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Expression of HDAC9 in lung cancer - potential role in
lung carcinogenesis
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Abstract: Our previous studies identified important molecules involved in lung carcinogenesis through a comprehen-
sive search for the downstream targets of oncogenic KRAS, and these findings suggested that an investigation into
the downstream targets of oncogenic KRAS might represent a useful strategy for elucidating the common molecular
bases of lung cancer. Among the downstream targets of oncogenic KRAS, a focus was placed on HDAC9, a mem-
ber of the histone deacetylase family, in the present study because epigenetic modification of DNA or the histone
proteins is known to play an important role in carcinogenesis. The immunohistochemical expression of HDAC9 was
examined in surgically resected primary lung cancers (130 adenocarcinoma, 49 squamous cell carcinomas, one
large cell carcinoma, and 6 small cell carcinomas) and potential associations between its expression level and
pathologic factors were analyzed. The results showed that HDACO expression levels were lower in lung cancer cells
than in non-tumor epithelial cells, and were also significantly lower in adenocarcinomas among the histological
types. Moreover, HDAC9 expression levels were significantly lower in adenocarcinomas with lymphatic canal involve-
ment. The restoration of HDAC9 in lung cancer cells losing its expression severely attenuated their growth activity in
vitro. These results suggest that HDACO may be a suppressor and its downregulation might promote the progression
process, especially in lung adenocarcinomas.
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Introduction mutations, but also in those without KRAS

mutations [3, 5]. These findings indicated that

Lung cancer is one of the most common causes
of cancer-related death in the developed world
[1, 2]. Even if surgical removal of the primary
tumor is successful, the incidence of recur-
rence is high [1, 2]. Although some lung tumors
are sensitive to conventional chemotherapeu-
ticagents or certain molecular targeting agents,
many are not [3, 4]. Thus, further understand-
ing of the molecular basis of lung carcinogene-
sis is important for developing a novel thera-
peutic strategy.

Our previous studies identified important mol-
ecules involved in carcinogenesis of the lung
through a comprehensive search for the down-
stream targets of oncogenic KRAS [3, 5]. Such
downstream targets were involved not only in
the development of lung cancers with KRAS

an investigation into the downstream targets of
oncogenic KRAS may represent a useful strate-
gy for revealing the common important molecu-
lar bases of lung cancer. The present study
focused on HDAC9 because independent stud-
ies including our previous reports demonstrat-
ed that HDAC9 was unregulated in different
types of cells undergoing oncogenic RAS-
induced senescence [6]. HDAC9 is a class lla
histone deacetylase family member and is
thought to regulate gene expression through
epigenetic modulation of the chromatin struc-
ture by catalyzing the deacetylation of histone
proteins [7]. HDAC9 is known to target non-his-
tone proteins, such as forkhead box protein 3,
ataxia telangiectasia group D-complementing
protein (ATDC), and glioblastoma 1 protein,
which are members of pathways implicated in
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Figure 1. Expression of HDAC9 mRNA in cell lines. The mRNA level of HDAC9 normalized to that of GAPDH was
measured by quantitative RT-PCR and plotted in a graph. NEC, non-cancerous airway epithelial cells; ADC, adeno-
carcinoma cell lines; SQC, squamous cell carcinoma cell lines; LCC, large cell carcinoma cell lines; NSCLC, non-small

cell lung carcinoma cell lines.

Table 1. Downstream targets (DNA binding proteins) upregulated by oncogenic KRAS

MOCK KRAS/G12 KRAS/V12

Signal Signal Signal Ratio Ratio
Common  Genbank Map Vaglue Flags Viue Flags Vaglue Flags V12/MOCK V12/G12
TBX3 NM_016569  12¢24.1 2.591 P 2.802 P 7.845 P 3.027 2.800
COPEB ABO17493 10p15 3.298 P 4.015 P 12.069 P 3.660 3.006
ARNT2 NM_014862 15024 0.584 A 0.625 A 2.034 P 3.482 3.253
FOS BC004490 1424.3 0.044 A 0.088 A 1.065 P 24.013 12116
HDAC9 NM_014707 7p21.1 0.834 P 0.883 P 3.490 P 4.186 3.953
EGR1 NM_001964 59311 1.796 P 1.377 P 12.829 P 7.144 9.314
IRF6 AU144284  1g32.3-g41  3.670 P 4.825 P 13.904 P 3.789 2.882
ATF3 NM_001674 1932.3 1.084 p 1.659 P 4.047 P 3.733 2.440

MOCK, empty vector-transduced; KRAS/G12-transduced; KRAS/V12-transduced cells; Common, common gene name; Map, Chromosomal locus; GenBank, gene bank
accession number; Flags indicate whether gene expression was present (P) or absent (A). Genes whose signal values were more than 3-fold higher by the KRAS/V12
transduction than by the empty vector transduction or the KRAS/G12 transduction were extracted from our data of a gene chip microarray previously described [14]. The

DNA binding molecules sorted are shown in this table.

carcinogenesis [7-10]. Aberrant HDAC9 expres-
sion has been observed in several types of can-
cers including medulloblastoma [11], acute
lymphoblastic leukemia [12], and cervical carci-
noma [13]. In our preliminary study, HDAC9
MRNA expression was found to be upregulated
in oncogenic KRAS-transduced cell immortal-
ized airway cell lines (NHBT-T) (Figure 1), which
supported the results obtained from our gene
chip microarray analysis (Table 1) [14]. Among
the lung cancer cell lines examined, some
almost lost its expression (Figure 1), which
implied its potentially suppressive role in carci-
nogenesis. These findings prompted us to
speculate that aberrant HDAC9 expression may
also be involved in lung carcinogenesis.

We here examined the immunohistochemical
expression of HDAC9 in surgically resected pri-
mary lung cancers and analyzed associations
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between its expression levels and pathologic
factors to investigate the potential role of
HDAC9 in lung carcinogenesis.

Materials and methods
Primary lung cancer

All 186 tumors examined (130 adenocarcino-
ma, 49 squamous cell carcinomas, one large
cell carcinoma, and 6 small cell carcinomas)
were removed by radical surgical resection at
Kanagawa Cardiovascular and Respiratory
Center (Yokohama, Japan). Informed consent
for research use of the resected materials was
obtained from all subjects. Histological types
and disease stages were determined according
to the international TNM classification system
(seventh edition of the UICC) [15].

Int J Clin Exp Pathol 2014;7(1):213-220
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Figure 2. Representative photographs from the bronchioles, alveoli, and tumors, in which HDAC9 expression was
negative, faint, modest, and strong, are shown (A). HDAC9 expression levels of all the tumors examined are shown
on a graph (B). Dashed line indicates the level of non-neoplastic epithelia cells (NTE). ADC, adenocarcinoma; SQC,

squamous cell carcinoma; LCC, large cell carcinoma.

Culture cells

Human lung cancer cell lines (A549, H358,
H2087, H1819, H441, and H1299) and a
human embryonic kidney cell line (HEK293T)
were purchased from the American Type Culture
Collection (ATCC, Manassas, VA). The human
lung cancer cell lines, Lul35 and Lul39 were
purchased from Riken Cell Bank (Tsukuba,
Japan). PC9 and HARA were purchased from
Immunobiological Laboratories Co. (Gunma,
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Japan). TKB5, TKB6, TKB7, TKB8, TKBS,
TKB14, and TKB20 were from Dr. H Kamma via
Dr. T Yazawa (Kyorin University School of
Medicine, Tokyo, Japan).

Quantitative RT-PCR

Total RNA from snap frozen tissue sections and
cell lines were extracted using the RNA easy kit
(Qiagen). First-strand cDNA was synthesized
from total RNA using the SuperScript First-
Strand Synthesis System according to the pro-
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Table 2. Correlation between HDAC9 expres-
sion levels and pathologic factors

Expression score

“Histology (186)
ADC (130) 1.942 +1.015
Grade
WEL (79) 2.069 £ 0.998
MOD (36) 1.814 +1.028
POR (17) 1.865 + 1.028
Subtype
BAC (48) 2.028 + 1.023
ACI (42) 1.946 + 1.031
PAP (10) 2.110 £+ 0.824
SOL (12) 1.758 + 1.039
MUC (18) 1.600 + 1.069
SQC (49) 2.279 +0.845
Grade
WEL (8) 2.375 + 0.858
MOD (26) 2.337 £ 0.800
POR (15) 2.127 +0.948
LCC (1) 2.000 £ 0.000
SCC (6) 1.867 + 0.845
Vascular involvement/ADC (130)
Present (20) 1.792 + 1.060
Absent (110) 1.990 + 1.002
“Lymphatic canal involvement/ADC (130)
Present (22) 1.540 £ 1.078
Absent (108) 2.069 + 0.968
MIB1 labeling index/ADC (130)
Low level (< 10%) (57) 2.053 + 0.975
High level (= 10%) (73) 1.827 £ 1.030
Oncogenic mutation/ADC (130)
KRAS (10) 1.800 £ 0.981
EGFR (42) 1.963 + 1.093
NONE (78) 1.944 + 0.980

*Significant in a one way ANOVA analysis; Histology (ADC
versus SQC, P = 0.0426); Lymphatic canal involve-
ment/ADC (present versus absent, P = 0.0214); ADC,
adenocarcinoma; SQC, squamous cell carcinoma; LCC,
large cell carcinoma; WEL, well differentiated; MOD,
moderately differentiated; POR, poorly differentiated car-
cinomas; BAC, bronchioloalveolar carcinoma; ACI, acinar
adenocarcinoma; PAP, papillary adenocarcinoma; SOL,
solid adenocarcinoma; MUC, mucinous adenocarcinoma;
NONE, cases without KRAS or EGFR mutations.

tocols of the manufacturer (Invitrogen,
Carlsbad, CA). The cDNA generated was used
as a template in real-time PCR with SYBR
Premix EXTaq (Takara) and run on a Thermal
Cycler DICE real-time PCR system (Takara). The
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primers used for the detection of HDAC9 and
GAPDH were purchased from Takara Bio Inc.
The level of HDAC9 mRNA was normalized to
the level of GAPDH mRNA.

Immunohistochemistry

The largest tumor sections were cut from for-
malin-fixed, paraffin-embedded tissue blocks.
Sections were deparaffinized, rehydrated, and
incubated with 3% hydrogen peroxide, followed
by 5% goat serum to block endogenous peroxi-
dase activities and non-immunospecific protein
binding. Sections were boiled in citrate buffer
(0.01 M, pH 6.0) for 15 minutes to retrieve
masked epitopes and were then incubated with
a primary antibody against HDAC9 that recog-
nized some variants of HDAC9, such as variant
5, and variant 3 which lacks the histone acetyl-
transferase (HAT) domain or Ki-67 (DAKO, Ely,
UK). Immunoreactivity was visualized using the
Envision detection system (DAKO), and nuclei
were counterstained with hematoxylin. HADC9
immunohistochemical expression levels were
evaluated by a scoring system as described in
the Results section. The labeling index of Ki-67
was calculated as the proportion of positive
nuclei cells by counting 500-1000 cancer cells.
The Ki-67 labeling indices of < 10% and > 10%
were classified as low and high levels, accord-
ing to the results of our previous study [4].

Statistical analysis

Differences in the mean values of the immuno-
histochemical score for HDAC9 among groups
classified based on various clinicopathologic
factors were analyzed by one-way ANOVAs.
Recurrence curves were plotted using the
Kaplan-Meier method, and the absolute risk of
recurrence at five years was estimated from
these curves. Differences in the disease-free
survival (DFS) span and rate were analyzed
using the log-rank test. P values less than 0.05
were considered significant. Statistical analy-
ses were performed using SPSS software
(SPSS for Windows Version 10.0; SPSS;
Chicago, IL, USA).

Cell lines and culture

The immortalized human airway epithelial cell
line (16HBE14o0, Simian virus 40 (SV40)-
transformed human bronchial epithelial cells)
described by Cozens AL et al. [16] was kindly
provided by Grunert DC (California Pacific

Int J Clin Exp Pathol 2014;7(1):213-220



HDAC9 in lung cancer

107
o 1:Il_"l_L,—‘ HDAC9 HIGH
g4 HDAC9 LOW
L

S o

2

S 54

™

|18
4
39
o4
1

P =0.237 (Log-rank test)
00
g 1 2 3 4 5
Years

Figure 3. The expression score of < 2.85 and > 2.85 were clas-

Western blotting

Whole cell lysates were subjected to SDS-
polyacrylamide gel electrophoresis, and
transferred onto PVDF membranes
(Amersham). These membranes were incu-
bated with nonfat dry milk in Tris-buffered
saline containing Tween-20 (TBS-T) to
block non-immunospecific protein binding,
and then with a primary antibody against
HDAC9 (ab18790, Abcam, Cambridge, MA)
or B-actin (Sigma). After washing with TBS-
T, the membranes were incubated with
animal-matched HRP-conjugated second-
ary antibodies (Amersham). Immunoreac-
tivity was visualized with an enhanced che-
miluminescence system (Amersham).

Colony formation assays

sified as low and high based on a receiver operating charac-

teristic curve (area under the curve 0.632, 95% confidential
interval 0.453-0.810). Associations between HDACO levels and
disease-free survival in stage | lung adenocarcinomas were an-
alyzed by the Log-rank test (P = 0.3552). Sixty-three patients
were used for disease-free survival analysis. Kaplan-Meier
survival curves are shown (five-year disease-free survival rates
were 77.3% and 88.3% HADC9 low- and high-expressers, re-

spectively.

Medical Center Research institute). A sub-clone
of 16HBE14o0 cells, described as NHBE-T in this
study, was used for subsequent experiments.
NHBE-T cells transfected KRAS genes were
described elsewhere [14].

Plasmid construction

The complementary DNA of HDAC9 variant 5
(NM_178425.2), and variant 3 (NM_014707.1)
which lacks the histone acetyltransferase
domain, were PCR-amplified and inserted into
the pQCXIP (BD Clontech, Palo Alto, CA) pro-
retrovirus vector.

Retroviral-mediated gene transfer

The expression vectors and pCL10A1 retrovi-
rus-packaging vector (IMGENEX, San Diego,
CA) were co-transfected into HEK293T cells
with Lipofectoamine 2000 reagent (Invitrogen,
Carlsbad, CA). Conditioned medium was recov-
ered as a viral solution. The genes were intro-
duced by incubating cells with the viral solution
containing 10 pg/ml of polybrene (Sigma, St.
Louis, MO). Cells stably expressing the desired
genes were selected with 5.0 pg/ml of
Puromycin (Invitrogen) for 3 days. Pooled clones
were used for biological analyses as follows.
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Cells (2.5x10%) were seeded onto a 10 cm
culture dish (lwaki, Tokyo, Japan), and
grown for 10 days. Cells were fixed with
methanol and Giemsa-stained, and colo-
nies visible in scanned photographs were
counted.

Growth curve assays

Cells (2.5%x10%) were seeded onto a 10 cm cul-
ture dish, and grown to a semi-confluent state
for the appropriate number of days. Cells were
counted, and 2.5x10° cells were seeded again
onto a 10 cm dish. Several passages were
repeated in the same manner. The sum of pop-
ulation doublings at each point was calculated
by the formula XPDL_= log, (count /2.5x10°) +
IPDL ..

Results

Immunohistochemical expression of HDAC9 in
primary lung cancer

The HDAC9 protein was commonly expressed
in the nuclei of non-cancerous lung cells includ-
ing alveolar epithelial cells, bronchial epithelial
cells, and various mesenchymal cells (Figure
2A). Lung cancer cells expressed the HDAC9
protein at various levels. Some tumors
expressed the HDAC9 protein at markedly high-
er levels than those of their non-cancerous
counterparts, others expressed it at equivalent
or lower level, and the remaining tumors almost
lost its expression (Figure 2A). Expression lev-
els were classified into negative (level 0), faint
(level 1), modest (level 2), and strong (level 3).

Int J Clin Exp Pathol 2014;7(1):213-220
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The faint level was defined as being weaker
than that in the bronchioles and alveoli, but not
negative. The modest level was defined as
being equivalent to that in the bronchioles and
alveoli. The strong level was defined as being
markedly higher than that in the bronchioles
and alveoli. The score of immunohistochemical
expression was determined as an average level
in the maximal tumor section (if 30%, 10%,
50%, and 10% of neoplastic cells in the maxi-
mal section of the tumor were negative, faint,
modest, and strong levels, respectively, the
average level was calculated as “1.4 = 0.3x0 +
0.1x1 + 0.5%2 + 0.1x1"). The average levels of
all the tumors examined are shown in Figure
2B. Overall, the expression level of the HDAC9
protein was lower in neoplastic than in bron-
chial and alveolar epithelial cells (Figure 2B).
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Association between the HDAC9 expression
and pathologic factors

The HDAC9 expression level differed depend-
ing on the histological type. It was significantly
lower in adenocarcinomas (Table 2). Moreover,
HDACO expression levels were significantly
lower in adenocarcinomas with lymphatic canal
involvement. However, the expression of HDAC9
was not associated with any other factors ana-
lyzed, including histological grade, and onco-
genic mutations (Table 2). Moreover, it was not
significantly correlated with the post-operative
disease-free survival rate or span. However,
patients with a lower level of HDAC9 protein
expression had slightly poorer outcomes
(Figure 3).

Int J Clin Exp Pathol 2014;7(1):213-220
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Effect of the forced expression of HDAC9 on
growth activity

The forced expression of both HDAC9 variant 5,
and variant 3 which lacks the HAT domain,
reduced clonogenicity and prolonged the dou-
bling time in an immortalized airway epithelial
cell line (NHBE-T) and some NSCLC cell lines, in
which the expression of HDAC9 was lost (A549
and H2087). Representative results from exa-
minations on NHEB-T cells are shown (Figure
4). The exogenous expression of HDAC9 was
verified by Western blotting (Figure 4).

Interestingly, although the suppressive effect
on cell growth was markedly stronger in cells
transduced with variant 5, and variant 3 lacking
the HAT domain, also suppressed cell growth.
HADC9 may possess potential properties other
than deacetylation activity, which modulate cel-
lular biological activity.

Discussion

The present study focused on HDAC9 and
investigated its potential role in lung carcino-
genesis. The HDAC9 expression levels were
reduced in some lung cancer cell lines (Figure
1). The restoration of HDAC9 in lung cancer cell
lines with reduced HDAC9 expression severely
attenuated their growth activity (Figure 4),
which suggested that HDACO9 might be a tumor
suppressor. Consistent with these results, the
immunohistochemical expression of HDAC9
was also weaker in primary lung cancer cells
than in non-tumorous airway epithelial cells,
and was occasionally undetectable in some
tumors (Figure 2). HDACO levels were signifi-
cantly lower in adenocarcinomas, especially in
adenocarcinomas with lymphatic canal involve-
ment (Table 2). These findings suggest that
HDAC9 may function as a tumor suppressor in
the progression process of carcinogenesis of
lung adenocarcinomas. Although HDAC9 is a
downstream target of oncogenic KRAS, HDAC9
levels were not associated with the types of
oncogenic mutations (Table 2). The two major
oncogenes of KRAS and EGFR are known to
transmit the oncogenic signals via a common
pathway [17-19]. HDAC9 may be involved in this
common pathway. Thus, the aberrant expres-
sion of HDAC9 may promote the progression of
not only KRAS-mutated lung cancers, but also
EGFR-mutated lung cancers.

The human HDAC9 gene is located on chromo-
some 7p21, a region that has been implicated

219

in various malignancies, including colon can-
cer, childhood acute lymphoblastic leukemia,
peripheral nerve sheath tumor, and gynecologi-
cal tumors [7-10, 12]. The aberrant expression
of HDAC9 has been reported and is suggested
to play a potential role in human carcinogene-
sis. Higher HDACO9 expression levels have been
associated with poorer outcomes in some
tumors, such as lymphocytic leukemia [8] and
medulloblastoma [11], implicating its oncogen-
ic role. In contrast, in glioma, its expression
was reportedly reduced in tumors with higher
malignant activity (glioblastoma) [20]. Thus, the
effect of the aberrant expression of HDAC9 on
carcinogenesis may differ among various types
of malignancies [7]. Markedly deviated levels
(very high or very low) of HDAC9 may negatively
impact physiological regulation of transcription,
which may produce selection pressure and
result in the promotion of carcinogenesis. On
the other hand, a recent study demonstrated
that HDAC9 positively regulated the transcrip-
tional activity of p53, a tumor suppressor,
through the deacetylation of ATDC, a p53 bind-
ing protein [7, 21]. Thus, the loss of HDACO is
considered to impair the tumor-suppressive
function of p53 and promote tumor progres-
sion under certain conditions. This is consis-
tent with our suggestion that HDAC9 may play a
suppressive role in lung carcinogenesis.

In summary, the results of the present study
suggest the potential involvement of HDAC9 in
lung carcinogenesis. The downregulation of
HDAC9 may promote the progression process,
especially in adenocarcinomas. The molecular
biological function of HDAC9 has not yet been
investigated in detail and remains largely
unclear. Further investigations are expected to
elucidate the potential role of HDAC9 in
carcinogenesis.
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