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Resistance to paclitaxel chemotherapy frequently develops in ovarian cancer. Oncolytic

adenoviruses are a novel therapy for human malignancies that are being evaluated in early

phase trials. However, there are no reliable predictive biomarkers for oncolytic adenovirus

activity in ovarian cancer. We investigated the link between paclitaxel resistance and on-

colytic adenovirus activity using established ovarian cancer cell line models, xenografts

with de novo paclitaxel resistance and tumour samples from two separate trials. The activ-

ity of multiple Ad5 vectors, including dl922-947 (E1A CR2-deleted), dl1520 (E1B-55K deleted)

and Ad5 WT, was significantly increased in paclitaxel resistant ovarian cancer in vitro and

in vivo. This was associated with greater infectivity resulting from increased expression of

the primary receptor for Ad5, CAR (coxsackie adenovirus receptor). This, in turn, resulted

from increased CAR transcription secondary to histone modification in resistant cells.

There was increased CAR expression in intraperitoneal tumours with de novo paclitaxel

resistance and in tumours from patients with clinical resistance to paclitaxel. Increased

CAR expression did not cause paclitaxel resistance, but did increase inflammatory cytokine

expression. Finally, we identified dysregulated cell cycle control as a second mechanism of

increased adenovirus efficacy in paclitaxel-resistant ovarian cancer. Ad11 and Ad35, both

group B adenoviruses that utilise non-CAR receptors to infect cells, are also significantly

more effective in paclitaxel-resistant ovarian cell models. Inhibition of CDK4/6 using PD-

0332991 was able both to reverse paclitaxel resistance and reduce adenovirus efficacy.

Thus, paclitaxel resistance increases oncolytic adenovirus efficacy via at least two separate
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.uk (I.A. McNeish).
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1 Non-standard abbreviations: CAR e co
receptor.
mechanisms e if validated further, this information could have future clinical utility to aid

patient selection for clinical trials.

ª 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.
1. Introduction models, we demonstrate that there is increased expression
The microtubule stabilising agent paclitaxel is widely used in

ovarian cancer management, both in combination with plat-

inum (du Bois et al., 2003) and as a single agent (Karlan

et al., 2011). Multiple mechanisms underpin paclitaxel resis-

tance, including overexpression of ATP-dependent efflux

pumps (Brooks et al., 2003), alterations of tubulin isoforms

and microtubule associated proteins (MAPs) (Mozzetti et al.,

2005), aberrant expression of apoptosis regulating proteins

(Youle and Strasser, 2008), epigenetic modulation of genes

such as polo-like kinase 2 (Syed et al., 2011), overexpression

of chromosome instability genes (Swanton et al., 2009), loss

of the extracellular matrix protein TGFBI (Ahmed et al., 2007)

and expression of focal adhesion kinase (FAK) (Kang et al.,

2013).

Oncolytic viruses are promising new cancer treatments.

E1A CR2-deleted adenovirus type 5 vectors, such as dl922-

947 (Heise et al., 2000) and D24 (Fueyo et al., 2000), selectively

replicate within and kill cells with defective pRb/G1-S cell cy-

cle checkpoint, a near-universal abnormality in humanmalig-

nancies, including ovarian cancers (Sherr and McCormick,

2002; TCGA, 2011). We have previously shown that dl922-947

has activity in ovarian cancer (Lockley et al., 2006). It can abro-

gate multiple cell cycle checkpoints (Connell et al., 2008) and

its efficacy is partially determined by genomic DNA damage

and ATR-Chk1 signalling (Connell et al., 2011). Clinical trials

of E1A CR2-deleted Ad5 vectors have taken place (Kimball

et al., 2010), andwe recently opened a phase I trial of the group

B virus ColoAd1 (Kuhn et al., 2008) (ClinicalTrials.gov refer-

ence NCT02028117).

The main route for cell entry for most adenoviruses

(including Ad5) is by primary binding to the coxsackie adeno-

virus receptor (CAR),1 followed by a secondary interaction

with avb3-or avb5-integrins, leading to viral internalisation.

For group B adenovirus, the primary receptors are CD46

(Ad16, 11, 21, 35) and/or desmoglein-2 (Ad3, 7 and 14). Inter-

nalisation is followed by viral nuclear translocation in a

microtubule-dependent manner (Suomalainen et al., 1999).

Paclitaxel can synergise with oncolytic adenoviruses

(Cheong et al., 2008) and we recently showed that mitotic slip-

page may also play a role in the synergy seen between dl922-

947 and paclitaxel in ovarian cancer (Ingemarsdotter et al.,

2010).

Here, we observed that oncolytic adenovirus activity is

markedly increased in two separate paclitaxel-resistant

ovarian cancer models. Using tumour samples from two

ovarian cancer clinical trials as well as in vitro and in vivo
xsackie adenovirus
of CAR in paclitaxel-resistant ovarian cancer, allowing greater

virus infectivity. In addition, cell cycle abnormalities in

paclitaxel-resistant ovarian cancers contribute to greater effi-

cacy of multiple adenovirus serotypes, including Ad5, Ad11

and Ad35. Our data suggest paclitaxel resistance in ovarian

cancer increases responsiveness to oncolytic adenovirus ther-

apy through multiple mechanisms.
2. Methods

2.1. Cell lines, viruses and chemicals

A2780cellswereoriginally obtained fromDrA. Eliopoulos (Uni-

versity of Birmingham, UK) in 1998 (Eliopoulos et al., 1995).

A2780tx1000 cells were generated by pulse-treating A2780

with increasing concentrations of paclitaxel. SKOV3 and

SKOV3-TR (Duanet al., 1999) cellswereobtained fromDr James

Brenton (CRUK Cambridge Institute, Cambridge, UK) in 2010.

Cell lines underwent 16 locus STR validation (LGC Standards,

Middlesex UK) in 2011 and were most recently revalidated by

10 locus STR validation in June 2014 (CRUK Beatson Institute,

Glasgow, UK; Supplementary Table S1). A2780 and

A2780tx1000 cells were cultured in DMEM plus penicillin/

streptomycin and 10% FCS, (PAA Laboratories, Austria).

SKOV3 and SKOV3-TR cells were cultured in RPMI plus peni-

cillin/streptomycin and 10% FCS. A2780tx1000 and SKOV3-TR

were grown in medium supplemented with 1 mM and 300 nM

paclitaxel, respectively. In all experiments, cells were released

from paclitaxel at least four days prior to cell plating.

dl922-947 is an Ad5 vector deleted in amino acids 122e129

of E1A-CR2 as well as E3B (Heise et al., 2000). dlCR2-pIX-dsRed

is an E1A-CR2-deleted Ad5 vector in which the minor capsid

protein pIX is fused to dsRed as previously described

(Ingemarsdotter et al., 2010). Wildtype Ad5, Ad11, Ad35 and

dl1520 were all obtained from Dr Yaohe Wang, Barts Cancer

Institute. ON-TARGETplus Smartpool siRNA oligos were pur-

chased from ThermoScientific (Loughborough, UK) with ON-

TARGETplus Control Pool as scrambled control. Cell survival

was assessed by MTT assay (Lockley et al., 2006). Ad LM-X is

an E1-deleted non-replicating Ad5 vector containing no trans-

gene as previously described (McNeish et al., 2001).
2.2. GFP transduction assays and flow cytometry

Cells were infected with E1-deleted Ad5-CMV-GFP virus, and

analysed for GFP expression 24 h post-infection by flowcytom-

etry (BD FACSCalibur, BectonDickinson, Oxford, UK). GFP fluo-

rescence intensity was analysed on a Victor3 multilabel plate

reader (Perkin Elmer, Cambridge, UK). Primary antibodies for
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flow cytometry are listed in Supplementary Methods. CAR

expression was assessed in non-permeabilised cells.

2.3. Immunofluorescence

Cells were grown on poly-L-lysine coated coverslips and fixed

in 95% ethanol/5% acetic acid for 10 min at room temperature

followed by four washes in PBS. Cells were permeabilised in

0.5% Triton-X100 in PBS for 5 min except for Figure 2E, where

the permeabilisation step was abolished. blocking was per-

formed in 3% BSA in PBS for 30min at room temperature. Cells

werewashed once in PBS followed by incubationwith primary

antibodies for 1 h at room-temperature in 3% BSA in PBS-

Tween (0.2% Tween-20 in PBS), washed four times in PBS-

Tween and incubated with secondary antibodies for 1 h at

room-temperature. Coverslips were washed followed by

staining with DAPI (Invitrogen) for 1 min. Cells were then

washed twice in PBS and mounted onto glass slides.

2.4. Viral internalisation assay

5 � 105 cells were seeded overnight in 6 cm dishes, washed in

cold 1% BSA in PBS, and then infected with dl922-947 (5000 vi-

rus particles/cell) in 1% BSA in PBS. Unbound viral particles

were removed by washing in cold 1% BSA in PBS. Infection

then continued for 1 h at 37 �C. DNA was extracted with the

QIAamp DNA Blood Mini kit (Qiagen, Manchester, UK). The

number of internalised viral genomes was determined by

qPCR (Applied Biosystems 7500 system). Primers and probes

and conditions are listed in SupplementaryMethods. Absolute

genomenumberwas quantified using a standard curve of viral

DNA equivalent to 104e109 genomes.

2.5. RNA extraction, reverse transcription and
quantitative PCR

Cells were lysed with Trizol (Invitrogen, Paisley, UK) as per

manufacturer’s instructions. Samples were mixed, incubated

for 5 min at room temperature and centrifuged for 15 min,

14000 rpm at 4 �C. The RNA was precipitated with 0.7� vol-

umes of isopropanol at �20 �C overnight. The RNA was pel-

leted by centrifugation as above and resuspended in 70%

ethanol in DEPC-H20 followed by another centrifugation

step. The supernatant was discarded and the pellet dried

and dissolved in RNase-free H2O. The isolated RNA was

cleaned up with the RNeasy Mini Kit (Qiagen), according to

themanufacturer’s instructions. 1 mg of RNAwas reverse tran-

scribed using the First Strand cDNA synthesis kit for RT-PCR

(Roche). Expression was normalised to 18S (Applied Biosci-

ences, UK).

2.6. Microscopy

Confocal analysis was performed with an inverted Zeiss LSM

510 META laser-scanning microscope with a Plan-

Apochromat 63�/1.4 Oil objective. Images were acquired in

the x,y,z direction, with a line average of 4. Z-sectionswere ac-

quired at optimum interval levels with sections of 0.43 mm.

Maximal intensity Z-projections were assembled with the

LSM5 Image browser software.
2.7. Viral binding and trafficking assay

1 � 105 cells were seeded overnight on poly-L-lysine coated 24

well plates, washed in cold phenol red-free medium, and

infected with dlCR2-pIX-dsRed (10000vp/cell) on ice for 1 h.

Unbound viral particles were removed by washing. Cells

were fixed for immunofluorescence (0 h timepoint), or the

infection was continued for 1 h at 37 �C. Cells were then

washed, fixed and stained.

2.8. Virion production and viral exit assay

Following infection, adherent cells werewashed twice in 0.1M

Tris pH8, scraped and resuspended in 0.1 M Tris pH8 followed

by three rounds of freeze thawing (liquid N2/37 �C). Virus was

titered on JH293 cells. For the viral exit assay, cells were

washed twice in PBS and refed 24 h post-infection. Medium

was collected 48 h post-infection, centrifuged for 5 min at

4000 rpm and titered on JH293 cells.

2.9. Chromatin immunoprecipitation

Chromatin immunoprecipitation was performed with a Low-

Cell#ChIP kit (Diagenode, Li�ege, Belgium) as detailed in

Supplementary Methods.

2.10. vivo models

All experiments complied with the National Cancer Research

Institute guidelines for the welfare and use of animals in can-

cer research (Workman et al., 2010) and were conducted after

specific UK government Home Office personal (reference 70/

19481) and project (reference 70/7263) licence approval. Exper-

iments were approved locally by the ethics review committee

of Queen Mary University of London Biological Services Unit

(reference PAC60-3). 5 � 106 cells were inoculated IP in 6-

week old ICRF nu/nu female mice. For virus efficacy, 5 � 109

particles dl922-947 or control virus Ad LM-X (McNeish et al.,

2001) were injected daily for 5 days in 400 ml PBS. For genera-

tion of paclitaxel-resistant tumours, mice were treated with

intraperitoneal paclitaxel (10 mg/kg) or PBS weekly for up to

14 weeks.

2.11. Clinical trial samples

The SaPPrOC trial (Clinicaltrials.gov reference NCT01196741)

was a randomised phase II study of weekly paclitaxel � oral

saracatinib in women with relapsed, platinum-resistant

ovarian cancer (McNeish et al., 2014). The study was approved

by the UK National Research Ethics Committee e West

Midlands (Coventry and Warwickshire) reference 10/H1211/

26. A tissue microarray was created with duplicate 5 mm

cores from formalin-fixed paraffin-embedded tumour mate-

rial collected at the time of diagnosis. 5 mm sections were

stained for CAR, and scored for intensity of staining (scores

0, 1, 2, 3) in tumour cells by two readers (IAMcN, DE) who

were blind to the clinical response data. Final score for each

patient was the average of scores of the two readers. Best clin-

ical responses were determined by combined RECIST/GCIG

CA125 criteria (Rustin et al., 2004). Details of the Cambridge
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Translational Cancer Research Ovary 01 study (UKCRN refer-

ence 1206 http://public.ukcrn.org.uk/search/StudyDetai-

l.aspx?StudyID¼1206) have been described previously

(Ahmed et al., 2007).

2.12. Gene expression and bioinformatics analyses

Total RNA from SKOV3 and SKOV3-TR cells was extracted us-

ing RNeasy kit (Qiagen) in combination with the QIAshredder

kit (Qiagen) for cell homogenization. Total RNA quality was

assessed using an Agilent 2100 Bioanalyser prior to sample

preparation, starting with 100 ng of total RNA and 16 h IVT

as per 30 IVT Express protocol (Affymetrix). Samples were hy-

bridized to GeneChip Human Genome U133 Plus 2.0 Arrays.

Bioinformatics analyses are described in Supplementary

Methods. Raw SKOV3/SKOV3-TR gene expression data are

deposited at GEO, accession number GSE54772. CTCR OV01

gene expression datawere previously deposited at GEO, acces-

sion numbers GSE9455 and GSE15622. Previous SKOV3/

SKOV3-TR gene expression data (acquired using a DMF Hu-

man 6.5K array) were also previously deposited at GEO, acces-

sion number GSE2627.

2.13. Statistics

All other statistical analyses were generated with Prism 6.0,

(GraphPad, San Diego, CA). Unless otherwise stated, statistical

analyses are unpaired, two-tailed, student’s t-test.
3. Results

3.1. Increased adenovirus efficacy in paclitaxel-resistant
ovarian cancer cells

The paclitaxel-resistant ovarian cancer cell line, SKOV3-TR,

which is at least 100-fold more resistant to paclitaxel than

parental SKOV3 cells, is highly sensitive to the E1A CR2-

deleted oncolytic adenovirus type 5 vector dl922-947

(Figure 1A). We also evaluated a second resistant ovarian can-

cer cell line generated in our lab, A2780tx1000; again, the

paclitaxel-resistant cells showed a marked increase in dl922-

947-induced cytotoxicity (Figure 1B). Both resistant lines

were also highly sensitive to other Ad5-based vectors,

including Ad5 WT and dl1520 (Figure S1). This in vitro sensi-

tivity was mirrored in vivo: mice bearing SKOV3-TR intraperi-

toneal xenografts survived long term following

intraperitoneal (IP) dl922-947 treatment (Figure 1C). Of note,

there was no difference in growth rate between parental and

paclitaxel-resistant cells in vitro (Figure S2) or following con-

trol treatment in vivo (Figure 1C).

3.2. Increased Ad5 infectivity in paclitaxel-resistant
ovarian cancer cells

GFPassays indicatedamarked increase in transductionof both

paclitaxel-resistant cell lines, with marked increases in both

number of infected cells and mean fluorescence

intensity (Figure1D). Thiswas confirmedonquantitative inter-

nalisation assay, with at least a one-log increase in genome
copy number/mg DNA (Figure 1E; data not shown for SKOV3-

TR). Subtilisin treatment indicated that virus was truly intern-

alised rather than simply adhering to the cell surface.

Using the fluorescent capsid-labelled adenovirus dlCR2-

pIX-dsRed (Ingemarsdotter et al., 2010), many more viral par-

ticles were detected at the cell surface in SKOV3-TR

cells after infection at 4 �C compared with SKOV3 cells.

After 1 h at 37 �C, dlCR2-pIX-dsRed could be detected in

the perinuclear area in SKOV3-TR cells, with only single

focus in SKOV3 cells (Figure 2A). These data confirm that

more virus is bound to the cell surface in SKOV3-TR cells

than SKOV3, allowing greater internalisation and nuclear

translocation.

3.3. Paclitaxel-resistant cells express high levels of
coxsackie adenovirus receptor (CAR)

By flow cytometry (Figure 2B, Figure S3), both paclitaxel-

resistant lines expressed significantlymore CAR than parental

cells, and expression remained stable even after 80 days

growth in paclitaxel-free medium (Figure S4). By contrast,

adenovirus secondary receptor avb3 integrin was expressed

at lower levels on SKOV3-TR cells compared with SKOV3 cells

and was undetectable in both A2780 lines (Figure 2C), whilst

avb5 expression was reduced on both resistant lines. Treat-

ment with a CAR blocking Ab significantly reduced infection

(Figure 2D). CAR was distributed in the periphery of SKOV3-

TR cells with areas of intense expression at cell:cell junctions

and some co-localisation with b-tubulin (Figure 2E). Quantita-

tive RT-PCR (Figure 2F) revealed that CAR mRNA levels

increased over 100 fold in both resistant lines compared

with their parental counterparts. Thus, CAR is transcription-

ally upregulated in paclitaxel-resistant ovarian cancer cells,

and expressed on the cell surface.

To understand the mechanisms of CAR transcriptional

upregulation, we undertook methylation-specific PCR and

bisulphite sequencing of CpG islands around the CXADR pro-

moter: these showed no consistent change (data not shown).

However, chromatin immunoprecipitation using antibodies

specific for trimethylated Lysine 4 (H3K4me3) and acetylated

Lysine 27 (H3K27ac) on histone H3, both of which are associ-

ated with increased transcription, indicated significant

changes around the CXADR promoter (Figure 3A). This finding

was reinforced by treatment with the histone deacetylase in-

hibitorTSA,whichsignificantly increasedCARtranscript levels

in both parental cell lines (Figure 3B). CAR expression varies

throughout the cell cycle, peaking in M phase (Seidman et al.,

2001). However, short-termexposure of both parental cell lines

to nocodazole and paclitaxel at concentrations sufficient to

induce G2/M arrest (Figure S5) had a minimal effect on CAR

expression cells (Figure 3C). Overall, these data suggest that

CAR transcript levels are increased in paclitaxel-resistant

ovarian cancer, likely secondary to epigenetic modification,

specifically changes in histone acetylation and methylation.

3.4. CAR expression increases in paclitaxel-resistant
ovarian xenografts and human tumour samples

To assess whether the changes seen in cell lines were repro-

duced in vivo, we firstly generated de novo paclitaxel-
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Figure 1 e Paclitaxel-resistant cells are more sensitive to dl922-947-induced cytotoxicity with greater infectivity. A. SKOV3 vs SKOV3-TR and B.

A2780 vs A2780tx1000 cells were treated with paclitaxel for 96 h (left) or infected with E1A CR2-deleted Ad5 vector dl922-947 for 144 h (right).

Cell survival was analysed by MTT assay. C. 5 3 106 SKOV3 or SKOV3-TR cells were injected IP into female ICRF nu/nu mice in groups of 5.

On days 4e8 inclusive, dl922-947 or control vector Ad LM-X was injected IP (3 3 109 particles daily). D. Cells were infected in triplicate with

increasing concentrations of Ad5 CMV-GFP and infectivity (left) was analysed by flow cytometry. Mean fluorescence intensity (right) was analysed

on a multilabel plate reader. E. Viral internalisation was assessed 1 h following infection with dl922-947 (5000vp/cell). Cells were also treated with

subtilisin (2 mg/ml). Viral genome copy number per mg DNA is shown. (**p < 0.01 and ***p < 0.001).
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resistant tumours by treating mice bearing intraperitoneal

parental SKOV3 xenografts with weekly doses of paclitaxel

(10mg/kg) or PBS. Despite the therapeutic effect of this regime

(Figure 3D), all mice eventually developed solid intra-
abdominal tumour nodules. There was no ascites in these

mice, so assessment of CAR expression by flow cytometry in

ascites cells was not possible. However, we found a 2.7-fold in-

crease in CAR transcript levels in excised paclitaxel-resistant

http://dx.doi.org/10.1016/j.molonc.2014.12.007
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Figure 2 e Coxsackie adenovirus receptor expression. A. SKOV3 and SKOV3-TR cells were infected with dlCR2-pIX-dsRed on ice. Cells were

warmed to 37 �C for 1 h, stained with b-tubulin, DAPI and subjected to confocal analysis. Scale bar [ 10 mm. B. CAR expression was assessed by

flow cytometry; percentage positive cells (left) and mean fluorescence intensity (right). ***; p < 0.001, **; p < 0.01. C. Expression of avb3 and

avb5 integrin. **; p< 0.01. ***; p< 0.001. D. SKOV3-TR cells were infected with Ad CMV-GFP (MOI 1 and 0.15) in the presence of anti-CAR

blocking Ab (1:25) or control IgG (1:25). GFP fluorescence was assessed 24 h later using a multilabel plate reader. ***; p < 0.0001. E. Localisation

of CAR was assessed by confocal microscopy. F. CXADR transcription in both cell pairs, relative to 18S. ***; p < 0.001.
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tumours (Figure 3E; p < 0.0001), with a demonstrable increase

in expression by IHC (Figure 3F).

To assess the clinical relevance of our findings, we evalu-

ated CAR expression by IHC in tumours fromwomen enrolled
in the SaPPrOC trial of weekly paclitaxel chemotherapy

(McNeish et al., 2014) e even though samples were taken at

the time of diagnosis, there was a significantly higher IHC

score in resistant tumours (best response of Progressive

http://dx.doi.org/10.1016/j.molonc.2014.12.007
http://dx.doi.org/10.1016/j.molonc.2014.12.007
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Figure 3 e Increased CXADR transcript levels results from histone modification; increased expression in paclitaxel-resistant ovarian cancer in mice

and humans. A. ChIP was performed with sheared chromatin with antibodies against H3K4me3 or H3K27ac. Percentage input was calculated as

per Supplementary Methods. B. SKOV3 and A2780 cells were treated with 30e300 nM TSA for 24 h. CXADR transcript number was assessed by

qRT-PCR. ***; p < 0.001. C. SKOV3 and A2780 cells were also treated with 30 nM paclitaxel or 300 nM nocodazole for 24 h to induce G2/M

arrest. CXADR transcription was assessed by qRT-PCR. D. Female ICRF nu/nu mice bearing intraperitoneal SKOV3 xenografts were treated with

weekly intraperitoneal PBS or paclitaxel (10 mg/kg). **; p < 0.01. E. CXADR transcript level was quantified in tumours excised from PBS- and

paclitaxel-treated mice, relative to 18S. ***; p < 0.001. F. Expression of CAR was assessed by IHC in 5 mm sections. Bars represent 50 mm. G.

Expression of CAR in duplicate cores from archival tumour samples from patients in the SaPPrOC trial of weekly paclitaxel chemotherapy was

assessed and correlated against best clinical response. *; p < 0.05. H. CXADR transcription in tumours samples from CTCR OV01 trial was

correlated with best clinical outcome.
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Figure 4 e CAR expression increases inflammatory cytokine production but does not induce paclitaxel resistance. A. SKOV3 cells expressing full

expressing full length CAR and CAR truncation mutants were infected with dl922-947 (left) or treated with paclitaxel (right). Cell survival was

assessed after 120 h (dl922-947) and 96 h (paclitaxel). B. A2780 cells expressing full length CAR and CAR truncation mutants were treated with

paclitaxel. Cell survival was assessed after 96 h. C. Twenty-four hours following siRNA-mediated CAR knockdown A2780tx1000, SKOV3-TR,

and D. IGROV1 and TOV21G cells were treated with paclitaxel (100 nM for A2780tx1000 and SKOV3-TR, 1 nM for IGROV1 and TOV21G)

for 96 h. Cell survival was assessed by MTT assay. E. SKOV3-TR and A2780-tx1000 were grown for 80 days in paclitaxel-free medium. 96 h

paclitaxel dose response curves were performed as previously. F. Gene expression in SKOV3 and SKOV3-TR cells was assessed using GeneChip

Human Genome U133 Plus 2.0 Arrays. Differential gene expression analysis was carried out using the O-miner web tool and genes differentially

expressed between the two cell lines were identified using limma. Using the GOStats package in Bioconductor, differential expression was assessed

according to the GO terms ‘Inflammatory Response’, ‘Cytokine Activity’ and ‘Chemokine Activity’. G. Release of IL-6 and TNF-a from SKOV3,

SKOV3-CAR and SKOV3-TR cells was assessed using Mesoscale MSD Discovery platform. *; p < 0.05. **; p < 0.01. ***; p < 0.001.
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Figure 5 e Paclitaxel-resistant ovarian cancer cells show increased sensitivity independent of CAR-mediated infection. A. SKOV3, SKOV3-TR,

A2780 and A2780tx1000 cells were infected with AdCMV-GFP at MOI 10, 0.3, 10 and 1 respectively. The percentage of GFP positive cells was

determined by flow cytometry. B. SKOV3, SKOV3-TR, A2780 and A2780tx1000 cells were infected with dl922-947 at MOI 10, 0.3, 10 and 1

respectively. Cell survival was determined 120 h later. ***; p < 0.001. C. Both cell pairs were infected with Ad11 and Ad35. Cell survival was

determined 120 h later. D. SKOV3 and SKOV3-TR cells were isoinfected with dl922-947. Intracellular (above) and released (below) infectious

virion production was quantified up to 72 h post-infection by TCID50 assay. E. Protein was extracted from SKOV3 and SKOV3-TR cells

isoinfected with dl922-947 up to 72 h post-infection. Expression of E1A and adenoviral structural proteins was assessed by immunoblot.
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Disease or Stable Disease) compared to sensitive (best

response of Partial or Complete response; Figure 3G and

Figure S6). We also analysed the publicly available tumour

gene expression data from the cohort of patients with

advanced ovarian cancer who received first-line single agent

paclitaxel chemotherapy in CTCR OV01 trial (Ahmed et al.,

2007). Data from 15 tumour samples passed initial quality con-

trol: the median level of CXADR transcript in those who were

resistant to paclitaxel (n ¼ 4) was higher than in those who

were sensitive (n ¼ 11) (Figure 3H), although the trend did

not reach statistical significance (t test: p ¼ 0.10).
3.5. CAR overexpression does not cause paclitaxel
resistance but increases inflammatory cytokine production

One intriguing question was whether the increased expres-

sion of CAR seen in cell lines, xenografts and tumour samples

was a direct cause of resistance to paclitaxel or simply an

epiphenomenon. Expression of full-length or truncation

CAR constructs lacking various parts of the CAR intracyto-

plasmic tail (Farmer et al., 2009) increased adenovirus infec-

tivity and efficacy as expected (Figure 4A and data not

shown) but had no effect on paclitaxel sensitivity in either

SKOV3 or A2780 cells (Figure 4A and B). Knockdown of CAR

had only modest effects on paclitaxel resistance in SKOV3-

TR cells and none in A2780tx1000 cells (Figure 4B). In two

other ovarian cancer cell lines that express CAR at high

levels, CAR siRNA also generated only minor alterations in

paclitaxel sensitivity (Figure 4C and D). When resistant cells

are cultured out of paclitaxel for over 80 days, there was

some loss of drug resistance (Figure 4E), but CAR expression

remained stable (Figure S4). These data together suggest

that CAR expression does not directly cause paclitaxel resis-

tance in our cells.

However, we hypothesised that CAR upregulation may

contribute to the expression of inflammatory cytokines seen

in paclitaxel-resistance (Duan et al., 2002; Wang et al., 2010).

CAR expression can induce an inflammatory cardiomyopathy

inmice, with expression of cytokines that include interleukin-

6 (IL-6) and TNF-a (Yuen et al., 2011). We undertook gene

expression profiling of SKOV3 and SKOV3-TR cells, which

confirmed increased CXADR (CAR) transcript levels (Log2FC

3.349, p ¼ 0.001) as well as alterations in other genes previ-

ously implicated in paclitaxel resistance, including TGFBI

(Log2FC �9.509, p ¼ 2.610 � 10�5), ABCB1 (Log2FC 10.669,

p ¼ 1.233 � 10�6) and b-tubulin (TUBB2B; Log2FC 3.708,
Figure 6 e Cell cycle abnormalities in paclitaxel-resistant cells mediate inc

asynchronous cells by flow cytometry following propidium iodide staining. P

analysis. B. SKOV3 and SKOV3-TR cells were iso-infected with dl922-94

cytometry following propidium iodide staining. C. Differential expression

terms ‘M phase’, ‘cell cycle process’, ‘mitosis’, ‘cell division’ and ‘mitotic cell

TR cells by immunoblot (upper). One hour following treatment with paclita

(0, 1 and 3 mM). Cell survival was assessed 72 h later (lower). **; p< 0.01. **

dl922-947 and re-fed with CDK4/6 inhibitor PD-0332991 (0, 1, 3 mM) 2 h

120 h post-infection. Expression of E1A was assessed following infection wit

0332991 (right). F. SKOV3-TR cells were infected with Ad 11 and Ad 35 a

Medium was replaced 72 h thereafter. Cell survival was assessed at 120 h p
p ¼ 0.002). In addition, there was highly significant upregula-

tion of both cytokine and chemokine activity (Figure 4F and

Supplementary Table S2). Confirming a potential role for

CAR in this cytokine activity, expression of full length CAR

alone in SKOV3 cells significantly increased both IL-6 and

TNF-a production (Figure 4G).
3.6. Aberrant cell cycle control in paclitaxel-resistant
cells also improves adenovirus efficacy

To test if increased infectivity via increased CAR expression

was the only explanation for increased adenovirus efficacy

in paclitaxel-resistant cells, we iso-infected cells with dl922-

947 - that is, we altered the MOI to ensure that all cells were

infected equally (Figure 5A). Iso-infection was defined by the

number of GFP positive cells, using consistent thresholds,

rather than mean GFP fluorescence in order to compensate

for any potential differences in GFP intensity between cells.

There was significantly more cell death in both paclitaxel-

resistant lines (Figure 5B). Furthermore, both resistant cells

showed increased sensitivity to Ad11 and Ad35, which do

not use CAR as their primary receptor (Figure 5C). The

increased sensitivity to Ad11 and Ad35 did not result from

greater infectivity; there was no significant difference in

Ad11 or Ad35 internalisation in resistant cells compared to

parental (Figure S7) and no increase in expression of group B

adenovirus receptors CD46 or desmoglein-2 (Figure S8).

Thus, paclitaxel resistance was able to increase viral efficacy

through mechanisms beyond simple infectivity.

The increased killing following iso-infectionwith dl922-947

did not result from increased virion production or exit

(Figure 5D), nor was there convincing increase in adenovirus

structural protein expression (Figure 5E). We did, however,

observe increased E1A expression in the resistant cells 48

and 72 h post-infection, in keeping with our previous data,

which indicated that levels of E1A expression in ovarian can-

cer cells correlated closely with cytotoxicity (Connell et al.,

2011; Flak et al., 2010).

We investigated cell cycle changes in paclitaxel-resistant

cells because our previous results have indicated that cell cy-

cle status at the time of infection influences virus activity (Flak

et al., 2010), and that adenovirus infection abrogates multiple

cell cycle checkpoints (Connell et al., 2008) and induces pro-

found over-replication of genomic DNA in highly sensitive

cells (Connell et al., 2011). In asynchronous populations, there

were profound alterations in cell cycle profiles by flow
reased adenovirus sensitivity. A. Cell cycle state was assessed in

aclitaxel-resistant cells were released from paclitaxel for 96 h prior to

7. Cell cycle state was assessed up to 48 h post-infection by flow

in SKOV3 and SKOV3-TR cells was assessed according to the GO

cycle’. D. Expression of CDK6 was assessed in SKOV3 and SKOV3-

xel, SKOV3-TR cells were exposed to CDK4/6 inhibitor PD-0332991

*; p< 0.001. E. SKOV3-TR and A2780tx1000 cells were infected with

later. Medium was replaced 72 h later. Cell survival was assessed at

h dl922-947 (MOI 1) for 72h in the presence and absence of 1 mMPD-

nd re-fed with CDK4/6 inhibitor PD-0332991 (0, 1, 3 mM) 2 h later.

ost-infection.
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cytometry, especially the amount of 4N and >4N DNA

(Figure 6A), which persisted following iso-infection with

dl922-947 (Figure 6B). Over-expression of CAR alone did not

alter cell cycle profiles (Figure S9). Gene expression confirmed

highly significant changes in multiple cell cycle-related path-

ways and processes in SKOV3-TR cells (Figure 6C and

Supplementary Table S3), and Ingenuity Pathway Analysis of

our previously published data (Syed et al., 2011) indicated

that the biological function ‘Cell cycle’ was significantly

deregulated in A2780tx1000 compared to parental A2780

(p ¼ 0.00015e0.0486; Supplementary Table S4).

Using matched Mad2þ/þ and Mad2þ/� Hct116 cells, we

found that chromosomal instability (Swanton et al., 2009)

did not influence adenovirus sensitivity (data not shown).

CDK6 was one of the upregulated genes in resistant cells

(Supplementary Table S3, Figure 6D). siRNA-mediated CDK6

knockdown could not be achieved (Figure S10), but pharmaco-

logical inhibition using the combined CDK4/6 inhibitor PD-

0332991 (Toogood et al., 2005) at concentrations sufficient to

alter cell cycle progression (Figure S11) significantly increased

paclitaxel sensitivity (Figure 6D, Figure S12) and reduced both

the activity of dl922-947 and expression of E1A in both resis-

tant lines (Figure 6E). Moreover, PD-0332991 treatment was

also able to reduce activity of Ad11 and Ad35 in the

paclitaxel-resistant lines (Figure 6F, Figure S13). CDK4/6 inhi-

bition alone had a very minor effect on survival of both resis-

tant cells (Figure S14) and did not alter CAR expression (data

not shown).
4. Discussion and conclusion

4.1. Discussion

Previously, the clinical potential of adenovirus-based thera-

pies in ovarian cancer has been questioned due to low expres-

sion of the primary adenovirus receptor CAR in primary

human tumours (Zeimet et al., 2002). However, using ovarian

cancer cell lines and xenograft, we demonstrate that

paclitaxel resistance in ovarian cancer is associated with

increased sensitivity to adenoviruses of multiple serotypes

that results both from increased expression of CAR and aber-

rant cell cycle control. These data are largely supported by

analysis of clinical samples from the SaPPrOC and CTCR

OV01 trials. However, further prospective clinical validation

will be necessary.

Although previous work has demonstrated an increase in

CAR and markers of stem-like behaviour in paclitaxel resis-

tant cell non-small cell lung carcinoma cell lines (Zhang

et al., 2012), the mechanism of this upregulation has not

been explored nor has there been evaluation of xenografts

or primary patient tumours. We found that the increase in

CAR expression was associated with increased transcript

levels with accompanying histone modification. These

changes were paralleled by transient exposure of parental

cells to the histone deacetylase inhibitor (HDACi) trichostatin

A, which also increased CAR transcript levels. Previous inves-

tigators have noted that CAR expression increases through the

cell cycle, peaking at M phase (Seidman et al., 2001),
suggesting that paclitaxel-induced G2/M arrest could cause

the increased expression that we noted. However, in the

parental cells, exposure to both nocodazole and paclitaxel at

doses sufficient to cause profound G2/M arrest did not in-

crease CAR expression to levels seen in paclitaxel-resistant

cells. It is possible that some of the increase in CAR expression

in the resistant cells did results from prolonged relative G2/M

arrest. However, this could not be substantiated as it was not

possible sustain arrest in the parental cells beyond 48 h due to

cytotoxicity. Widespread epigenetic changes have been

described in chemotherapy-resistant malignancies (Balch

et al., 2010). We have previously identified that altered

methylation contributes to the paclitaxel resistance of

A2780tx1000 cells, via dysregulated expression of the polo-

like kinase 2 (Syed et al., 2011), whilst the current expression

data analysis also showed marked alterations in HDAC4 and

9 expression in SKOV3-TR cells (Supplementary Table 3). Our

finding here that increased CAR expression did not result

from altered promoter methylation concurs with studies in

urothelial cancer (Pong et al., 2003). The region upstream of

the CXADR transcriptional start site contains potential bind-

ing sites for several transcription factors, including E2F and

Sp1; treatment with hypomethylating agents had no effect

on transcript levels, in contrast to exposure to HDACi (Pong

et al., 2003).

In keeping with others, our gene expression data here and

previously (Ahmed et al., 2007; Syed et al., 2011) identified that

MDR-1 (ABCB1) was highly upregulated in both SKOV3-TR and

A2780tx1000. One question is whether increased CAR expres-

sion is observed in other chemotherapy resistance models

associated with upregulated MDR-1. In vincristine-resistant

SKOV3 cells (Buys et al., 2007), there was dramatic upregula-

tion of ABCB1 (Log2FC 10.708). However, CXADR was downre-

gulated (Log2FC �2.486 e GEO accession number GSE7556).

Similarly, in an analysis of gene expression data (GEO acces-

sion number GSE3001) from ten ovarian cancer cell lines

(Komatsu et al., 2006), we found no significant correlation be-

tween ABCB1 and CXADR transcript levels. Thus, we believe

that the increase in CAR expression seen in paclitaxel resis-

tance occurs independently of increases in MDR-1.

We also demonstrate clearly that the secondary receptors

for most adenoviruses, avb3 and avb5, are downregulated in

paclitaxel resistant cells e this concurs with previous work

by one of us (JDB), which demonstrated that loss of the extra-

cellularmatrix protein TGFBI (transforming growth factor beta

induced) was able to induce resistance to paclitaxel and that

restoration of sensitivity upon exposure to TGFBI was integrin

dependent. Thus, downregulation of integrin and integrin-

mediated signalling appears a common feature of paclitaxel

resistance (Ahmed et al., 2007). Reassuringly, we found also

marked downregulation of TGFBI transcript levels in the

SKOV3-TR cells here. It is also interesting to note here that

both our paclitaxel resistant cells show dramatically greater

infectivity despite loss of integrin expression, suggesting

that CAR is the dominant determinant of overall infection.

Productive adenovirus replication depends upon deregula-

tion of host cell cycle checkpoints. E1A expression is critical.

The E1A CR2 region, which binds with high affinity to pRb, dis-

sociates pRb from E2F, permitting transactivation of genes

necessary for viral DNA replication. E1A is the first viral gene
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to be expressed and its expression is entirely dependent upon

host cell factors. Thus, the environment within cells at the

time of infection is critical to expression of E1A and hence the

entire virus life cycle. We have previously shown that expres-

sion of E1A correlates with overall cytotoxicity and that

increased ovarian cancer cell sensitivity to the Ad5-mediated

killing is associated with abnormal G1/S cell cycle control

(Flak et al., 2010). Thus, it was highly relevant that we identified

increased E1A expression in resistant cells compared to

parental following iso-infection (Figure 5E). We have also

shown that theE1ACR2-deletedAd5vector dl922-947 is capable

of over-riding multiple cell cycle checkpoints (Connell et al.,

2008). Indeed, the synergy between low-dose paclitaxel and

adenovirus activity in ovarian cancer partially depends upon

the induction of mitotic slippage (Ingemarsdotter et al., 2010).

Thus, there is a close link between aberrant cell cycle control,

E1A expression and oncolytic adenovirus activity.

The recent analysis by the Cancer Genome Atlas con-

sortium suggested that Rb pathway signalling is abnormal in

at least 66% all high grade serous ovarian cancers (TCGA,

2011), whilst amplification of CCNE1 (cyclin E1) at 19q12 is a

potentially important mechanism for platinum resistance

(Etemadmoghadam et al., 2009). Chromosomal instability

and regulators of mitotic arrest have also been shown previ-

ously to regulate taxane resistance (Swanton et al., 2007,

2009). We show here that paclitaxel-resistant ovarian cancer

cell lines have profound deregulation of cell cycle control

genes and that inhibition of CDK4/6 can partially reverse

both paclitaxel resistance and sensitivity to adenoviruses of

multiple serotypes, suggesting again a close link between vi-

rus function and paclitaxel activity. Of note, we also showed

that inhibition of CDK4/6 reduced expression of E1A, the crit-

ical gene in overall adenovirus activity. Interestingly, Konecny

et al. have previously shown parental A2780 and SKOV3 cells

to be sensitive to the CDK4/6 inhibitor PD-0332991 (IC50 0.06

and 0.24 mM respectively) (Konecny et al., 2011), whereas we

found that A2780tx1000 and SKOV3-TR cells were able to

tolerate concentrations of 3 mM for 120 h with only minor

loss of cell viability (Figure S10). Like us, Konecny et al. also

found that CDK4/6 inhibition using PD-0332991 sensitised

ovarian cancer cells to paclitaxel, whilst Zhang et al. found

that a different CDK4/6 inhibitor sensitised non-small cell

lung carcinoma cells to paclitaxel (Zhang et al., 2013). Howev-

er, our attempts to validate these findings with siRNA-

mediated knockdown of CDK6 were unsuccessful in both

paclitaxel-resistant lines, despite multiple attempts e only

minimal knockdown of CDK6 protein expression was

achieved (Figure S6). siRNA knockdown of CARwas successful

(Figure 4B), so SKOV3-TR and A2780tx1000 cells are not intrin-

sically resistant to siRNA transfection. However, we believe

that the present findings utilising PD-0332991, which are

consistent across two different cells lines, multiple doses of

paclitaxel andmultiple viruses, validate the concept that inhi-

bition of CDK4/6 can alter both virus activity and cell sensi-

tivity to paclitaxel.

4.2. Conclusions

Resistance to taxane chemotherapy is clearly multi-factorial

(reviewed in Murray et al. (2012)). Our investigations were
initiated following data generated in cell lines in which resis-

tance had been generated by in vitro culture of established

tumour cells in increasing concentrations of chemotherapy.

Such cell lines, although useful lab tools, may not be truly

representative of clinical chemotherapy resistance, a fact

attested to by clinical trials of chemotherapy resistance mod-

ifiers that do notmeet their primary endpoints (McNeish et al.,

2014). However, although our data suggest that increased CAR

expression is not a cause of paclitaxel resistance e rather it

appears to be a by-product of altered transcriptional activity

induced by altered histone modification e we believe that

the results seen in xenografts and patient samples strongly

suggest that CAR expression is genuinely upregulated in

paclitaxel-resistant ovarian cancers. Elucidating more clearly

the link between dysregulated cell cycle control and adeno-

virus activity will be the focus of future work. However, taken

together, our data suggest that adenoviruses, especially E1A

CR-2-deleted vectors such as dl922-947 and others that utilise

CAR as their primary receptor, may have particular utility in

paclitaxel resistance ovarian cancers.
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