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INTRODUCTION

Many clinicopathological factors such as age at diagnosis, 
tumor size, nodal metastasis, histologic grade, estrogen recep-
tor (ER) and progesterone receptor (PR) expression, and hu-
man epidermal growth factor receptor 2 (HER2) amplifica-
tion are known to be associated with the prognosis of breast 
cancer patients. A combination of surgical resection, systemic 
therapy, and radiation therapy, based on patients’ risk, has sig-
nificantly improved the prognosis of these patients. However, 
as it is difficult to predict prognosis and treatment outcome, 

many studies have tried to deepen our understanding of the 
molecular events associated with breast cancer development 
[1-4].

Histone deacetylase 6 (HDAC6) has been shown to be in-
volved in the development of various cancers and is thought 
to be a potential new target for cancer therapy [5-7]. In breast 
cancer, HDAC6 has been demonstrated to be a late-respon-
sive estrogen-induced gene [8]. However, the prognostic value 
of HDAC6 has not yet been clearly identified and the results 
of previous studies are contradictory. In some studies on ER-
positive breast cancer, HDAC6 expression has been associated 
with a better survival probability and more favorable response 
to endocrine treatment [8,9]. Conversely, in another study 
that investigated the expression of this estrogen-regulated 
gene, HDAC6-positive patients had a poorer prognosis com-
pared to HDAC6-negative patients [10]. Finally, it has been 
demonstrated that ER-positive breast cancer cells with high 
HDAC6 expression had increased cell motility, which suggests 
that these cells had more aggressive features resulting in a 
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poorer prognosis [11].
Heat-shock protein 90 (HSP90) is a molecular chaperone 

that regulates the conformation and functions of client pro-
teins from various cellular processes including the cell cycle 
and cell survival [12,13]. It is well known that aberrant expres-
sion of HSP90 is associated with a poor prognosis for breast 
cancer patients, and HSP90 inhibition could be an effective 
anticancer therapy [13-15]. HSP90 is one of the substrates of 
HDAC6, and it has been shown that inhibition of HDAC6 led 
to the hyperacetylation and loss of function of HSP90 [16]. 
Furthermore, previous studies have reported that inhibition 
of HDAC6 led to antileukemic activity via hyperacetylation of 
HSP90, which caused the degradation of oncoproteins [17,18]. 
In a recent study, inhibition of HDAC6 by carbamazepine dis-
rupted the function of HSP90 and resulted in the degradation 
of HER2 in breast cancer [19].

In this study, we evaluated the association between the ex-
pression levels of HDAC6 and acetyl-HSP90 in early-stage 
breast cancer specimens, and also investigated the prognostic 
values of these molecular markers.

METHODS

Patients and samples
Tissue specimens from 314 patients who underwent surgi-

cal resection for invasive breast cancer at Seoul National Uni-
versity Bundang Hospital, between May 2003 and December 
2006, were collected. Tissue microarrays were constructed as 
previously described [20]. Early-stage patients with stage I 
and II tumors were included. Twenty-three patients who re-
ceived neoadjuvant chemotherapy were excluded from this 
study to eliminate any compounding effects of the chemo-
therapy on the pathologic characteristics. Fifty-eight patients 
with advanced-stage disease were also excluded. A total of 233 
specimens were included in the analysis and their medical re-
cords were reviewed. All patients were treated according to 
the standard clinical guidelines after surgical resection. In-
formed consent was obtained from patients undergoing 
pathologic evaluation and tissues samples were obtained in 
accordance with a protocol approved by the Institutional Re-
view Board (B-0909/083-002).

Immunohistochemical analysis
Immunohistochemical (IHC) staining of HDAC6 and ace-

tyl-HSP90, in addition to the standard prognostic markers 
such as ER and PR expression, the Ki-67 index, and p53 over-
expression, were carried out as described in a previous study 
[21]. Ki-67 staining > 10% was scored as positive. Fluores-
cence in situ hybridization was performed to assess HER2 am-

plification in all specimens.
Polyclonal anti-HDAC6 (Abcam, Cambridge, UK) and 

monoclonal anti-HSP90 (StressGen, Victoria, Canada) were 
used in IHC for HDAC6 and acetyl-HSP90, respectively. The 
staining results of the standard markers were interpreted by a 
breast pathologist, as previously described [21]. Because large 
sections of the tumor cells expressed HDAC6 and acetyl-
HSP90, the most intense signals were evaluated and given in-
tensity scores ranging from 0 (negative) to 3 (strong). These 
were further categorized into low-expression (0–1) and high-
expression (2–3) groups.

Statistical methods
The primary endpoint of this study was disease-free surviv-

al (DFS), defined as the time measured from the date of diag-
nosis to the date of locoregional recurrence, distant metastasis, 

Table 1. Clinicopathological characteristics 

Characteristic No. (%)

Age (yr)* 49 (26–87)
Sex
   Male 2 (0.9)
   Female 231 (99.1)
Tumor stage
   T1 137 (58.8)
   T2 94 (40.3)
   T3 2 (0.9)
Nodal stage
   N0 152 (65.2)
   N1 81 (34.8)
Histology
   Invasive ductal carcinoma 224 (96.1)
   Invasive lobular carcinoma 9 (3.9)
Histologic grade
   G1–G2 127 (54.5)
   G3 96 (41.2)
   NS 10 (4.3)
Estrogen receptor
   Negative 70 (30.0)
   Positive 163 (70.0)
Progesterone receptor
   Negative 92 (39.5)
   Positive 141 (60.5)
HER2 amplification
   Negative 198 (85.0)
   Positive 35 (15.0)
Ki-67 index (%)
   ≤10 137 (58.8)
   >10 96 (41.2)
p53 overexpression
   Absent 182 (78.1)
   Present 51 (21.9)

NS=not specified; HER2=human epidermal growth factor receptor 2.
*Median (range).
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or death. Statistical analyses were performed with SPSS soft-
ware version 18.0 (SPSS Inc., Chicago, USA). The chi-square 
test and Fisher exact test were used to assess the association of 
HDAC6 and acetyl-HSP90 with other clinicopathological fac-
tors. The actuarial survival rates were calculated by using the 
Kaplan-Meier method, and the differences were verified with 
the log-rank test. The Cox proportional hazards model was 
used to test the independent prognostic value of each variable 
in multivariate analysis.

RESULTS

The characteristics of the patients and tumors are summa-
rized in Table 1. Two male breast cancer patients were includ-
ed, and the median age at diagnosis was 49 years (range, 26–
87 years). Of the 233 patients, 224 (96.1%) were diagnosed 
with invasive ductal carcinomas and 127 (54.5%) had low-
grade (grade 1–2) tumors. T1 tumors were present in 137 pa-
tients (58.8%) and 152 patients (65.2%) had no lymph node 

metastasis. ER and PR were positive in 163 patients (70.0%) 
and 141 patients (60.5%), respectively. HER2 amplification 
was observed in 35 patients (15.0%).

The median follow-up duration was 6.95 years (range, 
0.15–9.99 years). High and low HDAC6 expression levels 
were found in 148 patients (65.2%) and 79 patients (34.8%), 
respectively. In addition, high and low acetyl-HSP90 expres-
sion levels were found in 105 patients (46.7%) and 120 pa-
tients (53.3%), respectively (Figure 1).

Table 2 shows the correlation between HDAC6 and acetyl-
HSP90, and other clinicopathological factors. HDAC6 was 
not associated with pathologic factors such as histologic grade 
(p= 0.086) and HER2 amplification (p= 0.078). Acetyl-HSP90 
showed a significant correlation with histologic grade (p=  
0.001) and the Ki-67 index (p= 0.015), and a marginally sig-
nificant correlation with ER positivity (p= 0.059). The associa-
tion between HDAC6 and acetyl-HSP90 is shown in Table 3. 
Patients with low HDAC6 expression were more likely to have 
tumors with low acetyl-HSP90 expression (p= 0.047).

Figure 1. Immunohistochemical analyses of histone deacetylase 6 (HDAC6) and acetylated heat-shock protein 90 (acetyl-HSP90) (×400). (A) Nega-
tive for HDAC6. (B) Positive for HDAC6. (C) Negative for acetyl-HSP90. (D) Positive for acetyl-HSP90.

A B

C D
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The results of the univariate and multivariate analyses of 
DFS are summarized in Table 4. Neither the conventional 
clinicopathological factors nor HDAC6 were significantly cor-
related with DFS. Only acetyl-HSP90 was significantly associ-
ated with DFS (p= 0.016), and this remained significant fol-
lowing multivariate analysis (p= 0.049).

Although HDAC6 was not a prognostic predictor of DFS, 
as shown in Figure 2, Kaplan-Meier survival graphs began to 

Table 2. Correlation of clinicopathological factors with HDAC6 expression and HSP90 acetylation

Variable
HDAC6 expression

No. (%)
HSP90 acetylation

No. (%)

Total Low High p-value Total Low High p-value

Age (yr) 0.678 0.688
   ≤50 122 44 (36.1) 78 (63.9) 120 62 (51.7) 58 (48.3)
   >50 105 35 (33.3) 70 (66.7) 105 58 (55.2) 47 (44.8)
T stage 0.888 0.342
   T1 133 47 (35.3) 86 (64.7) 133 67 (50.4) 66 (49.6)
   T2–T3 94 32 (34.0) 62 (66.0) 92 53 (57.6) 39 (42.4)
N stage 0.144 1.000
   N0 149 57 (38.3) 92 (61.7) 146 78 (53.4) 68 (46.6)
   N1 78 22 (28.2) 56 (71.8) 79 42 (53.2) 37 (46.8)
Histologic grade 0.086 0.001
   G1–G2 122 37 (30.3) 85 (69.7) 119 52 (43.7) 67 (56.3)
   G3 95 40 (42.1) 55 (57.9) 96 64 (66.7) 32 (33.3)
Estrogen receptor 1.000 0.059
   Negative 68 24 (35.3) 44 (64.7) 68 43 (63.2) 25 (36.8)
   Positive 159 55 (34.6) 104 (65.4) 157 77 (49.0) 80 (51.0)
Progesterone receptor 0.570 0.684
   Negative 90 29 (32.2) 61 (67.8) 89 49 (55.1) 40 (44.9)
   Positive 137 50 (36.5) 87 (63.5) 136 71 (52.2) 65 (47.8)
HER2 amplification 0.078 0.140
   Negative 193 72 (37.3) 121 (62.7) 190 97 (51.1) 93 (48.9)
   Positive 34 7 (20.6) 27 (79.4) 35 23 (65.7) 12 (34.3)
p53 overexpression 0.612 0.336
   Absent 178 64 (36.0) 114 (64.0) 175 90 (51.4) 85 (48.6)
   Present 49 15 (30.6) 34 (69.4) 50 30 (60.0) 20 (40.0)
Ki-67 index (%) 0.780 0.015
   ≤10 132 47 (35.6) 85 (64.4) 130 60 (46.2) 70 (53.8)
   >10 95 32 (33.7) 63 (66.3) 95 60 (63.2) 35 (36.8)

HDAC6=histone deacetylase 6; HSP90=heat-shock protein 90; HER2=human epidermal growth factor receptor 2.
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Figure 2. Kaplan-Meir survival curves for disease-free survival of breast cancer patients based on histone deacetylase 6 expression in total patients 
(A), estrogen receptor negative (B), and ER-positive (C) group.
HDAC6=deacetylase 6; ER=estrogen receptor.

Table 3. Expression of HDAC6 and acetylated HSP90

HDAC6
   expression

Acetyl-HSP90 expression
p-valueLow

No. (%)
High

No. (%)

Low 49 (63.6) 28 (36.4) 0.047
High 70 (49.0) 73 (51.0)

HDAC6=histone deacetylase 6; HSP90=heat-shock protein 90; Acetyl-
HSP90=acetylated HSP90. 
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separate after 5 years according to HDAC6 expression levels. 
While there were no events after 5 years in the HDAC6 low-
expression group, the DFS probability of the HDAC6 high-
expression group continued to decline. Moreover, the separa-
tion of survival graphs was more prominent in the ER-positive 
group, than in the ER-negative group.

In subgroup analysis, acetyl-HSP90 showed a significant as-
sociation with DFS in the HDAC6 high-expression group, but 
not in the low-expression group (Figure 3).

DISCUSSION

HDACs belong to a large family of enzymes involved in the 
deacetylation of histone proteins and various cellular proteins 
such as transcription factors. HDAC is categorized into four 
classes (I-IV) based on sequence homology [22]. HDAC6 is a 
member of HDAC class II and contains two homologous 
deacetylase domains that are thought to contribute indepen-
dently to overall activity. Unlike other HDACs, HDAC6 is 
mainly found in the cytoplasm, and it deacetylates nonhistone 
proteins such as α-tubulin, HSP90, and cortactin. By modu-
lating these substrates, HDAC6 plays an essential role in vari-
ous cellular processes, including cell motility, cell signaling 
pathways, and cell survival. Recently, it has been shown that 
HDAC6 is also associated with the aggresome pathway, which 
eliminates toxic proteins [3,23].

In this study, HDAC6 was not a significant prognostic pre-
dictor of DFS in patients. Previous studies investigated the as-
sociation of HDAC6 with various diseases, and evidence that 
HDAC6 is involved in the process of malignant transforma-
tion is increasing. Thus, HDAC6 is thought to be a putative 
target for anticancer treatment and studies involving HDAC 
inhibitors are underway [5]. However, reports on the prog-
nostic value of HDAC6 are conflicting. Several studies have il-
lustrated an association between the expression of HDAC6 
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Figure 3. Kaplan-Meir survival curves for disease-free survival of breast cancer patients based on acetylated heat-shock protein 90 (acetyl-HSP90) 
level in total patients (A), histone deacetylase 6 (HDAC6) low expression (B), and HDAC6 high expression (C) group.

Table 4. Univariate and multivariate analysis for disease-free survival

Variable No. (%) Survival time (yr)* p-value† p-value‡

Age (yr) 0.369 0.271

   ≤50 124 (53.2) 8.65±0.18
   >50 109 (46.8) 9.55±0.16
Tumor stage 0.126 0.686
   T1 137 (58.8) 9.37±0.14
   T2–T3 96 (41.2) 9.17±0.23
Nodal stage 0.530 0.282
   N0 152 (65.2) 9.48±0.15
   N1 81 (34.8) 8.73±0.22
Histologic grade 0.724 0.426
   G1–G2 127 (54.5) 9.18±0.18
   G3 96 (41.2) 9.44±0.20
Estrogen receptor 0.475 0.816
   Negative 70 (30.0) 9.24±0.27
   Positive 163 (70.0) 9.28±0.14
Progesterone receptor 0.879 0.626
   Negative 92 (39.5) 9.37±0.21
   Positive 141 (60.5) 9.26±0.15
HER2 amplification 0.214 0.189
   Negative 198 (85.0) 9.34±0.15
   Positive 35 (15.0) 9.25±0.20
Ki-67 index (%) 0.544 0.596
   ≤10 137 (58.8) 9.28±0.16
   >10 96 (41.2) 9.32±0.22
p53 overexpression 0.254 0.521
   Absent 182 (78.1) 9.31±0.13
   Present 51 (21.9) 9.09±0.35
HDAC6 0.477 0.448
   Low expression 79 (34.8) 9.00±0.19
   High expression 148 (65.2) 9.34±0.17
Acetylated HSP90 0.016 0.049
   Low expression 120 (53.3) 8.64±0.21
   High expression 105 (46.7) 9.72±0.13

HER2=human epidermal growth factor receptor 2; HDAC6=histone deacet-
ylase 6; HSP90=heat-shock protein 90.
*Mean±SD; †Log-rank test; ‡Multivariate analysis using Cox proportional haz-
ards model.
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and the prognosis of various cancers, particularly breast can-
cer, and they have shown that HDAC6 gene was estrogen-re-
sponsive [6,24]. However, a study by Saji et al. [9] reported no 
survival difference when HDAC6-positive and -negative 
groups were compared, but found a better prognosis for the 
HDAC6-positive group of patients who had ER-positive tu-
mors. Carcinogenesis is a complicated process that involves 
diverse cellular pathways, which are extensively interconnect-
ed. Moreover, because HDAC6 is involved in various process-
es, HDAC6 expression alone could not be a strong predictor 
of overall prognosis. Nevertheless, it is evident that HDAC6 is 
involved in cell motility and invasion of tumor cells in breast 
cancer, and these features contribute to the aggressiveness of 
tumor cells and result in a poor prognosis [9,11]. Therefore, 
although not predictive of overall prognosis, HDAC6 may be 
a potential marker of prognosis in certain subsets of patients, 
and our results support this. Remarkably, the survival graphs 
began to separate after 5 years of follow-up according to 
HDAC6 expression levels. Late recurrence 5 years after diag-
nosis occurred only in the HDAC6 high-expression group, 
while the graphs plateaued after 5 years in the low-expression 
group. Based on this result, we speculated that HDAC6 might 
be a potential predictor of late recurrence, and patients with 
high HDAC6 expression might need to be followed up more 
closely and for a longer duration compared to other patients. 
However, our results are not statistically significant and there 
are no other published studies with similar data. Therefore, a 
larger study with longer follow-up is required to examine this 
further.

In addition, survival graphs, according to HDAC6 expres-
sion, separated more prominently for ER-positive than for 
ER-negative patients. Hayashi and Yamaguchi [25] identified 
HDAC6 as an estrogen-regulated gene, and showed the asso-
ciation between HDAC6 and the prognosis of breast cancer 
patients treated with tamoxifen. At present, the ER and PR 
statuses are used to predict the responsiveness of breast cancer 
patients to endocrine therapy, but this is not effective for some 
patients. Many efforts have been made to find better markers 
to predict the efficacy of endocrine therapy, and there is in-
creasing evidence suggesting an association between HDAC6 
expression and responsiveness to endocrine therapy [8,26]. 
Our results suggest a possible role for HDAC6 as such a pre-
dictive marker, although further investigation is needed.

HSP90 is known to be one of the client proteins of HDAC6. 
HDAC6 deacetylates HSP90, and when HDAC6 is inhibited, 
HSP90 becomes acetylated and loses its chaperone function 
[18]. High expression of HSP90 is known to be a poor prog-
nostic factor in breast cancer [15,21], and we had comparable 
results. In our study, patients with a low level of acetyl-HSP90 

showed a poorer prognosis than those with high expression. 
In multivariate analysis, acetyl-HSP90 was a prognostic pre-
dictor of DFS confirming that HSP90 is a strong prognostic 
factor.

In subgroup analysis, the DFS graphs according to acetyl-
HSP90 expression were more separated in the HDAC6 high-
expression group than in the low-expression group. A previ-
ous study reported that deacetylation of HSP90 by HDAC6 
protects various oncoproteins from degradation and suggest-
ed a possible role for HDAC6-HSP90 interplay in malignant 
transformation [27]. In addition, Kovacs et al. [16] reported 
that HDAC6-dependent HSP90 acetylation regulates the mat-
uration of the glucocorticoid receptor (GR), which has both 
an antiproliferative and antiapoptotic role. Additionally, a re-
cent study by Abduljabbar et al. [28] evaluated GR expression 
in breast cancer and reported that it is associated with a favor-
able outcome in ER-positive breast cancer. Because HDAC6-
HSP90 interplay is complex, it may have different effects de-
pending on the specific situation. Therefore, the effect of 
HDAC6 and HSP90 on the prognosis of cancer patients may 
not be straightforward. However, our results support the sig-
nificance of HDAC6-HSP90 interplay in predicting the prog-
nosis of breast cancer patients. Further studies to clarify their 
roles in different situations are needed.

Our study has several limitations. First, none of the conven-
tional prognostic factors showed significant prognostic value 
for DFS. Because our study included only early-stage breast 
cancer patients, the outcome of patients was excellent, and 
only 19 of 233 cases (8.2%) experienced recurrence or death. 
Therefore, many clinicopathological factors such as patient 
age, histologic grade, hormone receptor status, and HER2 am-
plification, known as powerful prognostic factors, were not 
predictive in our patients due to the low recurrence rate. For 
the same reason, the prognostic power of HDAC6 and acetyl-
HSP90 may have been underestimated. Therefore, a further 
study with a larger number of patients and longer follow-up 
period may indicate a more significant prognostic value for 
HDAC6 and acetyl-HSP90.

Second, because HDAC6 and HSP90 are new molecules 
that are involved in cancer pathways, there are no standard 
methods for IHC staining or scoring systems for these mole-
cules. Therefore, this precludes a direct comparison of our re-
sults and those obtained in other studies.

In conclusion, we demonstrated a correlation between 
HDAC6 and acetyl-HSP90, and investigated the prognostic 
value of HDAC6 and acetyl-HSP90 in early-stage breast can-
cer patients. Our results contribute to a more accurate predic-
tion of breast cancer prognosis using HDAC6 and acetyl-
HSP90, and suggest that a new cancer therapy targeting 
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HDAC6 and HSP90 could be implemented in the future to 
improve the treatment outcome of breast cancer patients. 
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