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ABSTRACT
Osteosarcoma (OS) is the most common primary tumor in humans and dogs affecting the skeleton, and spontaneously occurring OS in dogs

serves as an extremely useful model. Unacceptable toxicities using current treatment protocols prevent further dose-intensification from

being a viable option to improve patient survival and thus, novel treatment strategies must be developed. Histone deacetylase inhibitors

(HDACi) have recently emerged as a promising class of therapeutics demonstrating an ability to enhance the anti-tumor activity of traditional

chemotherapeutics. To date, gene expression analysis of OS cell lines treated with HDACi has not been reported, and evaluation of the

resultant gene expression changes may provide insight into the mechanisms that lead to success of HDACi. Canine OS cells, treated with a

clinically relevant concentration of the HDACi valproic acid (VPA), were used for expression analysis on the Affymetrix canine v2.0 genechip.

Differentially expressed genes were grouped into pathways based upon functional annotation; pathway analysis was performed with

MetaCore and Ingenuity Pathways Analysis software. Validation of microarray results was performed by a combination of qRT-PCR and

functional/biochemical assays revealing oxidative phosphorylation, cytoskeleton remodeling, cell cycle, and ubiquitin-proteasome among

those pathways most affected by HDACi. The mitomycin C-bioactivating enzyme NQ01 also demonstrated upregulation following VPA

treatment, leading to synergistic reductions in cell viability. These results provide a better understanding of the mechanisms by which HDACi

exert their effect in OS, and have the potential to identify biomarkers that may serve as novel targets and/or predictors of response to HDACi-

containing combination therapies in OS. J. Cell. Biochem. 113: 773–783, 2012. � 2011 Wiley Periodicals, Inc.
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O steosarcoma (OS) is a high-grade primary bone neoplasm of

mesenchymal origin and represents the most common

malignant tumor of the bone in both humans and dogs [Dernell

et al., 2001; Kansara and Thomas, 2007]. There are remarkable

similarities between human and canine OS, which include a bimodal

peak incidence, a slight male predilection, similar anatomic site

predilections (metaphyses of long bones), aggressive biological

behavior, hematogenous metastasis to the lungs early in the course

of disease, similar sensitivity to chemotherapeutics, and a nearly

identical reported incidence of occult metastasis at the time of

diagnosis [Dernell et al., 2001; Kansara and Thomas, 2007; Mueller

et al., 2007; Cleton-Jansen et al., 2009]. In both cases, the addition of

adjuvant chemotherapy results in an improved overall survival,

although this does not hold true for patients presenting with

metastatic disease at the time of diagnosis, and in humans the 5-year

survival for these patients remains around 30% [Rosen et al., 1983;

Link et al., 1986; Dernell et al., 2001]. Unacceptable toxicity

prevents further dose intensification of current multimodal
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chemotherapy protocols from being a viable option to further

improve survival, and thus there is a need to develop novel

therapeutics for this disease. Generating meaningful data from

clinical studies in humans with OS can be difficult because of the

relatively low incidence; approximately 900 new cases are reported

per year in the U.S. [Kansara and Thomas, 2007]. In contrast, the

high incidence of OS in dogs (approximately 8–12,000 cases/year)

[Dernell et al., 2001] presents a unique opportunity to not only study

the biology of OS but also rigorously evaluate novel therapeutics.

Histone deacetylase inhibitors (HDACi) have emerged as a very

promising novel class of therapeutics in cancer treatment. There are

currently a number of HDACi in clinical evaluation for hematologic

and solid tumors, and two (vorinostat and romidepsin) have received

FDA approval as single agents in the treatment of relapsed or

refractory T-cell lymphoma [Mann et al., 2007; Marsoni et al., 2008;

Prince et al., 2009]. The exact mechanisms by which these drugs act

in cancer therapy is not fully understood, but they appear to have

pleiotropic anti-tumor effects including induction of differentiation,

growth arrest, initiation of senescence, enhanced apoptosis,

decreased angiogenesis, immunomodulatory activities, and an

ability to synergize with traditional cytotoxic chemotherapies

and radiation [Deroanne et al., 2002; Kim et al., 2003; Bolden et al.,

2006; Minucci and Pelicci, 2006; Tomasi et al., 2006; Xu et al.,

2007]. The clinical utility of agents that target HDAC enzymes is, in

part, based upon the aberrant expression and/or function of HDACs

in cancer initiation and progression, with overexpression of some

HDACs correlating with poor prognosis in a number of tumor types

including gastric, prostate, breast, pancreatic, lung, and hepatocel-

lular cancers [Rikimaru et al., 2007; Miyake et al., 2008; Weichert

et al., 2008abc].

The specific role of HDAC enzymes in the pathogenesis of OS has

not been elucidated; however, HDAC enzymes play crucial roles in

the normal development of bone cells including osteoblasts and

osteoclasts [Schroeder et al., 2004; Schroeder andWestendorf, 2005;

Westendorf, 2007]. It has been shown that the treatment of normal

osteoblasts by HDACi results in accelerated maturation and

differentiation, in part due to the inhibition of the interaction

between HDAC3 and the transcription factor Runx2 which controls

expression of osteocalcin, a marker of osteoblast differentiation

[Schroeder et al., 2004]. In addition, the HDACi-induced effect on

osteoblast differentiation has been shown to act through the

regulation of Wnt/b catenin pathway [Schroeder et al., 2007]. It

has been reported that the majority of high-grade OS have a

demonstrable inactivity of theWnt pathway, determined by a lack of

nuclear b-catenin staining in biopsies [Kansara and Thomas, 2007;

Cai et al., 2009; Cleton-Jansen et al., 2009]. However, there are

conflicting reports on the activity of the Wnt pathway in OS, and in

some cases inhibition of the pathway in OS has been shown to

reduce tumorigenesis and metastatic potential of some cell

lines [Rubin et al., 2010]. In fact, one decoy receptor for the Wnt

pathway, secreted frizzled-related protein 3 (SFRP3), has a potential

tumor suppressor function in OS, showing an ability to reduce

osteoblast proliferation and increase osteoblast differentiation.

Furthermore, high-grade OS tumors appear to lack or have

downregulated expression of SFRP3 [Chung et al., 2004; Mandal

et al., 2007].

In addition to the effects on differentiation processes of

osteoblasts, HDAC inhibition also results in alterations of chromatin

structure, a property that has been utilized to sensitize cells to

chemotherapeutic agents that target DNA. The chromatin decon-

densation resulting from HDAC inhibition has been shown to

increase sensitivity to topoisomerase I and II inhibitors such as

doxorubicin, epirubicin, and keranotecin in a variety of models of

human and canine solid tumors, including OS [Marchion et al., 2004,

2005; Munster et al., 2007; Wittenburg et al., 2010].

Although microarray data exist on the effect of HDACi in

osteoblasts, to our knowledge there are no reports of microarray data

utilizing pathway analysis in HDACi-treated OS cells. Here, we

attempt to further elucidate the molecular sequelae of HDAC

inhibition in OS cells through pathway analysis of a canine OS cell

line treated with the HDACi valproic acid (VPA), and use a

combination of quantitative PCR and biochemical/functional assays

in canine OS cells to validate the results of our microarray analysis.

MATERIALS AND METHODS

CELL LINES AND CONDITIONS

The D17 canine OS cell line was purchased from the American Type

Culture Collection (Rockville, MD) The Abrams canine OS cell line

was kindly provided by Dr. William Dernell (Colorado State

University, Fort Collins, CO). Cells were cultured in minimum

essential medium Eagle (Lonza, Walkersville, MD) supplemented

with 10% fetal bovine serum (Atlas, Fort Collins, CO) and penicillin/

streptomycin (Invitrogen, Carlsbad, CA). For experimental proce-

dures, cells were incubated in a humidified atmosphere with 5% CO2

at 378C.

CHEMICALS AND ANTIBODIES

Valproic acid was purchased from Sigma Chemical, Co. (St. Louis,

MO). Bovine serum albumin, 2,6-dichlorophenolindophenol

(DCPIP), dicumarol, and NADH were purchased from Sigma–Aldrich

(St. Louis, MO). Suc-Leu-Tyr-AMC fluorogenic substrate was

purchased from AnaSpec (San Jose, CA). Bicinchoninic acid protein

assay reagents and SuperSignal chemiluminescent substrate were

purchased from Pierce Chemical Co. (Rockford, IL). The proteasome

inhibitor ONX-912 was provided by Onyx Pharmaceuticals (South

San Francisco, CA). Alamar BlueTM fluorogenic substrate was

obtained from AbD Serotec (Oxford, UK).

GENE EXPRESSION MICROARRAY

Valproic acid treated (1mM) and untreated D17 canine OS cells were

used for analysis of differential gene expression using the

AffymetrixTM Canine v2.0 gene chip, which was performed by

the Microarray Core at the University of Colorado Health Sciences

Center (Denver, CO). Briefly, cells in log-phase growth were treated

in triplicate with 0 or 1mM VPA for 48 h, after which cells were

harvested and stored in RNAlater for transfer to the core. RNA was

extracted using the Qiashredder and RNeasy Kit from Qiagen

(Valencia, CA). RNA quantity and integrity were assessed using the

Nanodrop 1000 (ThermoScientific, Waltham, MA) and Bioanalyzer

(Agilent Technologies, Foster City, CA) respectively. Resulting RNA

was then used for first- and second-strand cDNA synthesis followed
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by cDNA cleanup and overnight in vitro transcription. Following

cRNA cleanup and fragmentation steps, samples were then

hybridized to the Affymetrix chip and scanned.

MICROARRAY DATA ANALYSIS

Data normalization and selection of differentially expressed genes

was performed as previously described by Ptitsyn et al. [2008].

Briefly, normalized data were used to select a preliminary set of

differentially expressed genes using the University of Pittsburgh

Gene Expression Data Analysis suite (GEDA, http://bioinformatics.

upmc.edu/GE2/GEDA.html). To reduce the number of false-positive

differential genes and provide a shortlist of genes deviating from the

expected average value and enriched with differential genes, a

standard J5 metric with threshold 4 and optional 4 iteration of

jackknife procedure was applied. Then we prepared a proxy set of

human genes based on homology of canine probe targets to human

genes determined by BLAST and BLAT search tools. This curated set

of nearest homologs was submitted to pathways analysis. The reason

for using the proxy set is that gene interaction databases and

analysis software support only human, mouse, and rat data input.

FUNCTIONAL ANNOTATION AND PATHWAY ANALYSIS

Analysis of biological pathways was performed using MetaCore

software version 6.4 (GeneGo Inc., Division of Thomson Reuters),

Ingenuity Pathways Analysis version 8.8 (IPA, Ingenuity Systems

Inc.). Significance of a particular pathway represented in a given list

of genes is estimated by Fisher’s exact test with adjustments to

current database contents. The GeneGo and IPA databases are

accessed online and the contents (including Canonic Maps,

Molecular Functions, Gene Interactions, etc.) are frequently updated

by the corps of curators reading research publications and

extracting information related to all forms of interaction among

genes and chemical compounds. Consequently, the results of

pathway analyses performed at different times may differ in details.

The maps of canonic signaling and metabolic pathways (groups of

interacting genes and other factors such as metabolites and chemical

compounds drawn by Ingenuity and Genego developers) are

convoluted, but tested for significance independently. As a result,

the list of significant pathways often enriched with redundant

pathways overlapping by a majority of components. The interpre-

tation of the meaning of statistically significant pathways relies on

the knowledge of the biological function underlying the pathway

maps and cross-comparison between two independent pathway

databases (IPA and Metacore). We also applied DAVID web-based

tools to provide preliminary functional annotation of all potentially

differential genes [Huang da et al., 2007].

QUANTITATIVE REAL-TIME RT-PCR

For validation of microarray results, a subset of VPA-altered genes

was chosen for qRT-PCR in canine OS cell lines treated with VPA.

RNA was extracted using the Qiashredder and RNeasy Kit (Qiagen)

according to manufacturer’s recommendations. Reverse transcrip-

tion of RNA was performed using the Omniscript1 RT Kit (Qiagen)

with a no-RT control for each sample. Each PCR reaction contained

iQTM SYBR1 Green Supermix (Bio-Rad, Hercules, CA), 100 nM

forward primer, 300 nM reverse primer, 50 nM reference dye (ROX),

and 25 ng template cDNA. Primers for canine gene sequences used

for microarray validation are listed in Table I. PCR reactions were

carried out in duplicate on an Mx3000PTM thermal cycler

(Stratagene, La Jolla, CA) programmed to run at 958C for 10min,

608C for 1min with fluorescence monitoring (42 cycles), then ramp

back up to 958C with continuous fluorescence monitoring for

dissociation curves. Average threshold values (Ct) were then used to

evaluate changes in gene expression using freely available Relative

Expression Software Tool (REST) v2.0.13 (Qiagen).

LACTATE MEASUREMENT

Lactate generation by OS cells, measured by concentration in cell

culture media, was evaluated as a surrogate for the overall activity of

the oxidative phosphorylation pathway. Cells were plated in

triplicate in 24-well plates and allowed to adhere overnight. VPA

was added to the wells and incubated for 48 h at 378C, after which
media was aspirated and spun down to remove any remaining cells.

Relative lactate concentrations were evaluated using a commercially

available D-Lactate colorimetric assay (BioVision, Mountain View,

CA) according to the manufacturer’s recommendations. Results were

integrated from a standard curve generated at the same time

experimental values were measured and normalized to cell number.

NQO1 ACTIVITY MEASUREMENT

The NQO1 activity in VPA treated and untreated cells was measured

as previously described [Gustafson et al., 2003]. Briefly, canine OS

cell lines were grown in the presence of 0 or 1mM VPA, and,

following treatment, were washed twice with PBS and pelleted by

centrifugation. Pellets were resuspended in 100ml of 25mM Tris (pH

7.4) and disrupted by sonication using three 2-s bursts at 30%

power; the resulting sonicates were centrifuged at 15,000g and the

supernatant was collected and assayed for NQO1 activity and total

protein content. For NQO1 activity measurement in lysates, a

reaction mix containing 25mM Tris (pH 7.4), 0.07% bovine serum

albumin (w/v), 200mM NADH, and 40mM DCPIP was used and

reactions were carried out in the presence and absence of 20mM

dicumarol. The NQO1 activity is described as the dicumarol

inhibitable decrease in absorbance at 600 nm with DCPIP as a

substrate and is expressed in nanomoles of DCPIP reduced per

minute per milligram of protein. Total protein in cell lysates was

determined by the bicinchoninic acid assay using BSA as a standard.

20S PROTEOSOME CHYMOTRYPSIN-LIKE ACTIVITY

Canine OS cells were plated in six-well plates and allowed to adhere

overnight prior to treatment with 0 or 1mM VPA for 48 h. After

incubation, media was aspirated and cells were washed twice with

PBS. Plates were then placed on ice and 90–100ml of lysis buffer

(20mM Tris–HCl pH 8.0; 5mM EDTA) was added to wells. Cells were

scraped into the lysis buffer and placed into 1.5ml Eppendorf tubes

prior to freezing at �208C. Lysates were thawed on ice and spun

down at 3,000g for 15min at 48C and the supernatants were

transferred to fresh ice-cold tubes. Twenty microliters of lysate was

added, in duplicate, to wells of a black-walled 384-well plate

followed by 20ml of Assay Buffer (20mMTris pH 8.0; 0.5mMEDTA)

containing 120mM Suc-Leu-Tyr-AMC substrate. Fluorescence was

determined on a SynergyTM HTmicroplate reader (BioTek, Winooski,
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VT) using an excitation wavelength of 340 nm and an emission

wavelength of 465 nm. The fluorescence reader was programmed to

read relative fluorescence units (RFU) every 3.5min for 12 cycles.

Mean slopes of the linear portion of the curves were calculated as

RFU/min. Protein content of the lysates was determined with the

BCA assay using bovine serum albumin as a standard. Calpain

activity was then determined as the RFU/min/mg of protein loaded.

Results were then normalized to the untreated controls and

expressed as a fold change in calpain activity.

ENDOTHELIN-1 MEASUREMENT

Canine cells were incubated in 0, 0.5, or 1.0mMVPA for 48 h and the

levels of endothelin in cell culture supernatants were evaluated

using the ELISA-based Endothelin-1 Assay Kit (Immuno-Biological

Laboratories Co., Ltd, Gunma, Japan) according to manufacturer’s

recommendations. Briefly, cell supernatants were added to a

precoated ELISA plate provided in the kit and allowed to incubate

overnight at 48C. Then labeled antibody solution was added to each

well and incubated at 378C for 30min, followed by addition of a

chromogenic substrate and measurement of absorbance at 450 nm.

Endothelin levels were calculated by comparing to a standard curve

prepared simultaneously with the measurement of test samples.

CELL GROWTH INHIBITION

For the endothelin measurement assays, parallel proliferation assays

were set up to determine if changes in the levels of measured Et-1

were a result of decreased cell viability. Cells were plated in triplicate

in 96-well plates and allowed to adhere overnight at 378C. Cells were
then incubated in 0, 0.25, 0.5, or 1.0mM VPA for 48 h, after which

the relative viable cell numbers were determined by fluorometric

bioreductive assay (Alamar blue), normalized to untreated controls.

For proliferation assays involving proteasome inhibitor therapy,

cells were plated in drug-free media in triplicate into 96-well plates

and allowed to adhere overnight at 378C. Cells were then exposed to

VPA and increasing concentrations of proteasome inhibitor and

incubated for 48 h at 378C. Following incubation, relative viable cell
numbers were determined by Alamar blue assay, normalized to

untreated controls. For combination treatments involving mitomy-

cin C, cells were plated in triplicate in 96-well plates and incubated

in 0, 0.5, or 1.0mM VPA for 48 h, then media was removed and

replaced with mitomycin C-containing media for an additional 24-h

incubation. Relative viable cell number was determined by Alamar

blue assay.

STATISTICAL ANALYSIS

For qRT-PCR experiments, results of three independent runs

performed in duplicate were used for analysis of relative expression

changes by entering average threshold values (Ct) into the REST

v2.0.13 software program. Changes in expression for all bars

represented graphically were considered statistically significant

(P< 0.05). For calpain and NQ01 activity, results were generated

from three independent experiments and represent mean� SD. Fold

change differences were compared by one-sample, two-tailed t-test

and a P-value <0.05 was considered significant. Results of

proliferation experiments are reported as mean� SD of three

replicates.

In order to determine whether the addition of VPA to proteasome

inhibitor synergistically reduced viable cell number, the Bliss

independence model was utilized. Briefly, the Bliss criterion is

described by the following equation:

Eðx; yÞ ¼ EðxÞ þ EðyÞ � EðxÞ � EðyÞ

where E(x) is the fractional inhibition of concentration x of VPA

(between 0 and 1), E(y) is the fractional inhibition of concentration y

of chemotherapy, and E(x,y) is the combined effect. Theoretical

growth inhibition curves were constructed using this equation, and

standard deviations were estimated by error propagation of

experimental SD. Differences between treatment groups (Bliss

theoretical vs. experimental) were assessed using two-way ANOVA

and a Bonferroni post-test. Using this model, if the experimental

fractional inhibition across concentration was significantly higher

than the theoretical value, the interaction was considered

synergistic.

RESULTS

SELECTION OF GENES AND PATHWAY ANALYSIS

Analysis of our dataset from the microarray resulted in the selection

of 1,570 genes that were differentially expressed (674 upregulated,

894 downregulated) between VPA-treated and control cells. As

shown in Figure 1, the genes that were selected were a balanced

group between those that were moderately and highly expressed,

categories that are most appropriate for selection of potential

biomarkers [Ptitsyn et al., 2008]. After selection of the differentially

expressed genes, a proxy set of human genes was generated using

DAVID web-based tools to provide functional annotation based on

sequence homology to probe targets using BLAST and BLAT web-

TABLE I. Primer Sequences of Canine Genes Selected From Pathway Analysis for Validation Using Quantitative Real-Time RT-PCR

Gene Forward Reverse

Ezrin AGC CAA TCA ACG TCC GAG TTA CCA ACT GGA GGC CAA AGT ACC ACA CTT
Moesin ATT GGC CAA GGA ACG TCA AGA AGC AGA TTC GAG CTG TCA ACT CTG CCA
PSMD6 AAG GAT GGT GCT CTG ACA GCC TTT TTA GGC GGT TTC TCC TGT CCC AAT
HSP90 TGT AAT TGC TGA CCC ACG AGG GAA TTC TTC CAT GGG CTC CTC AAC AGT
NCAPH ATG TGG AGC TTG CTG ACA AAG TGC AGA CAG GCA AAG GCC AGA GGT ATT
MCM4 TCC CAG CTG ATT CCA GAG ATG CAA AAA CAG AAG GCT CAG CAA TGC GAC
AURKA TTG GGT GGT CAG TAC ATG CTC CAT AGG TCT CTT GGT ATG TGC TTG CCT
CCNA2 AGC ACT CTA CAC AGT CAC AGG ACA TCT GGT GGG TTG AGG AGA GAA ACA
THBS1 CAA TGC CAA CCA AGC TGA CCA TGA ACA AGT CTG CAG TTG TCC CTG TCA
HPRT ACT TTG CTT TCC TTG GTC AGG CAG GGC TTA TAT CCA ACA CTT CGT GGG
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based tools (Supplementary Data 1), and this proxy set of human

genes was then used for subsequent pathway analysis.

Analysis of gene expression to identify altered pathways revealed

43 that were statistically overrepresented (P< 0.05) in the list of

genes; the top 15 are represented in Figure 2. The pathway

demonstrating the highest gene enrichment in this dataset involves

oxidative phosphorylation and, as shown in Supplementary Data 2,

the overall result of VPA treatment is an upregulation of a number of

genes involved in oxidative phosphorylation, resulting in an overall

upregulation of respiratory complex I, respiratory complex II,

cytochrome C oxidase, and ATP synthase. We also indirectly

demonstrate the effect of VPA on oxidative phosphorylation by the

reduction in the amount of lactate produced by the cells and secreted

into the media (Fig. 3), implying a functional shift away from

glycolysis. The regulation of oxidative phosphorylation may have

important implications in the progression of metastasis as well as

susceptibility to apoptosis in OS cells [Dey and Moraes, 2000; Harris

et al., 2000; Ptitsyn et al., 2008]. Additional pathways with potential

importance to OS initiation, progression, and response to therapy

include development through the hedgehog pathway, cytoskeleton

remodeling, antigen presentation by MHC class I, cell adhesion, cell

cycle, and proteolysis (Supplementary Data 3 and 4). Interestingly,

our results demonstrate similarities to a study that evaluated the

effect of HDACi on cultured osteoblasts, as both studies have

discovered that treatment with HDACi results in modulation of

differentiation-associated genes involving theWnt pathway, among

others [Schroeder et al., 2007].

VALIDATION BY QUANTITATIVE REAL-TIME RT-PCR

In order to validate the results of the microarray, a short list of genes

chosen from the pathway maps as well as from a list of the most

differentially expressed genes was generated for quantitative real-

time PCR. These genes were chosen from the pathway maps because

of their putative role in tumor initiation, progression, or response to

therapy. These genes include the metastasis-related genes ezrin and

moesin, the S-phase replication-associated protein MCM4, heat-

shock protein HSP90, cell cycle-associated proteins cyclin A and

aurora A, proteosome regulatory subunit PSMD6, and thrombos-

pondin 1. The results of PCR analysis are shown in Figure 4 and serve

to validate the gene expression changes and the selection criteria for

these genes.

PROTEASOME INHIBITION BY VALPROIC ACID

In addition to PCR analysis of the proteasomal regulatory subunit

PSMD6, we also evaluated the inhibition of the proteasome pathway

as a whole through evaluation of chymotrypsin-like activity in

VPA-treated cells. As shown in Figure 5a, canine OS cells treated for

48 h with VPA exhibit an overall decrease in the chymotrypsin-like

activity compared to controls, providing further validation of the

pathway analysis.

In addition, based upon the finding that VPA treatment appears to

lead to proteasome inhibition, we evaluated the potential of a

combination therapy utilizing VPA and the proteasome inhibitor

ONX0912. The addition of VPA led to a synergistic reduction in

viable cell numbers compared to treatment with ONX0912 alone

(Fig. 5b).

ENHANCEMENT OF NQO1 ACTIVITY BY VALPROIC ACID

One of the pathways that was statistically overrepresented in our

microarray analysis is the ubiquinone metabolism pathway, and

NAD(P)H:quinone oxidoreductase 1 (NQO1) was also found to be

amongst the most highly upregulated genes in response to VPA

treatment. To validate this finding, we evaluated NQO1 activity in

VPA-treated cells. As shown in Figure 6A, the specific activity of

NQO1 was enhanced by treatment with VPA, which is consistent

with upregulation of NQO1 gene transcription observed by

microarray.

In addition to increased NQO1 activity, we also assessed the

ability of VPA to sensitize OS cells to the antiproliferative effects of

the NQO1 substrate drug mitomycin C. As shown in Figure 6, canine

Fig. 1. MA plot of genes selected from microarray analysis of VPA-treated canine OS cells; 1,570 genes were selected (light gray) based on those that were differentially

expressed in response to VPA treatment and represent a balanced group of those that are moderately and highly expressed.
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OS cells treated for 48 h with VPA and mitomycin C show an

enhanced anti-proliferative effect compared to mitomycin C alone.

DOWNREGULATION OF ENDOTHELIN-1 BY VPA

The pro-tumorigenic protein endothelin 1 (Et-1), which plays a role

in promoting OS metastasis through production of matrix-

degrading matrix metalloproteins, and is found at elevated levels

in patients with metastatic disease [Grant et al., 2003; Felx et al.,

2006], was found to be highly downregulated by VPA via gene

expression microarray. We used a commercially available ELISA-

based assay to evaluate the levels of Et-1 in supernatants of cells

treated with a clinically achievable concentration of VPA for 48 h.

As shown in Figure 7, the concentrations of Et-1 secreted by OS cells

is reduced in the presence of 1mMVPA, and this reduction is not the

result of reduced cell viability as there is negligible anti-proliferative

effect at that concentration of VPA (Fig. 7).

Fig. 2. Top 15 biological pathways significantly overrepresented in the list of genes differentially expressed between VPA-treated and control OS cells.[Color figure can be

seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]
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DISCUSSION

We interrogated changes in global gene expression in a canine OS

cell line treated for 48 h with the HDACi VPA, and then performed a

panel of experiments designed to validate the individual genes and

pathways identified by microarray data analysis. We chose an

incubation in VPA of 48 h based upon previously published results

by our group and others demonstrating that inhibition of HDAC is

still evident at that time point and that 48-h exposure prior to the

addition of a traditional cytotoxic chemotherapy is required for

optimal synergistic activity [Marchion et al., 2004;Wittenburg et al.,

2010]. This particular incubation condition was shown previously to

result in only a modest decrease in colony forming ability,

demonstrated by clonogenic assay, and a modest increase in

caspase 3 activity and apoptosis of OS cells, neither of which were

significantly different from controls [Wittenburg et al., 2010]. While

many microarray experiments focus on the identification a few

‘‘key’’ differentially regulated genes, we have taken the additional

step of placing all of the genes that were identified as differentially

expressed in response to HDAC inhibition into functional pathways

utilizing a novel data analysis pipeline [Ptitsyn et al., 2008].

Validation of our dataset was done, in part, through quantitative

real-time RT-PCR of a few individual genes chosen from the

pathways that were overrepresented, and we show that in two canine

OS cell lines the downregulation of these selected genes is

reproducible by RT-PCR.

While some of the individual genes may not be considered

significantly altered when evaluated alone, functional annotation

that groups them together may result in significant alteration of an

entire pathway. In our study, we identified 1,570 genes that fit the

criteria selected for determination of differentially expressed genes,

and when placed into pathways we discover that the oxidative

phosphorylation pathway is the most significantly overrepresented,

with a large number of genes upregulated by VPA treatment. This

finding has significant importance in cancer as it has been shown

that loss of activity in this pathway, with concomitant upregulation

of glucose utilization, results in increased aggressiveness and

metastatic potential, referred to as the Warburg effect [Warburg,

1956; Amuthan et al., 2001; Gmeiner et al., 2008; Ptitsyn et al.,

2008]. This may be partly explained by the finding that functional

Fig. 3. Measurement of lactate concentrations in cell culture media of VPA treated Abrams (A) and D17 (B) OS cells. Cells were incubated for 48 h in VPA and then cell culture

media removed and evaluated for lactate content by colorimetric assay. Results demonstrate a reduction in the secreted concentrations of lactate by VPA treatment and are

consistent with results obtained from the analysis of gene expression indicating an overall upregulation of the oxidative phosphorylation pathway.

Fig. 4. Validation of microarray by quantitative real-time RT-PCR of genes selected from significantly altered pathways as well as from a list of the most differentially

expressed genes in response to VPA treatment in canine OS cells. PCR results are consistent with downregulation of genes seen in microarray pathway analysis. Moesin (D17) and

PSMD6 (Abrams) were both downregulated but not considered statistically significant (P> 0.05).
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oxidative phosphorylation is required for apoptosis induced by the

pro-apoptotic protein Bax in OS, providing evidence that evasion of

apoptosis can be obtained by downregulation of oxidative

phosphorylation [Dey and Moraes, 2000; Harris et al., 2000]. Our

results suggest that one potential mechanism by which HDACi, and

particularly VPA, exert an anti-tumor effect may be through re-

sensitization of intrinsic apoptotic pathways via upregulation of

oxidative phosphorylation.

An additional pathway that was overrepresented in our

microarray analysis involves protein degradation via the ubiquitin-

proteasome pathway. While evaluation of mRNA levels by

quantitative real-time RT-PCR did show a reduction in the level

of one regulatory subunit of the 20S proteasome (PSMD6), we also

performed a functional assay that evaluated proteosomal activity in

VPA-treated cells to determine the biological relevance. VPA-

treated OS cells clearly demonstrate an inhibition of chymotrypsin-

like activity, and this result is in agreement with another study

describing a siRNA-mediated loss-of-function screen that identified

the proteasome as playing an important role in HDACi-induced

apoptosis [Fotheringham et al., 2009]. In fact, this same study

Fig. 5. (A) Evaluation of proteasome inhibition by VPA. Human and canine OS cells were treated with 0 or 1.0mM VPA for 48 h and then proteasome inhibition was measured

by evaluation of calpain activity in cell lysates, �P< 0.05. Proliferation evaluation of Abrams (B) and D17 (C) OS cells co-treated with 0 or 0.5mM VPA and increasing

concentrations of the proteasome inhibitor ONX0912 demonstrate sensitization to proteasome inhibition by VPA. Bliss analysis comparing fractional inhibition of theoretical

additivity to experimental values reveals synergistic antiproliferative activity of the 0.5mM VPA/ONX0912 combination in Abrams (D) and D17 (E) OS cells.

Fig. 6. (A) NQO1 activity measured in lysates of VPA-treated (1mM) and untreated OS cells. Both cell lines demonstrate increased NQO1 activity in response to VPA

treatment, consistent with upregulation of NQO1 gene activity; �P< 0.05. Proliferation evaluation of Abrams (B) and D17 (C) OS cells co-treated with 0, 0.5, or 1.0mM VPA

and increasing concentrations of mitomycin C demonstrate sensitization by VPA. Bliss analysis comparing fractional inhibition of theoretical additivity to experimental values

reveals synergistic anti-proliferative activity of the 0.5mM VPA/mitomycin C combination in Abrams (D) and additive activity in D17 (E) OS cells.
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suggests that one particular protein involved in shuttling of

ubiquitinated cargo proteins may govern tumor sensitivity to drugs

that target the proteasome, and found this particular protein

overexpressed in cutaneous T-cell lymphoma, a cancer that appears

particularly sensitive to HDACi. Proteasome inhibitors have been

reported to be effective in the treatment of OS in vitro in a number of

studies [Lauricella et al., 2003; Lim et al., 2004; Yan et al., 2007],

possibly through regulation of cell cycle-associated proteins such as

the cyclin-dependent kinases. This led us to test whether a

combination of HDACi with VPA and proteasome inhibition with

a novel compound, ONX0912, would provide an enhanced anti-

tumor effect. We show that the combination of VPA and ONX0912

results in a synergistic reduction in viability of canine OS cells

compared to cells treated with the proteasome inhibitor alone. It is

important to note that, while these results suggest that enhanced

inhibition of the proteasome results in improved reduction of cell

viability, it is possible that this is not the only mechanism by which

this effect occurs with the combination of these two drugs.

We also found ubiquinone metabolism to be one of the pathways

altered by VPA treatment and NQO1 was additionally found to be

one of the most significantly upregulated genes by the microarray.

Upregulation of NQO1 could have important implications for the

treatment of cancer as this particular enzyme plays a role in the bio-

activation of anti-tumor quinines such as mitomycin C [Gustafson

et al., 2003]. We proceeded to validate this finding through

evaluation of NQO1-specific activity in canine OS cell lysates

following 48-h treatment with VPA. We demonstrate that the ability

of NQO1 to reduce DCPIP is enhanced following VPA treatment,

consistent with increased levels of the enzyme. To further test the

significance of this, we evaluated the ability of VPA to sensitize OS

cells to the anti-proliferative effects of mitomycin C and show a

sensitizing effect on Abrams and D17 canine OS cell lines. This is

consistent with in vitro reports of synergy between VPA and

mitomycin C in colon carcinoma cells [Friedmann et al., 2006].

However, as mitomycin C is also a DNA-binding drug [Verweij and

Pinedo, 1990], the effect of VPA-induced chromatin decondensation

and increased access to DNA bymitomycin C, as observed with other

DNA-intercalating agents [Marchion et al., 2005; Wittenburg et al.,

2010], cannot be ruled out as a contributing factor. Given that a

number of identified pathways play important roles in DNA damage

response, including protein turnover, cytoskeleton remodeling, and

the electron transport chain, another possibility for the enhanced

effect observed when VPA is combined with mitomycin C,

doxorubicin, or other DNA damaging agents is an inhibition of

the cellular ability to repair DNA damage. Indeed, the coordinated

cellular response to DNA damage involves multiple levels of

regulation involving protein–DNA interactions, protein–protein

interactions, and multiple interconnected cellular pathways [Begley

and Samson, 2004]. The discovery that DNA damage results in an

extensive change in transcription factor promoter binding with

some transcription factors binding significantly more genes in the

presence of a DNA damaging agent [Workman et al., 2006] provides

another potential explanation for increased sensitivity to DNA

damage following HDACi therapy, as alterations in chromatin

structure will change availability of promoter sites to transcription

factors that bind specific regions in response to DNA damage. While

the sensitization of OS cells to mitomycin C by VPA may result, in

part, from the upregulation of NQO1, the effect of HDACi with VPA

on the DNA damage response as a mechanism of sensitization to

mitomycin C and other DNA-targeting anti-cancer agents certainly

warrants future investigation.

An additional gene identified by microarray analysis as one

significantly downregulated by VPA treatment is Et-1. Et-1 is

reported to have a variety of pro-tumorigenic properties that include

acting as a mitogen for numerous human cancer cell lines as well as

endothelial cells and vascular smooth muscle cells, protecting cells

from Fas ligand-mediated apoptosis, and promoting metastasis

through upregulation of stroma-degrading matrix metalloprotei-

nases in OS [Grant et al., 2003; Felx et al., 2006]. In addition,

elevated plasma levels of Et-1 have been found in tumor-bearing

patients with the highest levels found in those with metastatic

disease [Grant et al., 2003]. This provides rationale for targeting Et-1

in cancer therapy. We found that incubation of OS cells with

clinically achievable levels of VPA results in decreased Et-1

Fig. 7. Measurement of endothelin-1 in supernatants of VPA-treated canine OS cells by ELISA. A marked reduction in endothelin-1 (gray lines) is observed in the D17 canine

OS cell line upon 48-h exposure to 1mM VPA. This reduction in endothelin is not the result of reduced cell viability as the percent viable cells remains relatively constant across

the range of VPA doses (black lines).
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secretion into culture media, consistent with the downregulation

observed on microarray. This may provide additional support to the

use of combinations of VPA and proteasome inhibitors for the

treatment of OS, as the induction of pro-metastatic genes such as the

MMPs by Et-1 appears to be mediated through NF-kB, a well-

documented target of proteasome inhibitors [Felx et al., 2006;

Orlowski and Kuhn, 2008].

One potential drawback of this study is the lack of secondary

evaluation of HDAC inhibition, which might be performed through

use of additional inhibitors or RNA interference studies, providing

more detailed and mechanistic information of the effect HDACi as a

whole. However, our main goal was to utilize a novel method of

analyzing the gene expression information resulting from a 48-h

exposure to VPA specifically, and to validate this method of

pathway analysis. Additionally, future studies should focus on

examining the interrelationships between the pathways that were

identified and the potential mechanisms by which HDACi controls

these pathways. While our results focused on changes in gene

expression, they do not provide mechanistic details necessary to

determine if altered gene transcription is due simply to altered

chromatin structure or is secondary to an ‘‘off-target’’ effect such as

alterations in acetylation and activity of other non-histone proteins,

resulting in secondary changes in gene expression.

The results of this study shed further light onto the potential

mechanisms by which HDACi with VPA exerts its antitumor effect in

OS. We have identified oxidative phosphorylation as the most

significantly altered metabolic pathway in response to VPA. In

addition, we show that the proteasome pathway is altered through

decreased chymotrypsin-like activity, leading us to test a

combination of VPA and a proteasome inhibitor in OS cells. Our

results suggest that this particular combination may prove

beneficial in the treatment of OS. We show that VPA is capable

of upregulating the oxidoreductase NQO1, enhancing its enzymatic

activity leading to increased sensitivity of OS cells to the NQO1

substrate drug mitomycin C. In addition, we show that treatment of

OS cells with VPA results in decreased secretion of Et-1, which has

been shown to correlate with poor outcome in cancer when elevated

serum levels are detected in patients. Taken together, the results of

our pathway analysis in OS cells treated with an HDACi reveal a

number of pathways that have already been identified as potential

anti-tumor targets and provide further support for the design of

VPA-containing combination protocols in the treatment of OS.
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