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Abstract

PURPOSE—EIlevated metabolic activity of ovarian cancer cells causes increased ubiquitin-
proteasome-system (UPS) stress, resulting in their greater sensitivity to the toxic effects of
proteasomal inhibition. The proteasomes and a potentially compensatory histone deacetylase 6
(HDACS6)-dependent lysosomal pathway mediate eukaryotic protein turnover. We hypothesized that
up-regulation of the HDACG6-dependent lysosomal pathway occurs in response to UPS stress and
proteasomal inhibition, and thus ovarian cancer cell death can be triggered most effectively by co-
inhibition of both the proteasome- and HDAC6-dependent protein degradation pathways.

EXPERIMENTAL DESIGN—To address this hypothesis we examined HDAC6 expression
patterns in normal and cancerous ovarian tissues, and utilized a novel HDAC6-specific inhibitor,
NK&84, to address HDACS function in ovarian cancer.

RESULTS—Abnormally high levels of HDACG are expressed by ovarian cancer cells in situ and
in culture relative to benign epithelium and immortalized ovarian surface epithelium respectively.
Specific HDACSG inhibition acts in synergy with the proteasome inhibitor Bortezomib (PS-341) to
cause selective apoptotic cell death of ovarian cancer cells at doses that do not cause significant
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Statement of Cancer Relevance: We show that levels of Ubiquitin Proteasome System (UPS) stress regulate the sensitivity of ovarian
cancer cells to combined inhibition HDAC6 with a novel compound and proteasome function with a licensed agent, Bortezomib/PS-341.
We also show that inhibition of HDACS6, which is known to regulate tubulin acetylation and microtubule polymerization, reduces ovarian
cancer cell spreading and migration. Our results support the development of combined inhibition of proteasome and HDACS6 as a therapy
for ovarian cancer. Our findings are significant because of the novel mechanistic insights into the aberrant regulation of HDAC6 and the
proteolytic machinery in ovarian cancer, and the potential value of inhibitors in these pathways as a new approach that is urgently needed
to treat ovarian cancer patients.
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toxicity when used individually. Levels of UPS stress regulate the sensitivity of ovarian cancer cells
to proteasome/HDACS inhibition. Pharmacologic inhibition of HDACG also reduces ovarian cancer
cell spreading and migration consistent with its known function in regulating microtubule
polymerization via deacetylation of a-tubulin.

CONCLUSION—Our results suggest the elevation of both the proteasomal and alternate HDAC6-
dependent proteolytic pathways in ovarian cancer and the potential of combined inhibition of
proteasome and HDACS as a therapy for ovarian cancer.

Introduction

The Ubiquitin-Proteasome-System (UPS) and the HDACG6-dependent lysosomal pathway are
two major pathways for protein turn over within eukaryotic cells (1). The proteasome inhibitor
Bortezomib (PS-341) has recently been licensed for the treatment of refractory multiple
myeloma and mantle cell lymphoma and it is currently being examined as a treatment for
several cancer types including ovarian carcinoma (2—4). PS-341 exhibits selective anti-tumor
activity against ovarian cancer cells in vitro, but in a xenograft model only slowed ovarian
tumor growth (5). Accumulating evidence suggests that the lysosomal pathway can compensate
for intracellular poly-ubiquitinated protein degradation when UPS activity is insufficient (6—
9). A critical component of the lysosomal protein degradation pathway is a microtubule-
associated deacetylase, histone deacetylase 6 (HDACS), that directly interacts with misfolded
and/or poly-ubiquitinated proteins to target them for lysosome-mediated protein degradation
via aggresome formation/autophagy (10-12). Because misfolded and ubiquitinated proteins
are degraded via both proteasomes and HDAC6-dependent autophagy, simultaneous inhibition
of proteasome and HDACS6 has been proposed as a new strategy to synergistically induce cell
death in multiple myeloma and pancreatic cancer settings (6,13). Since we previously found
that ovarian cancer cells exhibit significant UPS stress (5), here we examine the potential of
inhibiting both the proteasomal and HDAC6-dependent protein degradation pathways as new
approach for ovarian cancer treatment. Herein we show that ovarian cancer cells are selectively
sensitive to combined inhibition of proteasome and HDAC6-dependent protein degradation
pathways, and the potential of this approach for treatment of ovarian cancer.

Materials and Methods

Human Specimens and Cell Lines

Studies using human tissue were performed with the approval of the Johns Hopkins
Institutional Review Board. Fresh and archival tissues were obtained from the Department of
Pathology of the Johns Hopkins Hospital and the latter assembled in tissue microarrays by a
core facility. IOSE-29 and I0SE-397, were kindly provided by Nelly Auesperg (University of
British Columbia, VVancouver, British Columbia, Canada) and cultured in Medium 199 and
MCDB105 (1:1) with 10% fetal bovine serum and 50ug/mL gentamycin (Invitrogen). SKOV-3
and ES-2 and TOV-21G were obtained from American Type Culture Collection (Manassas,
VA) and cultured in DMEM medium containing 10% fetal bovine serum and 50pug/mL
gentamycin (Invitrogen).

Preparation of Bone Marrow Samples and Isolation of CD43+ Cells

Bone marrow aspirate was obtained from individuals who gave written informed consent in
accordance with the Johns Hopkins Institutional Review Board. Under sterile conditions,
samples were processed through Ficoll-density gradient for isolation of mononuclear cells
(MNCs) as described previously (14). To purify CD34+ cells, MNCs were resuspended in 500
ul of binding buffer containing PBS+0.5% BSA. The cell suspension was incubated with 100
ul of human CD34 MicroBeads (Miltenyi Biotech, Auburn, CA), for 30 min at 4°C. After
incubation, the cells were washed and processed through a MACS magnetic separator column
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(Miltenyi Biotech, Auburn, CA). Cells labeled with microbeads were passed through a column
placed in a magnetic field and the target cells retained. After washing the column the target
cells were recovered by removing the magnetic field and flushing the column with PBS+0.5%
BSA. Recovered cells were resuspended in DMEM medium containing 10% fetal bovine serum
and their viability evaluated by trypan blue dye exclusion.

Immunohistochemistry of Tissue Microarrays

Reagents

Immunohistochemical analysis of paraffin-embedded tissues was done as previously described
(5). Staining was diffuse across the cancer tissues and therefore was scored only on the basis
of intensity. The staining was scored by three observers blind to specimen identity to obtain a
consensus. Staining intensity was scored as negative (0), weak (1), intermediate (2) or strong

(3).

The proteasome inhibitor PS-341was provided by Millenium Pharmaceuticals Inc.,
(Cambridge, MA). The HDACG6-specific inhibitors Tubacin and NK84 were obtained from the
Broad Institute and the Massachusetts Institute of Technology. Cycloheximide was purchased
from SigmaAlderich (St. Louis, MO).

Antibodies and Western Blot Analysis

Total cellular protein (10-20 pg) from each sample was subjected to standard Western blot
analysis. Antibodies were obtained from the following vendors: anti-HDACG (Cell Signaling,
Beverly, MA), anti-ubiquitin and anti-vimentin (Santa Cruz Biotechnology, Santa Cruz, CA),
anti-B-actin (Sigma, St. Louis, MO), anti-PARP (BD biosciences, Franklin Lakes, NJ),, anti-
Hsp90 (StressGene, Victoria, British Columbia, Canada), anti- acetyl-lysine, (Cell Signalling,
Beverly, MA), anti-cortactin and anti-acetyl-a-tubulin (Abcam, Cambridge, MA), peroxidase-
linked anti-rabbit or anti-mouse Immunoglobulin G (Amersham, Piscataway, NJ), Texas red-
labeled goat anti-mouse Immunoglobulin G (Molecular Probes, Eugene, OR), Fluorescein-
labeled horse anti-rabbit Immunoglobulin G (Vector Laboratories Burlingame, CA).
Antibodies were utilized at the concentration recommended by the manufacturer.

Immunoprecipitation of Hsp90 or Cortactin and Immunoblot analyses

XTT Assay

ES-2 ovarian cancer cells treated or not with Tubacin or NK84 were lysed in RIPA buffer
(Thermo Scientific, Rockford, IL) containing complete protease inhibitor cocktail (Roche,
Basel, Switzerland) for 15 min on ice and subsequently centrifuged to remove nuclear and
cellular debris. 200 ug of cell lysates were incubated with Hsp90 or Cortactin specific
monoclonal antibodies for 1 hour at 4°C. The following day protein G-agarose beads were
added and the mixture incubated at 4° C overnight. The immunoprecipitates were washed and
the proteins eluted with SDS sample loading buffer prior immunoblot analysis with specific
antibodies against Hsp90, Cortactin and Acetyl-Lysine. (15,16).

Cell viability/proliferation was determined by 2,3-bis-[2-methoxy-4-nitro-5-sulfophenil]-2H-
tetrazolium-5-carboxanilide inner salt (XTT) assay (Roche Diagnostics GmbH, Mannheim,
Germany) as previously described (5). All the experiments were performed in triplicates.

Histone Deacetylase Biochemical Assay

To measure the inhibitory effect on HDACS function in vitro, an optimized, continuous kinetic
biochemical assay was employed. Purified, full-length HDAC protein (HDAC1 3.33 ng/pL,
HDAC?2 1 ng/uL, HDAC3/NCor2 0.17 ng/uL, HDACS6 1.3 ng/uL; BPS Biosciences) was
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incubated with a commercially-available fluorophore conjugated substrate at a concentration
equivalent to the substrate K, (Upstate 17-372; 6 uM for HDAC1, 3 uM for HDAC2, 6 uM
for HDAC3 and 16 uM for HDACG). Reactions were performed in assay buffer (50 mM
HEPES, 100 mM KCI, 0.001% Tween-20, 0.05% BSA, pH 7.4) and followed for fluorigenic
release of 7-amino-4-methylcoumarin from substrate upon deacetylase and trypsin enzymatic
activity. Fluorescence measurements are obtained as replicates in real-time on a Varioskan
microtiter plate reader (Thermo). Calculation of Ki is determined using a derivation of the
standard formula Ki = [Inhibitor]/((Vo/V;)*(1+S/Km))-[Substrate]/Km)-1.

In Vitro Cell Spreading and Migration Assays

SKOV-3 confluent cultures were scratched by using a sterile pipette tip and examined by phase-
contrast microscopy with Spot 3.5.8 acquisition software. For migration chamber assay (2.5 x
10%) SKOV-3 or ES-2 mock-treated or NK84-treated cells were seeded in the upper well of a
24-well transwell migration chamber (Costar, Lowell, MA) previously coated with Matrigel.
Higher serum concentration was added to the lower well as chemo-attractant. Eight hours after
seeding, the filter separating the chambers was removed and its upper surface swabbed to
remove Matrigel and non-migrating cells. The migrating cells on the lower surface of the
membrane migration chambers were fixed and stained with Hematoxylin and Eosin and
counted. Each assay was performed in triplicates.

Immuno-fluorescence analysis

For analysis of HDACS, ubiquitin and vimentin sub-cellular localization, cultures of SKOV-3,
IOSE-29 and ES-2 were grown as described in Lab-Tek 1l chambered coverglass (Nalge Nunc
International, Rochester, NY). At the indicated times, cells were fixed and permeabilized with
methanol and incubated with the indicated primary antibodies. Fluorescent secondary
antibodies were used to visualize protein localization and nuclei were visualized by 4,6-
diamidino-2-phenylindole (DAPI) staining. Mounted samples were viewed under a Nikon
Eclipse TE 2000E inverted microscope and images captured with Spot 3.5.8 acquisition
software (Diagnostic Instruments, Sterling Heights, MI).

Statistical analysis

Results

Results are reported as mean = SD. Unless otherwise indicated, statistical significance of
difference was assessed by two-tailed Student’s t using Prism (V.4 Graphpad, San Diego, CA)
and Excel. The level of significance was set at p<0.05. The combination index of PS-341 and
Tubacin was calculated by the method of Chou and Talalay (17).

HDACSG over-expression in ovarian cancer cells and tissues

To determine whether HDACSG expression is altered in ovarian carcinogenesis we assessed
HDACS expression patterns in benign ovarian lesions and ovarian serous carcinoma by semi-
quantitative immunohistochemical staining of tissue microarrays. HDAC6 expression levels
were higher in low-grade and high-grade ovarian carcinomas as compared to benign lesions
(serous cystadenoma and serous adenofibroma) (Fig. 1a). Consistent with the
immunohistochemical study, immunoblot analysis shows higher levels of HDACSG in ovarian
carcinomas than the benign cystadenoma (Fig. 1b). HDACS levels were assessed in a panel of
ovarian cancer cell lines (SKOV-3, TOV-21G, ES-2) and in immortalized ovarian surface
epithelial cell lines (IOSE-29 and IOSE-397). Consistent with the in vivo profile of HDAC6
over-expression, the ovarian cancer cell lines tested showed consistently higher levels of
HDACS6 as compared to IOSE cell lines (Fig. 1c).
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HDACSG inhibition specifically inhibits growth of ovarian cancer cells in vitro

We recently reported (5) that over-expression of proteasomes in ovarian cancer correlates with
increased sensitivity of ovarian cancer cells to the proteasome inhibitor PS-341. Given our
observation of increased HDACG6 expression in ovarian cancer cells, we examined if HDAC6
activity is important for normal growth/survival of ovarian cancer cells by comparing the
relative sensitivity of a panel of ovarian cancer cell lines (SKOV-3, TOV-21G, ES-2) and IOSE
cell lines to selective 1,3-dioxane-based HDACS inhibitors, Tubacin (6) and NK84 (18).
Tubacin and NK84 are potent inhibitors of HDAC6 (HDAC6 Ki 20uM and 2.5uM,
respectively), which demonstrate a 10-fold to more than 100-fold window of selectivity over
other Class | and Class Il deacetylases (J.E.B. and R.M., unpublished data). While minimal
cell death is observable after 24 hours of NK84 treatment in all cell lines (Fig. 2a), 48 hours
of NK84 treatment severely compromised the viability of ovarian cancer cell lines in a dose-
dependent fashion sparing the immortalized counterpart. (Fig. 2b). Similar results were
obtained when using the previously characterized HDACG6 specific inhibitor Tubacin
(Supplemental Fig. 1). The toxicity profile of NK84 and Tubacin for ovarian cancer cells is
consistent with their greater dependence upon HDACSG activity.

Synergistic killing of ovarian cancer cells by NK84 and PS-341

The up-regulation of both proteasome and HDACSG in ovarian cancer, together with the
selective cytotoxicity of individual treatment with either proteasome or HDACSG inhibitors,
suggested that combined inhibition of both proteasome and HDAC6-assisted proteolytic
pathways might represent an effective treatment for ovarian carcinoma. To test this hypothesis,
we compared the effects of combined treatment with PS-341 and NK84 on a panel of ovarian
cancer cell lines and IOSEs. Fig. 3a and b show that sub-maximal doses of inhibitors act
synergistically to cause dramatic cytotoxicity in the ovarian cancer cells (ES-2 and TOV-21G).
Combination indices (CI) of 0.3 and 0.5 were observed when combining 10uM NK84 with
either 5nM or 10nM of PS-341 respectively (17). Similar data were obtained with the several
ovarian cancer cell lines we tested (data not shown) and also using the HDAC6-specific
inhibitor Tubacin. Significantly, the cytotoxicity achieved using the combination of
individually non-toxic doses of PS-341 (5nM) and NK84 (5uM) was comparable to that
achieved with the highest dose of PS-341 or PS-341/NK84 in combination. This apparent
saturation of cytotoxicity suggests that both compounds are acting on the same pathway to
cause cell death. In contrast to the results with cancer cells, the combination of PS-341 and
NK&84 does not affect cell viability of either non-tumorigenic IOSE cell lines or CD34+ bone
marrow derived progenitor cells (Supplemental Fig. 2), indicating a potential host sparing
effect of HDACG6/proteasome combination.

NKB84 is a derivative of the previously identified HDACG6-specific inhibitor Tubacin. To
provide direct evidence that NK84 specifically inhibits HDAC6 we show that NK84 treatment
induces a-tubulin hyper-acetylation in cultured ovarian cancer cells (Supplemental Fig. 2a).
Because cortactin and Hsp90 are additional known substrates for HDAC6 activity, we tested
whether HDACS inhibition via Tubacin or NK84 treatment induces heat shock protein 90 and/
or cortactin hyper-acetylation in ovarian cancer cells. Our data show no change in the levels
of acetylated cortactin or Hsp90 following NK84 treatment (Supplemental Fig. 2b,c). These
results are in line with previous reports (19, 20) indicating that while de-acetylation of Hsp90
and cortactin is HDAC6-mediated, both Tubacin and NK85 only affect the a-tubulin
deacetylase (TDAC) domain of HDACG. As a further evidence that the synergistic effect upon
PS-341/NK84 inhibition does not occur via Hsp90 hyper-acetylation, we failed to observe
synergy for the combination of PS-341 and the Hsp90 inhibitor Geldanomycin (21) for killing
of ovarian cancer cell lines (data not shown).
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To assess whether the loss of viability occurs via apoptosis, we measured the levels of PARP
cleavage in ovarian cancer cells receiving NK84 and/or PS-341 treatment. As shown in Fig.
3c, high levels of cleaved PARP are apparent when using the combination of individually non-
toxic doses of PS-341 (5nM) and NK84 (5uM), indicating caspase-3 activation and the onset
of apoptosis.

Synergy of NK84 and PS-341 is dependent upon proliferation rate and UPS stress

We have shown that the sensitivity of ovarian cancer cells to PS-341 is dependent upon their
metabolic rate and degree of UPS stress (22). Thus we reasoned that the requirement of ovarian
cancer cell lines for proteasome and HDACS6 activity may also depend upon their levels of
metabolic rate.

To test this hypothesis, ES-2 ovarian cancer cells were induced into quiescence by treatment
with the translation inhibitor cyclohexamide (CHX). Cellular quiescence was accompanied
with decrease of the UPS stress levels in CHX treated cells versus control (Fig. 4a). Quiescent
ES-2 ovarian cancer cell lines were tested for their sensitivity to the combination of PS-341
and NK84. The viability in CHX treated cells was significantly higher as compared to mock-
treated cells, consistent with the hypothesis of a greater requirement of metabolically active
cells for proteasome and HDCAG activity (Fig. 4b). Because a decrease in proliferation rate of
ovarian cancer cells is accompanied by a reduction in UPS stress (5), the proliferation of ES-2
and TOV-21G cells was slowed by contact-mediated growth inhibition (Fig. 4c) and their
sensitivity to combination of NK84 and PS-341 treatment was tested. Consistent with the
hypothesis, NK84/PS-341 combination treatment severely compromised the viability of
exponentially growing cells, while sparing contact-inhibited cell cultures (Fig. 4d).

Formation of aggresomes in response to UPS stress in prevented by NK84

Previously reported data suggest that the formation of aggresomes following proteasome
inhibition is a cytoprotective event to limit proteasome inhibitor-induced cell death (13), while
the cytotoxic effects of HDACS inhibition seems to be linked to inhibition of aggresome
formation. Consistent with this view, immunofluorescence analysis of the poly-ubiquitinated
proteins in ovarian cancer cells treated with a low, sub-toxic dose of PS-341 (5nM) revealed
the presence of vimentin-caged, ubiquitin-positive aggresomes in a half of the PS-341 treated
cells. Conversely, simultaneous inhibition of both proteasome and HDACG6 function caused
the appearance of poly-ubiquitinated proteins at multiple punctate sites throughout the
cytoplasm (Fig. 5a). Interestingly, IOSEs failed to form aggresome-like structures even at the
highest dose (20nM) of PS-341 (Fig. 5b).

We then examined the impact of proteasome and HDACS inhibition on accumulation of poly-
ubiquitinated proteins by immunoblot analysis in ES-2 ovarian cancer cell and IOSE-29. Poly-
ubiquitinated proteins accumulate in ES-2 cells upon treatment with PS-341, whereas treatment
with 10uM NK84 does not lead to accumulation of poly-ubiquitinated proteins. However,
simultaneous inhibition of proteasome and HDACSG activity results in massive accumulation
of poly-ubiquitinated proteins and cell toxicity (Fig. 5¢ left panel). This suggests that while
the HDAC6-dependent pathway is a minor protein degradation pathway under normal
conditions, it becomes crucial in compensating for high levels of UPS stress generated by
proteasomal inhibition in ovarian cancer cells. Surprisingly, while PS-341 treatment of
IOSE-29 cells does trigger the accumulation of poly-ubiqutinated protein, simultaneous
inhibition of proteasome and HDACS6 activity does not further increase in levels of poly-
ubiquitinated protein as compared to PS-341 treatment alone (Fig. 5¢ right panel). This finding
and the failure of IOSE-29 cell to form aggresome-like structures even at higher level
proteasome inhibition (20 nM PS-341) both suggest that ovarian cancer cells and IOSEs differ
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in their capacity to form aggresomes following proteasome blockade and are consistent with
the low level of HDACG6 expression in IOSE.

HDACSG inhibition impedes cell spreading and migration of ovarian cancer cells

Pharmacological inhibition of HDACS activity and knockdown of HDACG protein levels have
been shown to hinder the motility of fibroblasts (23,24), T-cells (25) and breast cancer cell
lines (26). Because cell motility has clear relevance to cancer cell invasion and metastasis, we
assessed whether HDACSG function is important for motility/migration of ovarian cancer cells.
Immuno-staining analysis reveals that HDACG is mainly localized in punctate structures
around the nuclei in non-migrating cells, whereas it localizes in the leading edges of migrating
ovarian cancer cells (Supplemental Fig. 3), suggesting a role for HDACG6 during ovarian cancer
cell motility. To investigate the potential role for HDACG6 during cell movement, the effect of
HDACS inhibition on ovarian cancer cell spreading was tested using scratch assays. As shown
in Fig. 6a, spreading of SKOV-3 ovarian cancer cells across a gash in a monolayer occurs at
a retarded rate upon NK84 treatment as compared to mock treated cells (Fig. 6a, b).

We further investigated the effect of HDACS6 inhibition upon motility in a trans-matrigel
migration assay based upon chemo-attraction to higher serum levels. As shown in Fig. 6c, the
ability of ES-2 and SKOV-3 ovarian cancer cell lines to invade the matrigel substratum is
inhibited in NK84-treated as compared to control cells. A representative example of these trans-
matrigel migration assays with or without NK84 treatment is given in Fig. 6d. The rapid re-
distribution of HDACG6 during ovarian cancer cell motility and the retardation of movement
by pharmacologic inhibition of HDAC6 deacetylase activity are consistent with its pivotal role
in controlling the levels of cortactin (27) and acetylated a-tubulin in dynamic cellular structures
(23,24).

Discussion

In this study we show that up-regulation of HDACS6 occurs in ovarian cancer cell lines and
tissues likely in response to UPS stress. Consistent with the hypothesis of higher demand for
HDACS activity by ovarian cancer cells, the HDACB6-specific inhibitor NK84 selectively
induces cytotoxicity in ovarian cancer cells while sparing I0SE cell lines. Importantly, we find
that inhibition of HDACS synergistically enhances the cytotoxic effect caused by proteasomal
inhibition in a UPS stress-dependent manner. Finally we show that HDACS plays a critical
role in ovarian cancer cell motility and migration.

As a result of a tightly regulated process necessary to maintain homeostasis, proteins within
cells are constantly synthesized and then degraded via two pathways; the proteasomal and the
lysosomal pathway. Importantly, the HDACG6-dependent lysosomal pathway seems to become
a critical pathway for proteasomal degradation under circumstances of aberrant accumulation
of aggregation-prone protein or upon inhibition of proteasome function, situations leading to
increased and toxic levels of UPS stress.

We have previously shown that aberrant high expression of proteasomes naturally occurs in
ovarian cancer in vivo and that their protein levels follow the demand/offers rule as they can
be manipulated in vitro by changing the level of metabolic activity (5). In this report we show
that ovarian cancer cells also aberrantly express HDACS6 in vivo and in vitro, suggesting that
the concomitant up-regulation of conventional and alternative protein degradation pathway
may be required in ovarian cancer cells to ensure homeostasis. Other investigators have
reported up-regulation of HDACSG in oral squamous cell carcinoma (28), suggesting that this
may be a common phenomenon. Further evidence for up-regulation of the alternate pathway
in ovarian cancer cells is provided by enhanced basal autophagic activity, their selective loss
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of viability upon HDACSG inhibition (with and without concomitant proteasomal inhibition)
and their propensity to form aggresomes upon proteasomal treatment as compared with IOSE.

Specific small molecule inhibitors represent a powerful tool for investigating the effect of
inhibition of HDACSG in cancer setting (29-31). Indeed Tubacin, the first HDAC6-specific
inhibitor discovered, has been successfully evaluated for its anti-tumor activity in several
cancer types, including multiple myeloma, pancreatic cancer, lung cancer and breast cancer-
derived cell lines (6,13,32). Our study extends these previous findings by showing that the
cytotoxic effect of HDACS inhibition occurs in ovarian cancer cells while sparing their
immortalized normal counterpart. Significantly, increased levels of acetylation of a-tubulin
are already observable after only 8 hours of NK84 exposure (data not shown). This result
confirms efficient and rapid inhibition of HDACS activity by NK84, while the cytotoxicity
requires prolonged exposure to HDACS inhibition.

Leading edges of cells are highly dynamic structures. Within eukaryotic cells, motility requires
tight regulation of the levels of acetylated a-tubulin and cortactin. Various lines of evidence
indicate that HDACS also plays an important role in cell motility. Indeed, its effect on the levels
of a-tubulin acetylation at the leading edges of fibroblasts ensures tight regulation of
microtubule polymerization. Notably, over-expression of HDACG6 has been shown to promote
chemotactic cell movement, and here we show that its activity is required for chemotaxis. These
findings suggest that the combination therapy may have benefits beyond simply killing ovarian
cancer cells, possibly by retarding metastatic spread. Efforts to determine the
pharmacodynamics of HDACG inhibitors are underway with a view to preclinical testing of
these hypotheses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Grant support was provided by the US PHS Grants RO1CA122581 (RBSR), P50 CA098252 (RBSR, REB and M-
CW), and the HERA foundation (MB, ZL, AS). We thank the Tissue bank of the Johns Hopkins SPORE in Cervical
Cancer for tissue specimens, and Drs. lvan Borrello and Kimberly Noonan for providing us with bone marrow aspirates.
We thank Sean Patrick for her encouragement and fund raising activities.

Abbreviations

UPS
ubiquitin-proteasome-system
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cyclohexamide
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2,3-bis-[2-methoxy-4-nitro-5- sulfophenil]-2H-tetrazolium-5-carboxanilide
inner salt
I0SE

immortalized ovarian surface epithelial
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Figure 1. HDACG6 over-expression in ovarian carcinoma and cell lines

A, left panel,immunohistochemical staining of HDACG in ovarian tumors. Representative
examples of intense HDACSG staining of high-grade and low-grade ovarian serous carcinomas
and weaker staining in serous adenofibroma and serous cystadenoma (imaging with X40
objective), right panel, staining intensity for each case was graded as 0 (no staining), 1 (weak
staining), 2 (moderate staining) and 3 (intense staining), and the statistical significance of
differences in staining intensities among indicated groups was calculated using the Mann-
Whitney U test. Error bars indicate + SD. B, Western blot analysis of HDACS in clinical
specimens of serous cystadenoma (lanes 1-4) and serous carcinoma (lanes 5-10). Equal
loading was verified by using an antibody directed against s-actin. C, Western blot analysis
of HDACG6 immortalized ovarian surface epithelial cells (IOSE-29 and IOSE-397) and ovarian
cancer cell lines (SKOV-3, ES-2, TOV-21G). Equal protein loading in each lane was verified
by using an antibody directed against S-actin.
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A, Ovarian cancer cell lines (SKOV-3, ES-2, TOV-21G) and immortalized ovarian surface

epithelial cells (IOSE-29 and IOSE-397) were treated with the HDACS inhibitor NK84 (A,B)
at the concentrations indicated. Cell viability was measured by XTT assay after culturing the
cells for 24 hours (A) or 48 hours (B) in presence of NK84 inhibitor. Error bars indicate + SD.
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Figure 3. Simultaneous inhibition of HDACG6 and proteasome activity induces synergistic killing of
ovarian cancer cells

Dose-dependent inhibition of the cell viability of ES-2 (A) and TOV-21G (B) in the absence
() or in the presence (+) of 5uM NK84 HDACS inhibitor and PS-341 at the indicated
concentration. Cell viability was measured after a 24 hours incubation by XTT assay and the
percentage of viable cells is presented relative to mock-treated controls. ***P < 0.001. Error
bars indicate + SD. Lysate of ES-2 cell line treated with NK84 (5 um) and/or PS-341 at the
indicated concentrations was immunoblotted with an antibody recognizing the full-length and
cleaved forms of PARP. Equal protein loading was verified by using an antibody directed
against B-actin.
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Figure 4. Synergistic activity of PS-341 and NK84 on ovarian cancer cells is dependent upon level
of metabolic activity

A, Immunoblot analysis of the levels of poly-ubiquitinated proteins in cyclohexamide-exposed
(24h) ES-2 ovarian cancer cells. Equal loading was verified by using an antibody directed
against g-actin. B, ES-2 ovarian cancer cells pre-exposed to 0, 1 or 5 mg/ml CHX (24 hours)
subsequently received treatment with of PS-341 (1nM) and NK84 (5 uM) or mock treatment.
Cell viability was as evaluated by XTT assay after 24 hours of treatment. Percentage of viable
cells is relative to mock-treated control cells is presented. ** P < 0.02. Error bars indicate £
SD. C, proliferation rate of confluent (+) or sub-confluent () ES-2 and TOV-21G ovarian
cancer cell lines was measured by XTT assay. Each assay was performed in triplicate. Shown
are bars + SD of proliferative activity measured in terms of optical density at 450 nm on each
given day. D, cell viability of ES-2 and TOV-21G ovarian cancer cell lines was evaluated by
XTT assay in sub-confluent (—) versus confluent (+) cultures in the presence of PS-341 1nM
and NK84 5 uM. Percentage of viable cells is relative to mock-treated control cells. ***P <
0.001. Error bars indicate + SD.
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Figure 5. HDACSG inhibition prevents aggresome formation in UPS stressed ovarian cancer cells
A, ES-2 ovarian cancer cells were incubated with 5nM PS-341, 10 uM NK84 or the
combination of both for 24 hours before fixation and immuno-fluorescent staining of DNA
(blue), ubiquitin (green) and vimentin (red) and imaging (X60 objective). B, IOSE-29 cells
were incubated with 20nM PS-341 for 24 hours before fixation and immuno-fluorescent
staining of DNA (blue), ubiquitin (green) and vimentin (red) and imaging (X60 objective).
C, Immunoblot analysis of ubiquitinated protein in ES-2 cells (left panel) or IOSE-29 cells
(right panel) 24h after treatment with or without 10 pM NK84 and the indicated concentrations
of PS-341. Equal protein loading in each lane was verified by using an antibody directed against
f-actin.
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Figure 6. Pharmacologic inhibition of HDACS6 impedes cell motility and migration of ovarian
cancer cells
A Plates of confluent SKOV-3 cells either mock or NK84 treated (10 uM) were examined by

phase-contrast microscopy at the time of removal by scratching (0 hours) and 5 hours later.
B, Analysis of the number of SKOV-3 cells spreading across the wound; results are means +
SD of three independent experiments. C, an equivalent number (2.5 x 10%) of SKOV-3 or ES-3
cells mock-treated or treated with 10 uM of NK84 HDACS inhibitor were seeded in migration
chambers and migrating cells were counted per each condition 8 hours thereafter. Three
different fields of cells for each condition were counted at 40X. Each assay was performed in
triplicate. Shown are means + SD of migrating cells per microscopic field. D, representative
example of migration assay conducted on mock or NK84-treated SKOV-3 cells.
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