CTL RECOGNIZING TELOMERASE IN LUNG CANCER CELLS
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Ficure 3 - K3-1-mediated lung cancer cell lysis induced by IFN-y
treatnent, Cytotoxicity of the hTERT 4, -specific CTL clone K3-1
against HLA-A24-positive lung cancer cells determined with (open
circle) or without (open diamond) IFN-y pre-treatment (100 U/m! for
438 hr). Cytolysis of IFN-+y treated cells was also tested in the presence
of 1 X 107" M hTERT,g, (closed circle). Assays were performed at
the indicated effector-target ratios.

the fourth stimulation, the T-cell lines were stained with HLA-
A24-tetramers incorporating hTERT,,,, hTERT,4, of ENVga. A
T cell line from a donor stimulated with hTERT,,, was specifi-
cally stained with HLA-A24-tetramers incorporating hTERT ¢,
but not ENV g, (15.2% vs. 0.02% in total CD8+ cells, Fig. 1a,b).
This line showed cytotoxicity to T2-A24 cells pulsed with
hTERT.,,, dose-dependently but not with control peptide EBV-
LMP2,,4 (Fig. 1¢). None of the other polyclonal T-cell lines were
stained with HLA-A24-tetramers incorporating peptides used for
individual stimulation, even after a fifth stimulation (data not
shown).

A CD8™ CTL clone was established by limiting dilution of the
polyclonal T-cell line and designated as X3-1. The integrity of
K3-1 was assessed with the HLA-A24/hTERT,q,-tetramer (data
not shown).

Lysis of lung cancer cell lines by the hTERT 5, peptide-specific
CTL clone, K3-1

We next examined K3-1-mediated cytotoxicity against a panel
of lung cancer cell lines (Table I). Among the 10 lung cancer cell
lines examined, 6 were positive for HLA-A24 expression, and all
cell lines featured telomerase activity (Table I). Results for ¢yto-
toxicity are summarized in Figure 2a, only HLA-A24-positive
lung cancer cell lines (PC9, LU99, LK79 and LCO9A) being
affected. The degree of cell lysis was comparable to that observed
for a Jeukemia cell line, MEG-01 cells (Fig. 2b), previously re-
ported to be well recognized by HLA-A24-restricted hTERT-
specific CTL.} The cytotoxicity of K3-1 against PC9 cells was
blocked by an anti-HLA-A24 MAD, but not anti-HLA-A2 or
HLA-DR MAbs showing HLA-A24 restriction (Fig. id). The
K3-1-mediated cytotoxicity against PC3 cells was specifically
inhibited by the presence of T2-A24 cells pre-pulsed with the
cognate but not an irrelevant peptide (data not shown), indicating
K3-1 could recognize hTERT,,, naturally processed and presented
on the surfaces of the target cells. As shown in Figure 2a (center
column), some HLA-A24-positive and HLA-A24-transfected lung
cancer cell lines were not effectively lysed by K3-1 despite con-
firmation of surface expression of HLA-A24 by indirect immuno-
fluorescence and flow cytometry. However, the cylotoxicity
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against these cell lines was enhanced in the presence of hTERT 4,
in the medium, suggesting insufficient epitope density on these
cells.

HLA-A24-negative cell lines, A549, QGS56, LC65A and RERF-
LC-MT cells were not lysed at all by K3-1 either in the presence
or absence of the cognate peptide (Fig. 24, right column). K562
cells were included 1o assess the degree of NK-like cytotoxicity of
K3-1 cells, which turned out to be negligible (Fig. 25).

K3-1-mediated lung cancer cell Iysis‘aﬁer IFN-y treatment

Pretreatment of target cells with IFN-v is well known to avg-
ment epitope processing and presentation.?® Thus, we asked the
question whether IFN-y treatment augments CTL-mediated cell
lysis of the cytolysis-negative cell lines (Fig. 2a, center column) by
improved epitope processing and presentation.®® The cytolysis-
positive cell lines were also tested. As demonstrated in Figure 3,
there was no augmentation of K3-1-mediated lysis in the 11-18
and QG56-A24 cases. Lysis of LC-1/sq and A549-A24 cells was
also not augmented by IFN-y treatment (data not shown). Of note,
K3-1-mediated lysis of PC9, LU99, LC99A and MEG-(01 cells was
differentially affected by IFN-y pretreatment (Fig. 3). Thus the
lysis of PC9 and MEG-01 cells was increased by the treatment, but
with LC99A cells, it was unchanged or slightly decreased. Most
interestingly, the lysis of LU99 cells was clearly reduced by the
IFN-+ treatment.

IFN-vy induces gene expression of components involved in .
antigen processing and presentation in the lung cancer cells

Unexpectedly, IFN-vy affected K3-1-mediated lysis differ-
ently on PC9, LU99, LC99A and MEG-01 cells (Fig. 3). There-
fore, we examined whether there is any difference of expression
pattern of molecules important for class I antigen presentation.
First, HLA-A24 expression was studied and found to be in-
creased after IFN-y treatment in all the cell lines (Fig. 4a).
Second, expression of TAP-1 and TAP-2 was studied using
semi-quantitative RT-PCR, mRNAs of both being also consis-
tently increased after the treatment (Fig. 45). Third, the expres-
sion of the LMP7, 1 of the 3 catalytic subunits of immunopro-
teasomes, and PA28, a regulator of the immunoproteasome, was
studied using Western blotting with specific MAbs, In all the
cell lines but QG56-A24, where the expression did not change,
both proteins were increased after the treatment (Fig. 4¢). In
summary, we could not detect any difference in expression
patterns of these molecules to account for the differential in-
fluence of IFN-v.

Differential susceptibility of lung cancer cell lines to cytotoxicity
of the CD8+ CTL clone, K3-1

To disclose the differential susceptibility to K3-1 in more detail,
we compared cytotoxicity against 2 lung cancer cell lines, PC9
cells whose lysis was increased by IFN-y and LU99 cells whose
lysis was decreased, in the presence of a wide range of cognate
peptide concentrations. After IFN-y treatment, PC? cells were
efficiently lysed by K3-1 with any concentration of the peptide
(Fig. 5a). In contrast, PC9 cells without IFN-y treatment and LUS9
cells, irrespective of IFN-v treatment, demonstrated exogeneous
peptide dose-dependent K3-1-mediated cell lysis, which was sim-
ilar 1o the resulis using T2-A24 cells as target cells {compare Fig.
Sa and Fig. 1l¢). These cbservations strongly suggest that the
epitope density is saturated on the PC9 cells after IFN-y treatment
but not on the PC9 cells without the treatment and LU99 cells
either with or without IFN-vy treatment.

In addition, to confirm that the epitope density was increased in
PCS but not LU99 cells after JFN-y treatment, naturally processed
peptides were acid-eluted from the cells, concentrated and tested
by K3-1 after pulsing on T2-A24 cells applying *'Cr-release
assays. The results demonstrated in Figure 55 indicate elevation in
the epitope peptides on the surfaces of PCY but not LU99 cells
after the IFN-y treatment.
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Figure 4 - Effects of IFN-y on the regulation of molecules which play roles in antigen processing and presentation. (z) Results for surface
HLA-A24 expression with (black shadowed) and without (Tined) IFN-y treatment analyzed by flow cytometry. Surface expression of HLA-A24
molecule was examined by indirect immunofiuorescence using an HLA-A24 MAb and FITC-labeled anti-mouse IgG F(ab'), fragments. (b)
Results of semi-quantitative RT-PCR analysis of TAP-1, and -2. Primers specific for TAP-1, and -2, as well as B-actin as a control were used
for amplification of mMRNA from cancer cell lines either treated or untreated with IFN-y. (¢) Results of Western blot analysis of PA28 and LMF7
molecules. Samples were obtained before and after treatment of cancer cells with IFN-v,
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Figure 5 — The effects of IFN-y on susceptibility of PC9 and LU%
cell lines to X3-1. (@) Cytotoxicity of the hTERT, 4,-specific CTL clone
K3-1 against HLA-A24-positive lung cancer cells, PCY or LU99, cither
treated (closed circle) or unueated (closed diamond) with 100 U/ml IFN-y
for 48 hr, as determined in 'Cr release assay. The assay was performed
in the presence of the indicated concentrations of the peptide h\TERT 4, al
an effector-target ratio of 5. (b) Natrally processed peptides were isolated
from PC9 and LU99 cells, cither treated (open circle) or untreated (open
diamond) with IFN-+, and concentrated. Indicated volumes of the peptide
solution were pulsed on *'Cr-labeled T2-A24 cells, K3-1-mediated target
cell lysis was assessed at an effector-target ratio of 5.

Down-regulation of hTERT expression induced by IFN-vy

Very recently, Lee et al.28 reported that telomerase activity
and hTERT expression are attenuated by IFN-y treatment,

PCS LU99

IFN-y — S — + -

MEG-01
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mediated by interferon regulatory factor-1 (IRF-1) in human
cancer cell lines. As demonstrated in Figure 6, hTERT expres-
sion was decreased in LU99, LC99A and QGS56-A24 cells after
the IFN-y treatment but not in PC9, 11-18 or MEG-01 cells.
Taking into account the uniform up-regulation of immunopro-
teasome genes, TAPs and HLA-A*2402 molecules, the results
strongly suggest that epitope supply to the surfaces of PC9 cells
was increased and decreased to those of LU99 cells after IFN-y
treatment. Lee et al.2® reported that induction of JRF-1 was
closely correlated with attenuation of hTERT expression in-
duced by IFN-y treatment. However, IRF-1 induction was ob-
served not only in cell lines such as LU99, LC99A and QG56-
A24 where hTERT expression decreased but also in PC9 and
MEG-01 where it did not (Fig. 6).

Attenuation of hTERT expression and K3-1-mediated cell lysis
of primary lung cancer cells after IFN-vy treatment

Finally, we tested primary adenocarcinoma cells, obtained from
a pulmonary fluid sample, to see the impact of IFN-y treatment on
hTERT expression and sensitivity to K3-1. As demonstrated in
Figure 7, both h\TERT expression and K3-1-medited cell lysis were
attenuated after IFN-v treatment. The results strongly suggest that
IFN-y impacts on hTERT expression and sensitivity 1o hTERT-
specific CTLs in vivo as well as in vitro.

-

DISCUSSION

It was earlier reported that an HLA-A24-restricted
hTERT,4,-specific CTL could efficiently lyse hematological
malignancies.’® Thus, in our study, we addressed the question
whether this epitope-specific CTL could similarly lyse lung
cancer cells. An hTERT,,-specific CTL clone, K3-1, was
generated from a healthy denor by repeated peptide stimulation
and demonstrated to specifically lyse at least some lung cancer
cell lines in an HLA-A24-restricted fashion. However, other
examples of HLA-A24-positive Jung cancer cell lines were not
effectively lysed (Fig. 24, center column), despite possessing
telomerase activity. Sequence analysis of hTERT in these lung
cancer cell lines revealed no mutation around the epitope (data,
not shown). Furthermore, K3-1 cytotoxicity against these cell
lines was enhanced in the presence of cognate peptide, suggest-
ing an insufficient epitope density. Pretreatment of the cell lines
with IFN-y did not, however, augment the CTL-mediated cy-
totoxicity. Ayyoub et al.® reported that an HLA-A2-restricted
hTERT peptide 540-548-specific CD8+ T cells did not recog-
nize tumor because of inefficient antigen processing, and we
speculate that the epitope hTERT,q, is not processed and/or
presented efficiently in some cell lines for unknown reasons.

IFN-vy plays irnportant roles in the immune response not only to
virus infection but also to tumors, up-regulating various genes
including HLA class 1,323, ER peptide transporters (e.g. TAPL,
2),3433 proteasorne B subunits (e.g. LMP2, 7, 1()%-28 and protea-
some regulators {e.g. PAZ8),%, which contribute to antigen pro-

LCO9A  11-18 QG56-A24

+ - 4+ - + +

Fieure 6 - RT-PCR analysis of hTERT and IRF-1 in cancer cell lines. Semi-quantitative RT-PCR analysis was performed using specific
primers to hTERT, IRF-1 and B-actin. The mRNAs were isolated from cancer cells either ireated or untreated with IFN-v for 48 hr.
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FiGure 7 - Impact of IFN-vy treatment on primary lung cancer cells.
(@) Freshly isolated adenocarcinomna cells from an HLA-A24-positive
patient was treated or untreated with IFN-y for 48 hr. Semi-quantita-
tive RT-PCR analysis was performed using specific primers to hTERT,
IRF-1 and B-actin. (§) Cytotoxicity of the hTERT,,-specific CTL
clone K3-1 was determined with (open circle) or without (open dia-
mond) IFN-y pre-treatment (1060 U/ml for 48 hr). Assays were per-
Sonped at the indicated effector-target ratios. Bars indicate standard

eviations.

cessing and presentation. In general, IFN-y treatment is believed to
enhance the presentation of peptides in the context of HLA class I
molecules on the surface of target cells, leading to more efficient
recognition by CTL. In our study, however, K3-1-mediated lysis of
PC%, LU99, LC99A and MEG-01 cells was differentially affected
by IFN-vy pre-treatment (Fig. 3). In addition, CTL assays using
acid extracted peptides from cells indicated that the epitope was
increased on PC9 but not LU9Y cells after IFN-y treatment (Fig
5b).

Paradoxical effects of IFN-y on CTL recognition have in fact
been reported. One example is induction of immunoproteasomes
by IFN-y treatment, with destruction of RUl-specific CTL
epitopes and loss of CTL recognition.*® In our study, immunopro-
teasomes did not appear to cleave the peptide within the hTERT,4,
because the K3-1-mediated cytotoxicity against PC% or MEG-01
cells was enhanced after IFN-y treatment. In addition, LCL have
been shown 1o express immunoproteasomes constitutively,® as
here confirmed by Western blot analysis (Fig. 4c). Some telomer-
ase-positive LCL were efficiently lysed by K3-1 in an HLA-A24-
restricted fashion (data not shown), suggesting that immunopro-
teasomes do not destroy the hTERT,,, epitope. Another
paradoxical effect of IFN-y is mediated by inhibitory natural killer
cell receptors expressed on the effector cells inducing inhibitory
signaling.*2 Such receptors bind to several HLA-class I molecules,
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which could be upregulated by IFN-v, thus executing the inhibi-
tory effect of CTL-mediated target cell lysis after treatment with
IFN-v. Indeed, Malmberg er al.*? reported that IFN-y treatment
inhibited lysis of ovarian cancer cells by specific CTL via a
CD94/NKG2A-dependent mechanism. However, this could be ex-
cluded in the present case because LU99 cells treated with IFN-y
were efficiently lysed after being pulsed with cognate peptide (Fig.
3), and surface expression of CD94 on K3-1 was not detected by
flow cytometric analysis (data not shown). In addition, inhibitory
natural ldller cell receptors, such as p58.1/KIR2DLI1 or p58.2/
KIR2DL2/3, were not found to be expressed on K3-1 (data not
shown).

We demonstrated that hTERT expression itself was attenu-
ated in the LU99 cells after IFN-vy ireatrnent, resulting in
inefficient recognition by the hTERT-specific CTL. The same
attenuation was observed in primary lung cancer cells obtained
from a lung cancer patient (Fig.7). A few reports revealed that
IFN-y reduces the expression of tumor antigens, such as
MART-1/Melan A** or murine gp70.45 With regard to these
antigens, IFN-y may promote immune-escape of tumors be-
cause these are not necessary for tumor proliferation. However,
it is of particular interest to consider the effects of IFN-y
on telomerase aclivity in cancer immunity. IFN-y may exert’
an anti-tumor influence primarily by suppressing hTERT
transcription, resulting in limited proliferative potential. If
such hTERT suppression is no longer occurring by whatever
mechanism, such as IRF-1 gene inactivation as observed in
some cancer cells,*¢ IFN-y might increase hTERT epitope
processing and presentation leading to augmented susceptibil-
ity to specific CTL, as shown in PC9 cells (Figs. 3 and 5).
Thus, the effects of IFN-v on tumor cells through modulation
of hTERT expression can be considered to feature a “fail
safe” mechanism for efficient anti-tumor activity due to its
impact on innate and adaptive immunity, With regard to clini-
cal application, immunotherapy for malignant tumors using
hTERT-specific CTL has unique advantages. hTERT-specific
CTL not only kill tumor cells through the recognition of
epitopes expressed on their surfaces but also produce and
release IFN-y in siru. Indeed, Le Poole ef al.** reported that
examination of melanoma lesions by quantitative reverse
transcriptase-polymerase chain reaction revealed up to 188-fold
more abundant IFN-y transcripts produced by T cells when
compared to conirol skin. In such circumstances, hTERT
expression of tumor cells could be downregulated, resulting
in suppressed tumor growth. However, some HLA-A24 posi-
tive lung cancer cells with hTERT expression were not effi-
ciently recognized by hTERT-specific CTL, probably because
of low epitope density on the cell surface. The effects of
hTERT-specific CTL against such tumor cells might thus be
limited. Downregulation of K3-1-mediated lysis was less pro-
nounced with LC99A cells, although there was clear attenuation
of hTERT transcription after IFN-vy treatment (Figs. 3 and 6).
The reason is unclear but it could be speculated that more
efficient processing and/or presentation might compensate for
any shortage of hTERT proteins.

A previous study revealed that hTERT transcription may be
decreased after IFN-y treatment through induction of IRF-1.28 Our
study also confirmed downregulation of hTERT expression after
IFN-y treatment in 3 of & cell lines examined and primary lung
cancer cells from a patient, in paralle]l with IRF-1 induction.
However, in PC9, MEG-01 and 11-18 cells where hTERT expres-

“sion did not decrease, IRF-1 was also induced. These equivocal

findings for [RF-1 might be related with functional inactivation of
the IRF-1 gene*647 or deletion or mutation of putative JRF-1
binding sites in the hTERT promoter. Alternatively, other yet-
to-be identified third party molecules that cooperate with JRF-1
might be inactivated. Further studies are required to clarify the
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mechanisms underlying the effect of IFN-v upon down-regulation
of hTERT expression.

In conclusion, we propose here a mechanism of attenuated
CTL-mediated lysis of tumor cells through hTERT down-regula-
tion induced by IFN-y. Our study indicates that hTERT-specxﬁc
CTL-based immunotherapy could be effective in patients with
lung cancers which present relevant epitopes.
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Gefitinib (ZD1839, Iressa®; AstraZeneca) has produced objective tumor responses and
symptom improvement in some patients with non-small cell lung cancer. In clinical trials,
12-18.4% of patients had a rapid and often dramatic clinical response, and a subset
analysis of the Iressa Dose Evaluation in Advanced Lung Cancer (IDEALY-1 and -2 trials
demonstrated that female gender and adenocarcinoma were associated with a higher
response to gefitinib. However, analysis from clinical trials have not found a relationship
between epidermal growth factor receptor (EGFR) expression and response in patients
receiving gefitinib. Recently, three studies have identified mutations affecting the EGFR in
lung cancer from patients who respond to gefitinib. EGFR gene mutations were common in
lung cancer from ‘never smokers’ and were associated with sensitivity of tumors to
gefitinib. Furthermore, it has been reported that the phosphatidylinosito! 3-kinase/Akt
signaling pathway plays a critical role in the antitumor effects of gefitinib. Although EGFR
mutations do not fully explain the clinical benefit, the data regarding £GFR mutations may
help to define the patient population that will most likely benefit from EGFR tyrosine-

kinase-targeted therapies.

The epidermal growth factor recepror (EGFR,
also known as E:bB1 or HERI) is a trans-
membrane receptor tyrosine kinase (TK) of the
HER family (HER2/neu ([ErbB2], HER3
[ErbB3], and HER4 (ErbB4]), and is activated by
the extracellular binding of a variety of ligands 1).
The receptor plays an important role in the prolif-
eration and metastasis of tumor cells [11, and sev-
eral human cancers (e.g., cancers of the upper
aerodigestive tract, colon, pancreas, breast, ovary,
bladder, kidney, and gliomas) display EGFR RINA
andfor protein overexpression [2-10]. Current
molecularly targeted agents aim at inhibiting spe-
cific pathways and key molecules thar are involved
in tumor growth and progression, while sparing
normal cells. Examples of such agents include tras-
tuzumab, which is 2 monoclonal antibody that
targets the FIER2/neu receptor protein in breast
cancer, and imatinib mesylate, a small molecule
receptor tyrosine kinase inhibitor (TKI) that tar-
gets Berfabl and ¢IGr in chronic myelogenous
leukemia and gastrointestinal stromal tumors,
respectively f11.12). Depending on the specific mol-
ectle targeted and the mechanism of inhibition,
these agents may offer novel clinical benefits com-
pared with the cutcomes of cytotoxic chemother-
apy; or at least comparable benefits with reduced
general toxicity and improved convenience.

The TK activity of EGFR has received consid-
erable artention as a target for cancer therapy
(1,13-15). It recent clinical trials, the selective and

10.1517/17410541.1.1.27 © 2004 Future Medicine Ltd ISSN 1741-0541

orally active EGFR TKI gefitinib (ZD1839,
Iressa®; AstraZeneca) has produced objective
tumor responses and symptom improvement in
some patients with non-small cell lung cancer
(NSCLC) who had previously received chemo-
therapy (16.17). Partial clinical responses to gefit-
inib have been observed most frequently in
females, non-smokers and patients with adeno-
carcinomas [16-18]. In addition, a significane varia-
bility in the response to gefitinib has been noted,
with higher responses scen in Japanese patients
when compared with a predominantly European-
derived population (27.5 versus 10.4%) [15). The
EGFR TKIs are the first class of oral targeted
therapies to produce such responses in advanced
NSCLC. However, two large, multinational
Phase I1I studies of gefitinib in combination with
standard  platinum-based chemotherapy regi-
mens in the first-line treatment of patients with
NSCLC did not show any added advantage (19,20].

The molecular mechanisms underlying sensi-
tivity to gefitinib were unknown. However,
three recent studies have identified mutations
affecting the EGFR present in lung cancer tis-
sues from patients who responded to gefitinib.
These findings may help select patients who can
benefit from treatment with gefitinib in the
future. This review will concentrate on the agent
most advanced in clinical development, the
EGFR TKI gefitinib, and discuss the predictive
factors for response to gefitinib.
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Gefitinib

EGFR is 2 ubiquitous 170-kDa membrane-
spanning glycoprotein composed of an amino-
terminal extracellular ligand-binding domain; a
hydrophobic transmembrane region; a cyto-
plasmic domain that contains the TK domain;
and a carboxy-terminal region that contains
critical tyrosine residues and receptor regulatory
motifs (213 Ligand binding leads to the forma-
tion of a variety of activated ErbB receptor
homo- and heterodimer complexes. Dimeriza-
tion produces structural changes in the intracel-
lular portion of the receptor that activare the
TK domain. The enzymatic activity of EGFR
TK transfers phosphate moieties from ATP to
specific tyrosine residues in the cytoplasmic tail
of the EGFR protein. These phosphorylated
tytosines serve as the docking sites for 2 number
of signal transducers and adaptor molecules that
initiate a plethora of signaling pathways, resulc-
ing in cell proliferation, differentiation, migra-
tion, adhesion, protection from apoptosis, and
transformation (Figuee 1).

Among the multiple signal transduction path-
ways activated by the EGF family, the mitogen-
activated protein kinase (MAPK; ERK-2) path-
way is one of the most relevant; it regulates cellu-
lar processes, such as gene transcription and
proliferation, by activating a variety of substrates
located in the cytosol, nucleus, and plasma
membrane [22-24. Another important signal
transduction pathway activated by the EGF fam-
ily of receptors is the phosphatidylinositol
3-kinase (PI3K)/Akt signaling pathway, which
mediates cell survival [25,26).

Different approaches to inhibiting EGFR
have resulted in a number of EGFR-targeted
agents in clinical development, including small
molecule EGER TKIs, monoclonal antibodies,
vaccines, immunotoxins, and recombinant
ligand—toxin fusion proteins. Small molecule
EGFR TKIs act by blocking the ATP-binding
site of the EGFR TK enzyme inside tumor cells.
Based on this mechanism of action, EGFR TKIs
have the potential to inhibit all mechanisms of
EGFR TK activation, including constitutively
activating mutations and receptor crosstalk.
EGER TKIs were designed to selectively inhibit
EGFR TK relative to other kinase enzymes
present in normal tissues (27].

Gefitinib is a low-molecular-weight (447 kDa)
quinazoline derivative that specifically inhibics
the activation of EGFR TK through the compet-
itive binding of the ATP-binding domain of the
receptor. The selectivity of the compound for

EGFR was demonstrated against HER2 TK and
the two vascular endothelial growth Ffactor
(VEGF) receptors KDR TK and Flt-1 TK, and a
> 100-fold difference in 1C5, was noted for
EGFR compared with the other TKs. Similarly,
gefitinib did not inhibir the activity of the serine
threonine kinases raf, MEK-1, and MAPK (28]
Compared with anti-EGFR monoclonal anti-
bodies, such as cetuximab, gefitinib offers the
advantages of oral bioavailability and once-daily
treatment. The drug was effective in preclinical
models for inhibiting the growth of a variety of
human wmor cell lines, including lung, colo-
rectal, oral, and prostate, suggesting the potential
for its broad applicability in the treatment of
solid tumor types (291. Furthermore, lung tumor
xenografts have been inhibited by gefitinib alone
or in combination with chemotherapy agents
j2o1. Gefitinib has been shown to potentiate the
anticumor effects of most cytotoxic agents,
including platinum-based chemotherapy agents
in preclinical models with cell lines sensitive to
EGFR inhibition [29.30]. In addition, gefitinib
has shown activity against NSCLC xenografts in
combination with taxanes, doxorubicin, and
antifolates (29,30).

Pharmacodynamic studies indicate that gefit-
inib blocks cell cycle progression in the G1 phase
by upregulating p275%1, a cell cycle inhibitor,
and downregulating c-fos, a transcriptional acti-
vator that is prominent in EGFR-mediated sign-
aling 1311 Elevated levels of p27X%®! block cell
cycle progression in the G1 phase of growth,
thus sustaining the hypophosphorylated state of
the retinoblastoma (RBI) gene product, which is
necessary to keep cells from progressing in the
cell cycle ;321. The inhibition of tumor growth
seen with gefitinib is also accompanied by
decreases in VEGE, basic fibroblast growth factor
(bFGF), and TGF-a., which are all potent induc-
ers of tumor angiogenesis (30. Thus, gefitinib
may also inhibit tumor growch by interfering
with angiogenesis.

These observations suggest that by inhibiting
the EGFR TK, gefitinib treatment alters the
expression levels of key molecules in tumor cells
that are important for stimulating proliferation,
cell cycle progression, tumor angiogenesis,
metastasis, and inhibition of apoptosis.

EGFR gene mutations

Recently, three clinical studies have identified
mutations affecting the EGFR in lung cancers
from patients who respond to gefitinib. These
reports identified somatic mutations in the
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Figure 1. The mechanism of action of gefitinib signal transduction blockage through EGFR tyrosine kinase.
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EGFR gene in NSCLC patients that showed a
clinical response to gefitinib. The mutations
were short, in-frame deletions or substitutions
clustered around the region encoding the ATP-
binding pocker of the recepror’s TK domain.
Lynch et 2l (33) used primary lung tumor
samples from responders to gefitinib versus
non-responders to search for mutations in
EGFR. They found that heterozygous gain-of-
function mutations were clustered within the
TK domain of the EGFR (the active site where
gefitinib binds) in tumor specimens analyzed
from eight of nine patients who were sensitive
to gefitinib. Of these patients, four had in-
frame deletions within exon 19 and three had
amino acid substitutions within exon 21.
Matched normal tissue from these patients did
not contain the mutations and no muracions
were seen in seven patients who had not
responded to gefitinib. Paez ez al. [34) screened
Japanese and American patients with NSCLC
for mutations restricted to the activation loop
(A-loop) of a large subset of all human mem-
brane receptor TKs. They also examined sam-
ples from patients treated with gefitinib for
mutations in EGFR and found mutations
similar to those in the study by Lynch ez 2/ 33).

Both papers showed a correlation of the muta-
tions with certain patient characteristics, which,
in turn, correlated with the subset of patients who
respond to gefitinib. In the study by Paez eral
34], these murations were more frequent in female
and Japanese patients, as well as in patients with
adenocarcinoma compared with other histological
types of NSCLC. This report showed that
15 (29%) out of the 58 Japanese patients were
heterozygous for the EGFR mutations in their
tumor tissue but not in their normal tissue, com-
pared with only 1 patient out of 61 from the
USA. The resulc corresponds to the findings of
the first Iressa Dose Evaluation in Advanced Lung
Cancer (IDEAL-1} trial, which showed a 27.5%
response rate in Japanese patients [16]. An assocta-
tion was also seen in both studies berween the
presence of mutations and gefitinib sensitivity in
female patients with bronchioloalveolar carci-
noma {a subtype of adenocarcinoma) who were
not current smokers, further confirming the sub-
set of patients known to respond to gefitinib. In
addition, Pao ez al. (35} showed that adenocarcino-
mas from ‘never smokers’ (patients who had
smoked < 100 cigarettes in their lifetime) com-
prised a distinct subset of lung cancers, frequently
containing mutations within the TK domain of
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EGFR that were associated with sensitiviry to
gefitinib and erlotinib (OS1-774, Tarceva®;
another selective EGFR TKI).

On the genomic level, sequence dara presented
by both groups (33.34] showed that point mura-
tions in exons 18 and 21, respectively, are hetero-
zygous. This contrasts with deletions in exon 19
where, in some of the sequencing traces pre-
sented, the normal allele is severely under-repre-
sented or absent, indicating a loss of
heterozygosity or amplification of the mutant
locus. Thus, the point mutations in exons 18 and
21 may be dominant in heterodimers consisting
of a notma! and a mutant EGFR or an EGFR
family member. In contrast, mutations in exon 19
may be functionally recessive and possibly require
homodimerization for phenotypic penetrance (36].

Lynch ez al. went on to show that transfection
of the missense EGFR mutant Leu858Arg or the
in-frame deletion Leu747-Pro753insSer into
cultured cell lines resulted in a two- to threefold
increased stimulation of the receptor by EGF
and that activation of the mutant receptor lasted
up to 12-times longer when compared with the
wild-type receptor [33]. Furthermore, the mutant
EGFR proteins were approximately 10 times
more sensitive to inhibition by gefitinib than the
wild-type EGFR. Paez ez al. investigated a cell
line derived from a malignant pleural effusion
from a Caucasian female non-smoker with lung
adenocarcinoma [(34]. The adenocarcinoma had
the Leu858Arg murtation in EGFR and was
50 times mote sensitive to gefitinib than other
adenocarcinoma cell lines. The authors hypothe-
sized that the mutations in EGFR stabilize the
interaction between the drug and the kinase,
thereby increasing the inhibitory effect of gefit-
inib. If the association berween the EGFR muta-
tions and gefitinib sensitivity are confirmed in
prospective clinical trials, they will set a standard
for approaches to the evaluation and use of
targeted therapy for solid tumors.

In the Aichi Cancer Center in Japan, Kosaka
et al. found that ~ 40% of NSCLC Japanese
patients who had undergone resection carried
EGFR mutations (Cancer Research, in press). In
their study, RNA was extracted and direct
sequencing of the TK domain of the EGFR gene
was performed after reverse transcription-PCR.
The mutations were mostly deletions around
codons 746-750 or point mutations, predomi-
nantly at codon 858; rarer mutations were also
noted. EGFR mutations were significantly
frequent in females, patients with adenocarcino-
mas and patients who had never smoked. They

also found that EGFR mutations and K-ras
mutations were mutually exclusive, whereas
EGFR mutations were independent of p33
(TP53) musations. They also studied the
patients who were treated with gefitinib for
recurrent diseases after surgery. EGFR mutations
showed good bur not perfect correlation with
gefitinib effectiveness, even after prior chemo-
therapy treatment (before the application of
gefitinib), as reported previously (Table 1).
Patients with EGFR mutations survived for a
longer period than those without the mutations
after  initiation of gefitinib  treatment
(Mitsudomi T et al, submitted for publication).

Tumor mutations that are insensitive to
kinase inhibitors, such as those found in human
glioblastomas, include extensive deletions or
missense murations in the extracellular domain
of the EGFR, or deletions of the regulatory
intracellular domain (but not the kinase
domain). In contrast, many NSCLCs carrying
missense mutations and deletions in EGFR are
sensitive to kinase inhibitors, such as gefitinib.
These murtations are found in three distinct
sites in the EGFR kinase domain: the phos-
phate-binding loop (P-loop), the A-loop, and
the oC helix,

It is not clear from these studies whether only
tumors with the aforementoned EGFR muta-
tions respond to gefitinib. In the Paez ez al. study
4], 1 out of 61 patients from the USA had
EGFER mutations in their tumor tissue, which is
far lower than the 10% response rate reported by
Kris ez af. in the Phase II study of gefitinib in the
USA 117). In the study by Lynch ez 2/ 133], one of
nine responding patients had a wild-type recep-
tor. In previous gefitinib studies, there was a
group of patients that showed marked symptom
improvement and prolonged disease stabilization
with no measurable reduction in tumor size.
However, the EGFR status of such tumors was
not reported in either study.

Other molecular correlates of gefitinib
response

Akt and STAT phasphorylation

Cappuzzo et al. 40) evaluated the two major
EGFR signaling pathways (PI3K/Akt and
Ras/Raff/MAPK) immunohistochemically, and
found that only the PI3K/Ake pathway was sig-
nificantly associated with gefitinib activity. In
their study, Akt was activated in ~ 50% of
patients with NSCLC. Furthermore, phosph-
orylation of Ake (P-Akt) positivity was associated
with being female, with never smoking, and with

Personalized Med, {2004) 1(1)
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Table 1. EGFR gene mutations and response to gefitinib.

Study

Paez et al. [34], Janne et al. (37]

Lynch et al. [23,38]
Cappuzzo et af. [39]

Pao et al. [35]

No. of patients with mutations/no. of

patients with clinical response
100% (7/7)

B9% (8/9)

89% (8/9)

70% (7/10)

No. of patients with mutations/no. of
patients with no clinical response

0% (0/6}
0% (077)
33% (3/9)
0% (0/8)

EGFR: Epidermal growth factor receptor.

www. futuremedicine.com

bronchioloalveolar carcinoma histology. Patients
with  P-Ake-positive tumors who received
gefitinib had a better response rate, disease con-
trol rate and time to progression than patients
with P-Akr-negative tumors, suggesting that
gefitinib may be more effective in patients with
basal Ake activation. In the multivariable analy-
sis, P-Alet status was significandy associated with
a reduced risk of disease progression (hazard
ratio [HR] = 0.58, 95% confidence interval
[CI] 0.35-0.94). Importantly, after being
adjusted for P-Ake status, performance status
and smoking history remained significanly asso-
ciated with an increased risk of disease progres-
sion (HR = 2.65 [95% CI 1.33-5.27] and 1.75
(95% CI 1.08-2.83), respectively), and female
gender was immediately removed at the first step
of the backward elimination. Recent darta indi-
cate thart sensitivity to geficinib therapy requires
intact EGFR-stimulated Akt signaling activity
and that loss of PTEN (phosphatase and tensin
homolog; a phosphatase that negatively regulares
Akt by dephosphorylating it) can lead to aber-
rant Akec activation and, finally, to gefitinib
resistance [41-43).

Recently, Sordella etal [44) reported that
mutant EGFRs selectively activated Akt and
STAT signaling pathways, which promote cell
survival, but have no effect on Etk/MAPI signal-
ing, which induces proliferation. EGF-induced
phosphorylation of tyrosine residues at codon
1045 (Tyrl1045) and Tyr1173 was virmally indis-
tinguishable between the wild-type and mutant
EGFRs, whereas phosphorylation of Tyr992 and
Tyr1068 was substantially increased in the
mutant EGFRs. The increased Akt and STAT
phosphorylation following activation of the
mutant EGFRs was consistent with the increase
in Tyr992 and Tyr1068 phosphorylation. The
selective EGF-induced autophosphorylation of
C-terminal tyrosine residues within EGFR

mutants was well correlaced with the selective
activation of downstream signaling pathways.
Incerestingly, Sordella e 2l suggested that the
expression of mutant EGFRs appeared essential
for suppression of proapoptoti¢ signals in lung
cancers harboring these mutations. Sensitivity to
gefitinib may result in large part from its effective
inhibition of essential antiapoprotic signals trans-
duced by the mutant receptor in lung cancer cells
with EGFR kinase murtations. Thus, mutant
EGFRs selectively transduce survival signals on
which NSCLCs become dependent, and the inhi-
bition of those signals by gefitinib may contribute
to the efficacy of the drug.

EGFR expression

Despite promising clinical resules in the treat-
ment of NSCLC, the potential relationship of
the sensitivity to gefitinib with various character-
istics of NSCLC, such as EGFR expression level,
is not clear. In clinical trials, objective responses
were observed in lung cancer patients with
adenocarcinoma that was less likely to express
EGFR than squamous cefl carcinoma. In a retro-
spective analysis from IDEAL, EGFR expression
(as detected by immunchistochemistry) was not
related to response in patients receiving gefitinib
monotherapy (45]. Similarly, in the Phase II study
with erlotinib, the intensity of HERI/EGFR
staining was not associated with the clinical out-
come of metastatic squamous cell cancer in head
and neck patients [46. In this regard,
Sirotnak ez al. demonstrated that the degree of
potentiation of gefitinib in a variety of tumor
xenografts was not dependent on high levels of
expression of EGFR 1297 Using a panel of
19 lung cancer cell lines, Suzuki er 4/ observed
the lack of association of gefitinib sensicivity
with the expression of EGFR, HER2, HERS3,
and HER4 [47). Their results also showed no
apparent association between K-ras mutations
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respond to gefitinib.

+ Gefitinib inhibits the growth of some lung cancers, although this effect is not well correlated with the
level of expression of EGFR or related members of the ErbB family of receptors.

« Recently, three studies have identified mutations affecting EGFR in lung cancers from patients. These
reports identify soratic mutations in the EGFR gene in patients with NSCLC that had clinical
responses to the EGFR TKI gefitinib. Another study suggested that the expression of mutant EGFRs
appeared essential for the suppression of proapoptotic signals in lung cancers harboring these
mutations. Sensitivity to gefitinib may largely result from its effective inhibition of essential
antiapaptotic signals transduced by the mutant receptor in lung cancer cells with EGFR kinase
mutations. It is, however, not clear fram these studies whether only tumors with EGFR mutations

« If these data are confirmed in prospective clinical trials, they will set a standard for approaches to the
evaluation and use of targeted therapy for solid tumors.

and sensitivity to gefitinib. Although it could be
hypothesized that EGFR expression is a prereg-
uisite for a response to the drug, EGFR expres-
sion has not turned out to be useful in the
selection of patients who respond to gefitinib.

It was reported that the specificicy and
potency of the signaling output from activated
EGFR is highly dependent on the identity of the
activating ligand, as well as on the cellular levels
of the coreceptors HER2, HER3, and HER4, all
of which can oligomerize with EGFR. The sites
autophosphorylated in the C-terminal portion of
EGFR, as well as the signaling molecules thar
associate with the receptor, are determined by
the heterodimeric partner of EGFR. Thus, other
members of the HER network may influence the
efficacy of gefitinib.

Gene expression profiling and

proteomic analysis

In a microarray analysis, Hirsch et 2l 48] identi-
fied 13 genes for which expression accurately dis-
criminated between gefitinib-sensitive  and
-resistant NSCLC cell lines. Carbone ez al (49
presented results of 2 proteomic analysis of fresh
tumor samples from NSCLC patients resistant
or sensitive to gefitinib treatment. This analysis
identified six protein peaks that were 95% pre-
dictive of response to gefitinib and 88 peaks that
were 100% predictive. These observations
require prospective validation in large studies.

Outlook

In clinical studies with NSCLC patients, gefit-
inib has shown modest clinical activity, with
higher response rates in females, patients with

lung adenocarcinoma, non-smokers, and
patients of Japanese origin. In none of these tri-
als were patients selected based on evidence of
EGFR kinase dependence. Three studies by
Paez et al. (341, Lynch et al (331 and Pao er al. [35]
have revealed some of the molecular under-
pinnings of the overall low clinical activity of
EGER inhibitors and will almost certainly lead
to the identification of subgroups of pacients
who are likely to benefic substantially from these
drugs. It is, however, not clear from these studies
whether only tumors with EGFR mutations
respond to gefitinib. The clear message from
studies of EGFR mutations is that although
these mutations are important in determining a
dramatic response to EGFR TKIs, this is not the
whole story. In addition, whether these mutant
receptors depend on ligands for activation
in situ is a cructal question. Ligand-independent
activation could anticipate therapeutic resist-
ance to the ligand-blocking EGFR antibodies
that are currently in clinical development.

It is clear from these studies that molecular
target dependence and patient selection should
be central to the development of molecular ther-
apeutics in human cancer. This approach should
avoid the spuriously negative or overall weal sig-
nals of clinical activity of drugs that are other-
wise very active when used in the right group of
patients; prevent unnecessary large, costly trials;
and limit the exposure of patients to drugs
unlikely to produce any clinical benefit. In
EGFR-mutant lung cancers that eventually
escape gefitinib treatment, it is now important to
determine whether the resistance is EGFR-
dependent or -independent.

Personalized Med. (2004) 1)
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REDUCED EXPRESSION OF CLASS II HISTONE DEACETYLASE GENES IS
ASSOCIATED WITH POOR PROGNOSIS IN LUNG CANCER PATIENTS

Hirotaka Osapa'*, Yoshio TaTeMaTsu', Hiroko Sarro’, Yasushi Yataps?, Tetsuya Mirsupomi® and Takashi TakanasH’

'Division of Molecular Oncology, Aichi Cancer Center Research Institute, Nagoya, Japan
2Department of Pathology and Molecwular Diagnostics, Aichi Cancer Center Hospital, Nagoya, Japan
3Division of Thoracic Surgery, Aichi Cancer Center Hospital, Nagoya, Japan

- HDAC genes are thought to be involved in gene expression
through the regulation of chromatin structure, alterations of
which may cause abnormal gene silencing in cancers, To
clarify the possible role of HDAC genes during turmor devel-
opment and progression, we studied their expression and
influence on clinical features, Expression levels of HDAC
class | and class Il genes in cancer tissues resected from 72
patients with NSCLC were measured with real-time RT-
PCR. Their association with clinicopathologic features was
statistically investigated. Reduced expression of each class li
HDAC gene was significantly associated with poor prognosis
and an independent predictor of poor prognosis. Of all the
genes, HDACI @ was the strongest predictor of poor progno-
sis. Hierarchical clustering analysis showed that lung cancer
tissues could be divided into 3 groups based on the expres-
sion leve! of class | and class 1l HDAC genes. The group with
reduced expression of class 1§ HDACs showed poor progno-
sis. These results suggest that class Il HDACs may repress
critical genes and that low expression of these genes may
play a role in lung cancer progression, Results of clustering
analyses imply that class [| HDAC genes may be regulated by
a similar mechanism and deregulated during cancer develop-
ment.

© 2004 Wiley-Liss, Inc,

Key words: lung cancer; histone deacetylase; prognosis

The accumulation of genelic and epigenetic alterations results in
the development of cancer.!2 DNA methylation and histone mod-
ification are involved in the epigenetic allerations via regulating
chromatin strocture.? Histone deacetylation catalyzed by HDACs
is the main hisione modification in silenced gene promoters. In
cancer cells, several genes are silenced by alteration of the chro-
matin structure with or without DNA methylation, -7 suggesting
the involvement of abnormal HDAC gene activity.®* Mammalian
HDACs consist of 2 groups, classical HDAC genes and the re-
cently identified NAD-dependent SIRT family.’®1 Based on
structural and functional similarities, the classical HDAC family is
divided into 2 different phylogenetic classes: class I and class I1.
Class I HDACs (HDACs 1-3 and B) are most closely related to
yeast RPD3, while class 1l HDACs (HDACs 4-7, 9 and 10) share
domains with similarity to yeast HDAL, The HDACII gene has
been identified but not yet assigned to either class. Currently, class
I HDACs are thought to be expressed in most cell types, whereas
the expression pattern of class Il HDACs is more restricled. Class
I HDACs mainly exist in the nucleus, while class I1 HDACs shuttle
between the nucleus and cytoplasm, responding to several signals.
Nuclear export of class I1 HDACs is induced by phosphorylation
and interaction with an adaptor profein, 14-3-3,10.17 These fine
regulations suggest that class II HDACs might be involved in
cellular differentiation and developmental processes and that their
dysregulation may be involved in carcinogenesis. However, alter-
ation of the expression level and the involvement in the clinical

“course have not been clarified. Qur siudy demonstrates that re-
duced expression of class 1I HDAC genes is associated with poor
prognosis of lung cancer patients.

MATERIAL AND METHODS
Study population and tissie samples

Seventy-two NSCL.C tissue specimens (48 adenocarcinomas, 12
squamous carcinomas, 4 adenosquamous carcinomas and 8 large
cell carcinomas) were obtained with the approval of our instit-
tional review board from 26 female and 46 male patients who had
conseculively undergone polentially curative resection belween
January 1996 and January 1998 at Aichi Cancer Cenler Hospital.
Twenty-lwo patients (31%) died (median 23 months), while 50
patients survived and were followed up for 45-75 months (median
63 months). The median age of this cohori was 62 (range 32— 80)
years. There were 38 pstage 1, 14 pstage I and 20 psiage 1171V
tumors,

Quantitative RT-PCR

RNA was isolated from tissue specimens, and random-primed
¢DNA samples were made using 5 g total RNA, as described
previously.'? Expression of each HDAC gene was measured with
the ABI Prism 7900 (Applied Biosystems, Foster City, CA) by
quantitative RT-PCR using SYBR Green PCR Master Mix (Ap-
plied Biosystems) and ¢cDNAs (carresponding 1o 20 ng of total
RNA). Standard curves were made using serially diluted cDNA of
one lung cancer cell line. PCR primers were designed within
regions that were less similar among HDAC genes as follows:
HDAC] F, 5'-CCTGGATACGGAGATCCCTA, and R, 5'-CCG-
CAAGAACTCTTCCAACT; HDAC2 F, 5'-CCTTGATTGT-
GAGATTCCCA, and R, 5'-AGGAGGTCGAAGAAATGTGG;
HDAC3 F, 5'-CTCTCTGGGCTGTGATCGAT, and R, 5'-
CAATCTTTGAAAACCTGAAGATG; - HDAC4 F, 5'-GAG-
AGACTCACCCTTCCCG, and R, 5'-CTTGGTTGGTGCAGAC-
CGG; HDACS F, 5'-AGAATGGCTTTACTGGCTCAG, and R,
5'-CATGAGCACATCCTCTATTCC; HDAC6 F, 5'- CCTCAAT-
CACTGAGACCATC, and R, 5-GACTAACTCAGAGACAG-
CTG; HDAC7 F, 5'-ACCCCTCAGGCTCTCATGC, and R, 5'-

Abbrevigtions: BRG1, BRM -related gene 1; BRM, brahma human
homologue; CI, confidence interval; HDAI, histone deacetylase-A;
HDAC, histone deacetylase; HP1, heterochromatin protein-1; HR, hazard
ratio; MEF2, myocyte enhancer factor-2; NSCLC, non-small cell lung
cancer, pstage, pathologic stage; RPD3, reduced potassium dependence 3;
SIRT, homologue of silent information repulator 2.
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CTGGAGCACAGGGAGCTGG; HDAC8 F, 5-AGGTGACGT-
GTCTGATGTTG, and R, 5-CTCTGAGATCCCAGATCATG;
HDACIO F, 5'-ATGTGGCTGTTCGGAGAGGC, and R, 5'-CTG-
CACTCCTGGCTGCAATG. RT-PCR analyses were performed al
least twice for each HDAC gene. The expression level of each sample
was normalized by the quantity of 188 rRNA and presented as a ratio
10 a mixed sample of normal lung tissue, the expression level of which
was set at 1, Patients were divided into 3 or 2 subgroups based on the
expression Jevel of each HDAC gene.

Stasistical analysis and hierarchical clustering

All statistical analyses were conducted with STATA software
(StataCorp, College Station, TX). All statistical tests were 2-sided.

40 60 0 80
Monits slier surgery

40
Months sfier surgery

For comparisons among subgroups, we used Pearson’s x° test.
Log-rank lests were used to compare survival curves among the
various subgroups of patients. Survival probabilities were esti-
maled using the Kaplan-Meier method. HRs for death with 95%
Cls were calculated using Cox's proportional hazards regression
analysis. Associations between individual clinicopathologic vari-
ables, such as tumor histology, age, sex, smoking habit, pstage,
primary tumor stats (pT), nodal involvement {pN), pathologic
grade of differentiation, 5-year survival and expression level of
each HDAC gene, were assessed using Cox’s proportional hazards
regression model. A stepwise variable sclection procedure was
used in multivariate Cox analysis; a statistical significance level of



28 ) OSADA ET AL

TABLE 1-x' ANALYSIS OF CLINICOPATHOLOGICAL FEATURIS

HDACS
Variables
H-M' L Tolu poviluc?
Smoking Hislory
Non-smoker 25 5 30 0.019*
Smoker 24 18 42
HDAC?
Variablgs
H-M! L Total p-vahic
Discase stage :
1 25 7 13 38 0.019*
11111 13 21 34
Nedal involvement
pN =20 29 18 47 0.038%
pN =1 9 16 25

High or moderate cx?ression group (H-M) (=0.8) vs. low expres-
sion group (L} (<0.8).—“Astenisks indicate significant p-values.

0.20 was used as a cut-off 1o determine whether a variable could
be entered into or removed from the regression model. Complete
linkage hierarchical clustering was perfoymed uvsing the Cluster
program following log transformation and median centering, and
the results were vispalized using the TreeView program (Cluster
and TreeView programs were kindly provided by Dr. M. Eisen,
hup://rana.lbl.gov).

Northern blor analysis

RNA samples from representative lung cancer fissues were
studied with Northern blot analysis, as described previously.’2 To
obtain the probes for HDACs 1, 2, 5 and 10, cDNA fragments of
these penes were amplified by RT-PCR using the primers used for
quantification, cloned into pBSSKII plasmid (Stratagene, La Jolla,
CA) and sequence-verified. Signal intensity was measured with a
phosphoimager BAS-2500 (Fuji, Tokyo, Japan).

RESULTS

At first, 1o verify the quantification with real-time RT-PCR, the
signal inlensity of Northern blots and the relative expression level
quaniified with real-time RT-PCR for HDACs 1, 2, 5 and 10 were
compared using 7 lung cancer cell line samples, Reasonable con-
sislency (Pearson’s correlation R = 0.676~0.887) was observed in
all HDAC genes (Fig. 1a for HDACs 2 and 5). We then studied the
expression of HDAC genes in 72 Jung cancer specimens. The
expression level of each HDAC gene varied among cancer samples
(Fig. 1b). In analyses of the HDAC2, -3, -8, -4, -5, -7 and -10
penes, 25-56% of cases showed less abundant expression than
normal lung. Because the HDAC! and -6 genes frequently showed
abundant expression, 11% and 21% of cases had lower expression
of these genes than normal lung, respectively. To statistically study
the possible effect of HDAC expression level, the cohort was first
equally divided into 3 groups based on the expression level of each
HDAC gene: high (H), moderate (M) and low (L}). We investigated
whether the expression level of HDAC genes may affect progno-
sis. Log-rank analysis indicated statistically significant differences
among the survival of trisected groups in all class I HDAC penes
examined (HDACs 4-7 and 10 p = 0.016, 0.0006, 0.034, 0.015
and 0.001, respectively) but not class I HDAC genes (HDACs -3
and & p = 0.121, 0990, 0.150 and 0.058, respectively). Kaplan-
Meier survival curves of trisected groups in all class I1 HDAC
genes indicated significantly poorer prognosis for the L group than
either the H or M group in all class II HDAC genes (Fig. ¢ for
HDACs 5 and 10). .

Following this, we investigated whether reduced expression of
HDAC genes may affect prognosis. For each HDAC gene analysis,
patients with expression <.80% of the level in normal lung tissues
were assigned to the L group, while the remaining patients were
assigned to the H-M group. The association of these 2 groups (L

and H-M} and clinicopatholegic features was sudied using ?
analysis. We found a significant association of HDAC7 with patho-
logic stage {(p = 0.019) and nodal involvement (p = 0,038), in
addition to the association between HDACS and smoking history
{p = 0.019) (Table I). Other HDAC genes did not show any
significant association with clinicopathologic features, including
disease stage and primary tumor status. However, we observed a
significant difference in postoperative survival between the L and
H-M groups of each class II HDAC gene (Fig. 2). Log-rank
analysis indicated statistically significant differences in survival
for these 2 groups in all class JI HDAC genes examined (HDACs
4-7 and J0 p = 0.008, 0.0007, 0.011, 0.016 and 0.0009, respec-
tively} but not in class I HDAC genes (HDACs I-3and 8 p =
0.376, 0.297, 0.710 and 0,194, respectively). Among class 1I
HDAC genes, HDACS and HDACI0 showed the most significant
difference in survival, Figwe 2 shows Kaplan-Meier survival
curves indicating significantly poorer prognosis for the L group
than the H-M group in all class 11 HDAC penes.

The association of lower expression of each HDAC gene with
survival was further studied with Cox’s proportional hazards re-
gression analysis (Table II). Univariate Cox analysis showed that,
in all class ]I HDAC genes, classification into the L group was
associaled with poor prognosis, while class 1 HDAC genes did not
show such an association (Table 1I). Among class 11 penes,
HDACS and HDACIO indicated the strongest association with
poor prognosis (HR= 3.92 and 3.94, respectively, p = 0.002 for
both). To study Lhe interaction among the reduced expression of
each class II HDAC gene and clinicopathologic features, multi-
variate Cox analysis was conducted including all clinicopathologic
variables and each class I gene (Table I}, These multivariate
analyses showed (hat in all class 11 HDAC genes classification into
the L group was associated with poor prognosis independently of
any clinicopathologic feature, including pathologic stage, while
class I HDAC genes did not show such an association. Among
class Il HDAC:s, the association of HDACS or HDACI( with poor
prognosis was very significant (HR= 3,91 and 4.12, p = 0.004 and
0.003, respectively), similar to the association between pathologic
stage and poor prognosis. To study the interaction among the
reduced expression of all class I HDAC genes and clinicopatho-
logical features, siepwise multivariate Cox analysis was conducted
including all HDAC genes and clinicopathologic variables (Table
1I). In addition to pathologic stage (HR= 6.94, p < 0.001),
reduced expression of HDACIQ was an independent predictor of
poor prognosis (HR= 7.13, p = 0.004), suggesling that reduced
expression of HDACI) affects the prognosis of lung cancers most
significantly and independently. The HDACS gene also showed a
trend, though not 4 significant one, (oward an association with poor
prognasis (HR = 2.63, p = 0.054).

Statistical analysis demonstrated an association between low
expression of each class I HDAC gene and poor prognosis but did
not provide any information on the whole piclure with regard to
expression of all HDAC genes in each case. The whole expression
profile of all HDAC genes might indicate the number of affected
HDAC genes and possibly provide information about the regula-
tion of HDAC gene expression. To obtain the whole expression
profile of all HDAC genes, we performed unsupervised hierarchi-
cal clustering analysis (Fig. 3a). HDAC genes occurred in 2
discrete clusters, clearly corresponding to classes I and II. Lung
cancer cases also showed discrete clusters. The top cluster {cluster
11, class II predominant) contained lung cancers abundantly ex-
pressing class 11 HDAC genes but few class 1 genes, while the
middle cluster (cluster 1, class 1 predominanl) demonstrated the
reverse paltern. The botiom cluster {(cluster 1) did not show any
predominance; normal Jung tissue belonged to this cluster. Sur-
vival among these clusiers was significantly different. Kaplan-
Meier survival curves in Figure 35 demonstrated that cluster I
cases had significantly poor prognosis, while cluster 11 and III
cases showed similarly favorable prognosis {log-rank analysis p =
0.019). The influence of classification into cluster 1 was studied
with Cox’s proportional hazards analysis, Univariate analysis in-
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Ficurg 2 — Kaplan-Meier survival curves of subgroups of each HDAC gene, Survival curves of high or moderate expression (H-M) and low
expression (L) groups of class Il HDAC genes HDACS (a), HDACS (b), HDACG6 (c), HDAC7 (d) and HDACIO (e), as well as a class ] HDAC
gene, HDAC? (f), were demonsirated. For each HDAC gene analysis, patients with expression <80% of the level in normal lung tissue were
grouped into the L group, while other patients were assigned to the H-M group. (a—¢) Survival curves of all class Il HDAC genes indicate poorer
prognosis of the L groups than of the H groups. {f} Survival curves of the HDACZ groups did not show any difference in prognosis. p values

of log-rank analyses are also indicated.

dicated significantly poor prognosis of cluster [ cases (HR = 3.18,
p = 0.008), while stepwise multivariale analysis still showed a
trend, though not a significant one, toward an association between
clusler I and poor prognosis {(p = 0.084) (Table III).

DISCUSSION

Qur study demonstrates that reduced expression of class 11
HDAC genes is associated with poor prognosis in lung cancer
patients and that low expression of HDACI0 independently affects
the prognosis of lung cancer. Clustering analysis indicated a sig-
nificant association between c¢luster I and poor prognosis. Cluster-
ing also demonstrated clear clusters of class I and class 11 HDAC

genes, suggesting a common mechanism in transcriptional regula-
tion in each HDAC class. The clusiering of lung cancer cases
demonstrated thal, in most cases, expression levels of all class II
HDAC genes were altered in the opposite way compared to class
I genes. Class-specific expressional regulation of class 11 HDAC
genes might be affecled during lung cancer development.

Our study demonstrated stalistical significance in several anal-
yses. Generally speaking, multiple comparisons increase the prob-
ability of obtaining a statistically significant finding (p << 0.05) by
chance alone. However, it is unlikely that our statistically signif-
icant results were obtained by chance because significant differ-
ences were observed in more than half the genes examined (5 class
Il of @ HDAC gcenes). In addition, even if p < 0.0055 (= 0.05/9,
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TABLE 11 - UNIVARIATE AND MULTIVARIATE HAZARD RATIO ACCORDING TO EXPRESSION OF 1IDAC GENES
BY COX PROPORTIONAL HAZARDS MODEL ANALYSIS

U""’\',";r':; j;f;”"" HR' {95% C12) Unfaverable/Favorable pevalue®
Histology 1.09 [0.37-3.21) Squamous/Non-squamons 0.882
Age (yn) 1.80 [0.74-4.42] =62/<62 0.198
Gender 3.02 [1.02-8.93) Male/Female 0.046*
Smoking 2.23 [0.87-5.70] Smoker/Non-smoker 0.054
Disease slage 5.17{1.90-14.05] 1-111/1 0.001#
HDACI 172 [0.51-5.82] <0.8/=0.8* 0.383
HDAC2 1.56 [0.67-3.61] <0.8/=0.8 0.302
HDAC3 1.19 [0.48-2.91] <0.8/=0.8 0.710
HDACS 1.84 [0.72-4.72] <0.8/=0.8 0.202
HDACS 2.94 {1.27-6.79] <0.8/=0.8 0.012*
HDACS 3.9211.67-9.19] <0.8/=08 0.002+#
HDAC6 3.02 [1.23-7.44] <0.8/=08 0.016+*
HDAC? 2 88 [1.17-7.06] <0.8/=0.8 0.021*
HDACIO 3.94 [1.65-9.42] <0.8/=20.8 0.002*
Multivariale analysis including cach cluss 11 HDAC gene

HDAC genes
Varinhles HDAC4H HDACS 1IDACS HDACT HDAC1D

HR p-vahie HR p-value HR pevalue HR Jvulue HR p-value
Histology 0.65 0.470 0.92 0.897 0.74 0.608 0.72 0.574 0.66 0.511
Age (yr) 1.49 0.395 * 133 0.570 1.31 0.576 1.26 0.623 1.40 0.497
Gender 3.36 0.159 3.50 0.145 2.84 0.201 3157 0.15) 319 0.155
Smoking 0.83 0.805 0.60 0.516 0.94 0.932 0.79 0.760 0.86 0.830
Disease Sage 3.99 0.007+* 4,45 0.004* 4,20 0.005* 3.78 0.011#* 4,15 0.006*
HDACs* 2.88 0.024* 391 0.004* 2.88 0.028* 2.67 0.050* 4.12 0.003*
Stepwise mullivariable analysis including all HDAC genes
Variables HR [95% CI) Unfavorable/Favorable p-value
Gender 2.87 [0.92-8.93} Male/Female 0.069
Disease stage 6.94 [2.37-20.37] TI-1111 <0.001*
HDACI 0.11 [0.02-0.61] <0.8/=0.8 0.012*
HDAC2 2.38 [0.90-6.26] <0.8/=0.8 0.080
HDACS 2.63 [0.98-7.04) <0.8/=0.8 0.054
HDACIO 7.13 [1.90-26.67] <0.8/=0.8 (1.004*

"Hazard ratio estimated by Cox proportional hazards regression model. —*Confidence interval of the estimated HR.-*Asterisks indicate
significant p values.—‘Low exprcssmn group {<<0.8) vs. high or moderate expression group (=0.8).

i.e., 0.05 was divided by the number of analyzed genes) is con-
sidered statistically significant, both HDACS and HDACIO dem-
onstrate significant differences (p-values were much less than
0.0055 in Table 11, Figs. 1c, 2b,e). Therefore, al least the reduced
expression of HDACS and HDACIQ is associated with poor clin-
ical outcome of lung cancer patients. However, because our cohort
was rather small, these findings must be validated using training
and test sets in future studies with much larger cohorts.

Class Il HDAC genes are abundantly expressed in heart, skeletal
muscle and brain tissue, though lung tissue also expresses class 11
HDAC genes moderately. HDACs 4, 5 and 7 bind and inhibit
MEF?2 proteins, which play a significant transcriptional regulatory
role in myogenesis.!®1) In heart, the signal-resistant mutants of
class II HDACs render cardiomyocyles resistant to hypertrophic
signals, while knockout mice lacking a class II HDAC develop
massive cardiac hyperirophy,}? Therefore, class II HDACs act as
signal-responsive suppressors of the transcriptional program gov-
eming cardiac hypertrophy, In addition, in vivo expression of a
signal-resistant form of HDACS resulted in sudden death accom-
panied by loss and morphologic changes of cardiac mitochondria
as well as downregulation of mitochondrial enzymes,'4 suggesting
an antiproliferative effect of class IT HDAC genes. In contrast,
class II HDAC molecules exhibit an antiapoptotic effect through
inhibition of Nur77 induction during thymocyle development.!$
These cbservations suggest that class II HDAC genes may play a
critical role in the differentiation and development of several
tissues. In addition, class II HDACs may play a role in cancer
development. Class 1T HDACs interact with an oncogenic mole-
cule, Bel-6,7¢ a Kruppel-like zinc-finger repressor that is transcrip-
tionally "activated by chromosomal translocation in lymphomas.

Class I HDACs also interact with the corepressor profein complex
SMRT/N-CoR, which may contribute 10 leukemogenesis through
interacting with the oncogenic chimeric molecules AML-ETO and
PML-RARa.Y?

Our siudy showed that low expression of HDACS and HDACI0
was an independent predictor of short survival and that the cluster
of low expression of class I HDAC genes was associated with
poor prognosis. It is conceivable that class' 1l HDAC genes, espe-
cially HDACS and HDACI0, may also regulate the differentiation
and proliferation of lung epithelial cells and that disruption in such
regulation may be involved in lung cancer development. In this
context, in our preliminary experiments, overexpression of
HDACS demonstrated modcrate but consistent growth-inhibitory
effects on lung cancer cell lines with low expression of class II
HDAC genes,

HDACS as well as some olher class II HDAC molecules, such
as HDACs 4 and 7, contain a long N-terminal region, which
interacts with MEF2.'® When the appropriate myogenic differen-
tiation signal is delivered, class II HDAC proteins are phosphor-
ylated and dissociated with MEF2 and exported from the nucleus
by the adaptor protein 14-3-3.12 1n airway epithelial cells, ¢lass 11
HDACs may also interact with transcription factors, the aclivity of
which might be enhanced by reduced expression of class 11
HDACs, resulting in deregulation of differentiation and cell
growth of lung epithelial cells. Therefore, identification of the
transcription-regulating molecules associated with class I1 HDACs
in lung epithelial cells is urgently required, )

HDAC/I0 has an additicnal Jeucine-rich putative catalytic
domain and is most similar to FDACG, which contains 2 cata-
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Ficure 3 - Clustering analysis of HDAC gene expression. (a) Unsupervised hicrarchical clustering of HDAC gene expression. The
dendrogram of HDAC genes shows 2 discrete clusters, class I (HDACs 8, 3, 2 and I) and class 1 (HDACs 6, 4, 5, J0 and 7). The dendrogram
of lung cancer patients also indicates 3 clusters. The 1op cluster (cluster 11, class 11 predominant) contained Jung cancers abundantly expressing
class II HDAC genes but very few class I genes, while the middle cluster (cluster ], class I predominant) demonstrated the reverse pattern. The
bottom.cluster (cluster 11I) did not show any predominance, (b) Survival curves of 3 clusters. Cluster I shows significantty poor prognosis, while
clusters I and I1I show similarly favorable prognosis. (c) Northern blot analysis of HDAC genes in primary lung cancer specimens. Lung cancer
tissues of cluster groups I and 11 demonstrate high expression of HDAC class I and class I genes, respectively. The lung cancer specimen of
cluster 1II does not show such a class-specific expression pattern.

TABLE JII - UNIVARIATE AND MULTIVARIATE HAZARD RATIO ACCORDING TO CLUSTER GROUPS
BY COX PROPORTIONAL HAZARDS MODEL ANALYSIS

Varinblcs HR! (95% CI’] Unlavorable/Faverable p-vnllu:’
Univariate analysis
Cluster 3.18[1.357~7.441] VII-1I1 0.008*
Multivariate analysis .
Sex 2.51 [0.843--7.485] Male/Female 0.093
Disease stage 3.62 [1.270~10.32] TI-111/1 0.016*
Cluster 2.18 [0.900~5.303] 1/11-111 0.084

'Hazard ratio estimated by Cox proportional hazards regression model.~*Confidence interval of the
estimated HR.—*Asterisks indicate significant p values.

to bind HP1a,20 which interacts with a methyl-lysine of histone H3
and mediates gene silencing. Downregulation of HPle expression

lytic domains. The biologic funclion of HDACIO has not been
reported. However, because it interacts with class | HDACs, HDAC2

and HDAC3, low expression of HDACIO may affect the activity of
class I HDACs and enhance the imbalance of enzymatic aclivity
between classes I and I, which might play a role in the development
of cancer.

Other molecules associated with class Il HDACs are reported to
be involved in cancer development. Class 11 HDACs were reported

is associated with a metastalic phenotype in breast cancers.?? Also,
subunits of chromatin-remodeling complex SWI/SNF, BRG1 and
BRM, were frequently lost in lung cancers.?? Moreover, patients
with BRG1/BRM-negative lung carcinomas, independent of stage,
have significantly poorer prognosis. Because HPla inleracts with
BRG12% in addition 1o class I HDACsS, class I HDACs, HP1a and



