined according to American Society of Clinical
Oncology/College of American Pathologists (ASCO/CAP)
guidelines [16].

Tissue microarray and Immunohistochemistry

The expression levels of H4K16ac and H4K20me3 were
evaluated with tissue microarrays (TMAs) by immuno-
histochemistry (IHC). TMAs were constructed as previ-
ously described [17]. The TMAs were baked at 60 °C for
2 h and then dewaxed with xylene and ethanol. Then anti-
gen retrieval was accomplished using EDTA (PH 9.0) in
super-pressure kettle and endogenous peroxide was blocked
using 3% H202. Antigen—antibody reactions for H4K16ac
and H4K20me3 were performed separately. For H4K16ac,
slides were incubated in rabbit monoclonal to H4K16ac
[EPR1004] (ab109463, diluted 1:100, Abcam) and then
labeled with the EnVision Detection System (Peroxidase/
DAB, Rabbit/Mouse) (Dako K5007). For H4K20me3, slides
were incubated in rabbit polyclonal to H4K20me3- Chip
Grade (ab9053, diluted 1:400, Abcam). Then slides were
developed by diaminobenzidine (DAB) and counterstained
by hematoxylin. These slides were finally dehydrated and
mounted.

IHC stained sections were digitally imaged using Pan-
noramic Scanner and CaseViewer software. IHC staining
was analyzed by an experienced pathologist and scored for
staining intensity (0-no staining, 1-weak, 2-moderate and
3-strong) and percentage of tumor cell staining (0—100). IHC
scoring was done by H-score which was calculated by mul-
tiplying the staining intensity by the percentage of positive
cells [18, 19]. Thus, the minimal H-score was 0, whereas
the maximum H-score was 300. To avoid the observation
variability, the mean value of duplicate scores was adapted
for further analysis.

Follow up and Outcomes

Patients were followed up by phone calls or out-patient
visits every 3 months in the first year, every 6 months in
the second and third year after diagnosis and annually
thereafter. Outcomes of interest were overall survival (OS)
and progression-free survival (PFS). OS was defined as the
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time from diagnosis to death and PFS was the time from
diagnosis to disease progression including recurrence,
metastasis, and death. The deaths were confirmed by call-
ing the first-degree relatives of the patients and searching
the Death Registration Reporting Information System of
Guangzhou Center for Disease Control and Prevention.
Survival status was censored at the latest follow-up date
or Dec 31, 2020.

Statistical analysis

Wilcoxon signed rank test was used to compare the expres-
sion levels of H4K16ac and H4K20me3 between tumor
tissues and adjacent tissues. Kruskal-Wallis test and
Mann—Whitney U test were used to test the associations of
H4K16ac and H4K20me3 H-score (defined as a continu-
ous variable) with age, menopausal status, BMI, family his-
tory, histological grade, tumor size, nodal status, clinical
stage and expression of ER, PR and HER2. H4K16ac and
H4K20me3 H-score were modeled as continuous vari-
able and fitted in a Cox proportional hazard model using
restricted cubic splines with knots at the 5Sth, 35th, 65th,
and 95th percentiles to estimate the hazard ratios (HRs) and
95% confidence bands assuming proportional hazard. Then
H4K16ac and H4K20me3 H-score were categorized accord-
ing to the results of restricted cubic splines and the distri-
bution of H4K16ac and H4K20me3 H-score. The optimal
cut-off values of H4K16ac and H4K20me3 were determined
by the minimum P value from log-rank chi-square statistics
based on PFS using the X-tile 3.6.1 software (Yale Univer-
sity, New Haven, CT, USA) [20]. Kaplan—Meier method was
used to estimate the 5-year survival. Cox proportional hazard
model was used to estimate HRs and their 95% confidence
intervals (CIs) for the associations between various prognos-
tic variables and the survival (OS and PFS). Multiplicative
scale was used to estimate the interaction between H4K16ac
and H4K20me3 on the prognosis.

A combined model containing the known important
breast cancer clinicopathological prognostic factors and the
joint levels of H4K16ac and H4K20me3 was constructed
for the prediction of the prognosis. The performance of
the combined model was measured by concordance index
(C-index) [21, 22]. Furthermore, a clinicopathological
model containing only the known clinicopathological prog-
nostic factors and the extra models combined only H4K16ac
or H4K20me3 were constructed for comparison. Compari-
sons between the different models were performed with the
rcorrp.cens package in Hmisc in R and were evaluated by
the C-index [23]. The larger the C-index, the more accurate
was the prognostic prediction [24]. All the analyses were
conducted using R 3.6.3 and a two-sided P-value below 0.05
was considered as statistical significance.

Results

Low level of H4K16ac and H4K20me3 in breast
cancer tissues

Of 958 women included in the analysis, almost all (99.0%)
of them were pathologically diagnosed with invasive
ductal carcinoma (IDC). Representative immunohisto-
chemical staining of H4K16ac and H4K20me3 in tumor
tissues was shown in Fig. 1. The level of H4K16ac in
adjacent normal tissues was available in 552 patients. The
H-score of H4K16ac ranged from 0 to 270.0 in both tumor
tissues and adjacent tissues, and the median (P, P;5) in
tumor tissues [5.0 (0.0, 40.0)] was significantly lower than
that in adjacent tissues [60.0 (10.0, 140.0)] (P <0.001)
(Table 1). The level of H4K20me3 in adjacent normal tis-
sues was available in 596 patients and the H-score ranged
from O to 285.0 in both tumor tissues and adjacent tis-
sues. Similarly, the median (P,s, P;5) in tumor tissues [90.0
(20.0, 210.0)] was significantly lower than that in adjacent
tissues [255.0 (210.0, 255.0)] (P <0.001).

H4K16ac in tumor tissues

H4K20me3 in tumor tissues

Weak

Moderate

Strong

Fig. 1 Representative immunohistochemical staining of H4Kl6ac
and H4K20me3 in tumor tissues. The staining of them was located in
the nucleus. Tissue microarray slides were scanned using a magnifi-
cation, X 20. H4K16ac, Histone H4 lysine 16 acetylation; H4K20me3,
Histone H4 lysine 20 trimethylation
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Table1 Levels of H4K16ac and H4K20me3 in tumor and adjacent
tissues

Histone markers N H-score [Median (P,s, P;5)] P value®
H4K16ac <0.001
Tumor tissues 552 5.0 (0.0, 40.0)
Adjacent tissues 552 60.0 (10.0, 140.0)
H4K20me3 <0.001

Tumor tissues 596

Adjacent tis- 596
sues

90.0 (20.0, 210.0)
255.0 (210.0, 255.0)

H4K16ac, Histone H4 lysine 16 acetylation; H4K20me3, Histone H4
lysine 20 trimethylation

P value for Wilcoxon signed rank test

Demographic and clinicopathological characteristics
and the associations with H4K16ac and H4K20me3
in tumor tissues

The median age at diagnosis was 48 years (interquartile
range: 41-56) among 958 eligible women. More than half
(57.9%) of the women were premenopausal and 55.9% of
them had a BMI between 18.5 and 23.9 kg/m?. The majority
of the women were diagnosed with low histological grade
(grade I/II: 73.4%), early clinical stage (stage I/II: 71.9%),
ER-positive (73.3%), PR-positive (72.5%), or HER2-nega-
tive (66.8%) (Table 2).

H4K16ac level was lower in tumors with size >2 cm, or
HER2-negative than the level in tumors with size <2 cm,
or HER2-positive (all P <0.05). No marked differences in
H4K16ac level were observed between different age, meno-
pausal status, BMI, family history, histological grade, nodal
status, clinical stage, ER status and PR status (Table 2). For
H4K20me3, the level was lower in tumors with higher his-
tological grade, size >?2 cm, higher clinical stage, ER-neg-
ative or PR-negative (all P <0.05) than their counterparts.
No marked differences in H4K20me3 level were observed
between different age, menopausal status, BMI, family his-
tory, nodal status, and HER?2 status (Table 2). Univariable
analysis showed that age, BMI, histological grade, clinical
stage and ER status were associated with OS and clinical
stage and ER status were associated with PFS (Table S1,
Online Resource).

Independent prognostic value of H4K16ac
and H4K20me3 in breast cancer tissues

Of the 958 eligible women, 118 died and 199 experi-
enced disease progression with a median follow-up time
of 77.7 months (interquartile range: 49.9-108.5). Five-year
OS rate and PFS rate were 91.6% and 84.8%, respectively.
Nonlinearities of relations of H4K16ac and H4K20me3
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in tumor tissues with breast cancer prognosis were shown
in Fig. S2 (Online Resource). No significant nonlinearity
for the relation between breast cancer prognosis and both
H4K16ac (P, pjinear = 0-296 for OS, P, jinear = 0.466 for PES)
and H4K20me3 (P, pjinear = 0-144 for OS, P, ptinear = 0.345
for PFS), while there was a significant linear contribution
of H4K20me3 to breast cancer prognosis (P, <0.001 for
both OS and PFS). Based on the results of restricted cubic
splines, we categorized both H4K16ac and H4K20me3
H-score into two levels using the X-tile software. The opti-
mal cut-off values for H4K16ac and H4K20me3 H-score
were 10.0 and 75.0, respectively.

In univariable analysis, significant associations between
a poor breast cancer prognosis and the low level of both
H4K16ac (HR=1.51,95% CI 1.02-2.24 for OS; HR=1.36,
95% CI 1.01-1.83 for PFS) and H4K20me3 (HR =2.35,
95% CI 1.60-3.45 for OS; HR=1.92, 95% CI 1.44-2.55 for
PES) were observed (Table S2, Online Resource). In multi-
variable analysis, the prognostic effects of the low level of
H4K20me3 were still significant for both OS (HR=1.97,
95% CI 1.29-3.02) and PFS (HR=1.80, 95% CI 1.31-2.46).
Kaplan—-Meier survival curves of H4K16ac and H4K20me3
with the prognosis were shown in Fig. S3 (Online Resource).

Joint associations of H4K16ac and H4K20me3
with breast cancer prognosis

Interactions between H4K16ac and H4K20me3 on breast
cancer OS (Pjperaction=0-003) and PFS (P;raction=0.031)
were significant (Table 3 and Table 4). Low level of
H4K16ac was significantly associated with a poor prog-
nosis (HR=2.22, 95% CI 1.14-4.35 for OS; HR=1.71,
95% CI 1.04-2.81 for PFS) only in patients with low level
of H4K20me3 (Table 3). Kaplan—Meier survival curves
of H4K16ac with the prognosis in patients with different
levels of H4K20me3 were shown in Fig. 2. Similarly, Low
level of H4K20me3 was significantly associated with a poor
prognosis (HR=3.47,95% CI 1.86-6.50 for OS; HR=2.32,
95% CI 1.51-3.57 for PES) only in patients with low level
of H4K16ac (Table 4). Kaplan—Meier survival curves of
H4K20me3 with the prognosis in patients with different lev-
els of H4K16ac were shown in Fig. 3. Moreover, compared
with the joint high levels of both H4K16ac and H4K20me3,
only the combined low levels of both them was associated
with the poor OS (HR=1.81, 95% CI 1.10-2.98), while the
single low level of H4K16ac (HR =0.56, 95% CI1 0.28-1.12)
or H4K20me3 (HR=0.80, 95% CI 0.38—1.71) was not asso-
ciated with the outcomes (Table 5). A similar pattern of
association was observed for PFS. Compared with the joint
high levels of both H4K16ac and H4K20me3, only the com-
bined low levels of both them was associated with the poor
PFS (HR=1.83,95% CI 1.24-2.70). Kaplan—Meier survival
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Table 2 Demographic and clinicopathological characteristics and the associations with H4K16ac and H4K20me3 in tumor tissues

Factors N (%) H4K16ac H4K20me3
H-score [Median (P,s, P;5)] P value® H-score [Median (P,s, P;5)] P value*
Age (years) 0.374 0.142
<35 94 (9.8) 10.0 (0.0, 40.0) 80.0 (30.0, 210.0)
36-50 457 (47.8) 5.0 (0.0, 35.0) 90.0 (20.0, 210.0)
>50 405 (42.4) 5.0 (0.0, 45.0) 75.0 (11.7, 195.0)
Missing 2
Menopause 0.700 0.251
Pre- 531 (57.9) 5.0 (0.0, 40.0) 90.0 (20.0, 210.0)
Post- 386 (42.1) 5.0 (0.0, 40.0) 80.0 (19.4, 195.0)
Missing 41
BMI (kg/m?) 0.579 0.137
<18.5 51(5.6) 5.0 (0.0, 45.0) 80.0 (20.0, 180.0)
18.5-23.9 509 (55.9) 5.0 (0.0, 45.0) 90.0 (20.0, 211.3)
>24.0 350 (38.5) 5.0 (0.0, 30.0) 80.0 (15.0, 180.0)
Missing 48
Family history 0.278 0.910
No 839 (89.7) 5.0 (0.0, 40.0) 80.0 (20.0, 210.0)
Yes 96 (10.3) 10.0 (0.0, 60.0) 82.5(10.0, 221.3)
Missing 23
Histological grade 0.164 <0.001
v 646 (73.4) 5.0 (0.0, 35.6) 102.5 (30.0, 210.0)
1 234 (26.6) 8.8(0.0,42.5) 40.0 (0.0, 150.0)
Missing 78
Tumor size (cm) 0.029 0.021
<2 293 (30.6) 10.0 (0.0, 58.3) 100.0 (30.0, 211.3)
>2 665 (69.4) 5.0 (0.0, 35.0) 80.0 (15.0, 210.0)
Nodal status 0.092 0.100
Negative 432 (45.1) 6.7 (0.0, 45.0) 90.0 (20.0, 210.0)
Positive 526 (54.9) 5.0 (0.0, 35.0) 80.0 (10.0, 210.0)
Clinical stage 0.103 <0.001
I 172 (18.0) 10.0 (0.0, 43.8) 107.5 (20.0, 210.0)
I 516 (53.9) 6.7 (0.0, 45.0) 97.5 (20.0, 213.1)
I 270 (28.2) 5.0 (0.0, 26.7) 60.0 (05.0, 172.5)
ER 0.518 <0.001
Negative 245 (26.7) 7.5 (0.0, 40.0) 40.0 (0.0, 125.0)
Positive 674 (73.3) 5.0 (0.0, 40.0) 108.3 (30.0, 210.0)
Missing 39
PR 0.301 <0.001
Negative 253 (27.5) 6.7 (0.0, 40.0) 60.0 (10.0, 172.5)
Positive 666 (72.5) 5.0 (0.0, 35.0) 91.7 (20.0, 210.0)
Missing 39
HER2 0.001 0.176
Negative 640 (66.8) 5.0 (0.0, 30.0) 91.7 (20.0, 210.0)
Equivocal 80 (8.4) 9.2 (0.0, 59.2) 85.0 (21.3, 236.3)
Positive 238 (24.8) 10.0 (0.0, 55.4) 60.0 (15.0, 182.5)

BMI, body mass index; ER, estrogen receptor; H4K16ac, Histone H4 lysine 16 acetylation; H4K20me3, Histone H4 lysine 20 trimethylation;

HER2, human epidermal growth factor receptor 2; PR, progesterone receptor

# P value for Kruskal-Wallis test or Mann—Whitney U test
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Table 3 Modification effect of H4K20me3 on the association
between H4K16ac levels in tumor tissues and the outcomes

Table 4 Modification effect of H4K16ac on the association between
H4K20me3 levels in tumor tissues and the outcomes

H4K20me3 H4Kl6ac Events/Total Crude Adjusted H4Kl16ac H4K20me3 Events/Total Crude Adjusted
HR (95%CI) HR (95%CI)? HR (95%CI) HR (95%CI)?
(N} (0N}
>75.0 >10.0 24/264 1.00 (refer- 1.00 (refer- >10.0 >75.0 24/264 1.00 (refer- 1.00 (refer-
ence) ence) ence) ence)
<10.0  15/240 0.60 0.68 <75.0 11/114 0.97 0.70
(0.31,1.15) (0.33,1.41) (0.47,1.98) (0.32,1.54)
<75.0 >10.0 11/114 1.00 (refer- 1.00 (refer- <10.0 >75.0 15/240 1.00 (refer- 1.00 (refer-
ence) ence) ence) ence)
<10.0  68/340 2.27 2.22 <75.0 68/340 3.60 3.47
(1.20,4.28) (1.14,4.35) (2.06,6.31) (1.86,6.50)
P; eraction 0.003 0.003 P;eraction 0.003 0.003
PES PES
>75.0 >10.0 42/264 1.00 (refer- 1.00 (refer- >10.0 >75.0 42/264 1.00 (refer- 1.00 (refer-
ence) ence) ence) ence)
<10.0  34/240 0.80 0.88 <75.0 22/114 1.16 1.05
(0.51,1.26) (0.54,1.45) (0.69,1.95) (0.60,1.86)
<75.0 >10.0 22/114 1.00 (refer- 1.00 (refer- <10.0 >75.0 34/240 1.00 (refer- 1.00 (refer-
ence) ence) ence) ence)
<10.0 101/340 1.65 1.71 <75.0 101/340 2.40 2.32
(1.04,2.62) (1.04,2.81) (1.62,3.54) (1.51,3.57)
P 0.027 0.031 P 0.027 0.031

interaction

interaction

ClI, confidence interval; H4K16ac, Histone H4 lysine 16 acetylation;
H4K20me3, Histone H4 lysine 20 trimethylation; HR, Hazard ratio;
OS, overall survival; PFS, progression-free survival

# Adjusted for age at diagnosis, histological grade, clinical stage, ER
status, HER2 status

Significant results (p <0.05) are shown in bold

curves of the combination of H4K16ac and H4K20me3 with
the prognosis were shown in Fig. 4.

Prognostic prediction and the comparison

We constructed a clinicopathological model, including age at
diagnosis, histological grade, clinical stage, ER and HER?2 sta-
tus, and an extra model combined the joint levels of H4K16ac
and H4K20me3. We found that the C-index of the combined
model was significantly larger than that of the clinicopatho-
logical model (0.739 vs 0.699, P <0.001 for OS; 0.672 vs
0.642, P=0.003 for PFS) (Table 6). Moreover, we also con-
structed two models which were added the single H4K16ac
or H4K20me3 based on the clinicopathological model. Nota-
bly, the C-index of the combined model was also significantly
larger than that of the model added only H4K16ac (0.739 vs
0.712, P<0.001 for OS; 0.672 vs 0.646, P <0.001 for PES)
and the model added only H4K20me3 (0.739 vs 0.724, P
0.031 for OS; 0.672 vs 0.662, P=0.006 for PFS) (Table 6).
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ClI, confidence interval; H4K16ac, Histone H4 lysine 16 acetylation;
H4K20me3, Histone H4 lysine 20 trimethylation; HR, Hazard ratio;
OS, overall survival; PFS, progression-free survival

# Adjusted for age at diagnosis, histological grade, clinical stage, ER
status, HER2 status

Significant results (p <0.05) are shown in bold

Discussion

In this study, we found that the levels of H4K16ac and
H4K?20me3 in breast cancer tissues were significantly lower
than that in adjacent tissues; the low level of H4K16ac was
associated with HER2-negative tumors and the low level
of H4K20me3 was related to ER-negative or PR-negative
tumors. The low level of H4K20me3 was an independent
marker of poor prognosis in breast cancer, while the poor
prognostic role of low H4K16ac level was observed only
in univariate analysis. Importantly, there was an interac-
tion between these two markers on the prognosis. When
compared with the joint high levels of both H4K16ac and
H4K20me3, only the combined low levels of both them
was associated with the poor prognosis, while the single
low level of either H4K16ac or H4K20me3 was not associ-
ated with the prognosis. Moreover, the joint expression of
H4K16ac and H4K20me3 could significantly improve the
prediction power of the prognostic model using known clin-
icopathological factors.
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Fig.2 Kaplan—Meier survival curves of H4K16ac with breast cancer OS/PFS in patients with different levels of H4K20me3. H4K16ac, Histone
H4 lysine 16 acetylation; H4K20me3, Histone H4 lysine 20 trimethylation; OS, overall survival; PES, progression-free survival

Loss of H4K16ac and H4K20me3 has been reported
in multiple types of human tumor cells [9] and the loss of
H4K20me3 in breast cancer tissues has also been reported
[15]. In this study, we found that there were lower levels
of both H4K16ac and H4K20me3 in breast cancer tissues
compared with the adjacent tissues. In consistent with our
study, previous study has also found that the low level of
H4K20me3 correlated with ER negative and PR negative
tumors but not with HER2 expression [15]. In addition, we
also showed that the low level of H4K16ac was associated
with HER?2 negative tumors, while another study found no
association between them [14]. Underlying mechanisms of
the associations of H4K16ac and H4K20me3 levels with
these clinicopathological characteristics needs to be further
explored.

In consistent with the previous study [14], we also found
that the low level of H4K16ac was not associated with
the breast cancer prognosis in multivariate analysis; for
H4K20me3, we found that its low level was significantly
associated with the poor prognosis of breast cancer, which
was also consistent with the previous positive findings
[15]. However, when stratified by the level of H4K16ac
or H4K20me3, the poor prognostic roles of the low level
of H4K16ac were observed only among patients with the
low level of H4K20me3, and the roles of H4K20me3 were
also observed only among patients with the low level of
H4K16ac. Considering that there was a negative interplay
between H4K16ac and H4K20me3 on breast cancer related
genes [13], the prognostic roles of the global H4K16ac or
H4K20me3 on breast cancer may also be inhibited by each
other. Furthermore, when compared with the joint high

@ Springer



1154 International Journal of Clinical Oncology (2023) 28:1147-1157

A OS(H4K16ac_Low group) B PFS(H4K16ac_Low group)

1.001 H?% B
2 2
3 0.751 Strata 3 0.751 Strata
§ H4K20me3_Low % H4K20me3_Low
‘5_0'50_ ~+ H4K20me3_High 5_0‘50 ~+ H4K20me3_High
© ©
2 2
S 025 P <0.001 S 025
So . 70251 P <0.001

0.00 1 0.00 1

0 50 100 0 50 100
Time (Months) Time (Months)

C OS(H4K16ac_High group) D PFS(H4K16ac_High group)

1.00 7 et 1.001 “_'M
S0757  syaa S0757  suata
.§ H4K20me3_Low § H4K20me3_Low
‘5_0_50. ~+ H4K20me3_High ‘5_0_50. ~+~ H4K20me3_High
© ©
2 2
c c
30251 P=0.930 70251 P=0.570

0.00 A 0.00 A

0 50 100 0 50 100
Time (Months) Time (Months)

Fig.3 Kaplan—Meier survival curves of H4K20me3 with breast cancer OS/PFS in patients with different levels of H4K16ac. H4K16ac, Histone
H4 lysine 16 acetylation; H4K20me3, Histone H4 lysine 20 trimethylation; OS, overall survival; PES, progression-free survival

levels of both H4K16ac and H4K20me3, only the com-
bined low levels of both them were associated with the poor
prognosis, while the single low level of either H4K16ac or
H4K20me3 was not associated with the prognosis, which
further suggested that the joint effects of H4K16ac and
H4K20me3 should be considered in breast cancer prognosis.

TMSI1, also known as ASC, was a proapoptotic signaling
factor that was subjected to epigenetic silencing in human
cancers [25, 26]. It had been found that the silencing of
TMS1 was accompanied by loss of the H4K16ac peaks in
MDA-MB231 breast cancer cell lines [10]. These findings
suggested that the loss of H4K16ac may be important events
in the epigenetic silencing of certain tumor suppressor genes
in breast cancer. In addition, in cell lines from advanced lung
cancer, breast cancer, and melanoma, tensin-3 contributed
to cell migration and tumorigenesis [27]. It had been found
that depletion of tensin-3 suppressed breast cancer cell inva-
siveness [12]. Furthermore, silencing of tensin-3 was associ-
ated with enrichment of H4K20me3 immediately upstream

@ Springer

of the tensin-3 transcription start site, suggesting that the
loss of H4K20me3 in tumor cells induced the expression
of cancer-promoting genes [12]. Our findings showed that
the combined low levels of both H4K16ac and H4K20me3
were associated with the poor prognosis, suggesting that the
prognosis of breast cancer patients depended on the overall
expression of different genes in cancer cells.

Currently, there are two types of epigenetic drugs
approved in the clinics: DNA-methyltransferase inhibitors
(DNMT1) and histone deacetylase inhibitors (HDACH) [28].
In breast cancer, HDACis have demonstrated antitumor
activity in preclinal studies [29]. However, the combination
of exemestane and entinostat (a HDAC inhibitor) did not
improve survival in endocrine therapy-resistant advanced
hormone receptor-positive, HER2-negative breast cancer in
a recent double-blind placebo-controlled phase III trial [30].
Many studies suggested that combination of epigenetic drugs
may yield more benefit [31-33], which was supported by our
finding that the prognostic roles of one histone modification
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Table 5 Joint associations of H4K16ac and H4K20me3 in tumor tis-
sues with the outcomes

H4K16ac H4K20me3 Events /Total Adjusted HR P value
(95%C1)?
(0N}
>10.0 >75.0 24/264 1.00 (reference)
>10.0 <75.0 11/114 0.80 (0.38,1.71) 0.571
<10.0 >75.0 15/240 0.56 (0.28,1.12) 0.099
<10.0 <75.0 68/340 1.81 (1.10,2.98) 0.019
PFS
>10.0 >75.0 42/264 1.00 (reference)
>10.0 <75.0 22/114 1.07 (0.61,1.87) 0.813
<10.0 >75.0 34/240 0.81 (0.50,1.32) 0.394
<10.0 <75.0 101/340 1.83 (1.24,2.70) 0.002

ClI, confidence interval; H4K16ac, Histone H4 lysine 16 acetylation;
H4K20me3, Histone H4 lysine 20 trimethylation; HR, Hazard ratio;
OS, overall survival; PFS, progression-free survival

* Adjusted for age at diagnosis, histological grade, clinical stage, ER
status, HER2 status

Significant results (p < 0.05) are shown in bold

marker could be affected by other markers. Notably, a cellu-
lar experiment found that the global levels of H4K16ac and
H4K20me3 in breast cancer cell line MCF7 were elevated
after garcinol treatment [34]. Garcinol is a natural product
obtained from Garcinia indica and has anti-neoplastic prop-
erties in many cancers, while use of it is still in pre-clinical
stage [35, 36]; our findings further indicated its application
prospect.

The first limitation of our analysis is that only patients
with tumor > 1 cm were included, which may lead to
selective bias. However, the prognosis of patients with
tumor <1 cm was excellent, even with less treatment [37];
thus, it is acceptable to select the patients with tumor > 1 cm
as the study population. Second, we didn’t collect the infor-
mation of treatment which was associated with the out-
comes. However, the treatment was determined according
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Fig.4 Kaplan—Meier survival curves of the combination of H4K16ac
and H4K20me3 with breast cancer OS/PFS. H4K16ac, Histone H4
lysine 16 acetylation; H4K20me3, Histone H4 lysine 20 trimethyla-
tion; OS, overall survival; PFS, progression-free survival

to the clinicopathological characteristics and most of the
breast cancer patients would comply with the clinical guide-
line [38]. Therefore, the adjustment of these characteristics
in the analysis was able to largely control the confounding
effects of the treatment. Third, if intra-tumoral heterogeneity
is present, TMAs are not well representative of the whole
tumor. However, the whole Hematoxylin and eosin (HE)-
stained sections of tissue specimens for every patient were
retrieved, followed by re-slicing and re-staining with HE.
Representative tumor tissue regions (full of tumor cells) and
adjacent normal tissue regions (If available) were marked on
the re-stained HE sections. From the marked regions, two

Table 6 C-index comparison between the combined model and other models

Model oS PFS

C-index (95% CI) P value® C-index (95% CI) P value®
Combined model 0.739 (0.689,0.789) (reference) 0.672 (0.626,0.717) (reference)
Clinicopathological model 0.699 (0.645,0.753) <0.001 0.642 (0.596,0.689) 0.003
Clinicopathological model added H4K16ac 0.712 (0.660,0.764) <0.001 0.646 (0.600,0.693) <0.001
Clinicopathological model added H4K20me3 0.724 (0.674,0.775) 0.031 0.662 (0.615,0.708) 0.006

C-index, concordance index; H4K16ac, Histone H4 lysine 16 acetylation; H4K20me3, Histone H4 lysine 20 trimethylation; OS, overall survival;

PFS, progression-free survival

P value for the comparison between the combined model and other models

® Combined model including the clinicopathological model variables (age at diagnosis, histological grade, clinical stage, ER and HER?2 status)

and H4K16ac and H4K20me3
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tumor tissue cores and one adjacent normal tissue core (If
unavailable, it would be replaced with the tumor tissue) with
a diameter of 1 mm were selected for the construction of
TMA. The results were calculated using the average of 2 or
3 cores. If full faced slides are used, it would also usually be
that several typical visions be selected under the microscope
to measure the scores.

In conclusion, this study firstly demonstrated that
there was an interaction between the global H4K16ac and
H4K20me3 on breast cancer prognosis. Moreover, the joint
expression of H4K16ac and H4K20me3 could significantly
improve the prediction power of the prognostic model using
known clinicopathological prognostic factors. It was sug-
gested that the combination of H4K16ac and H4K20me3
was a robust prognostic marker in breast cancer. Since his-
tone modifications were reversible, the use of drugs to alter
or restore their levels would help improve patient outcomes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10147-023-02378-y.
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