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Mutation of the retinoblastoma tumor suppressor gene
sensitizes cancers to mitotic inhibitor induced cell death
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Abstract: The retinoblastoma gene Rb is a prototype tumor suppressor, which encodes a protein that is inactivated
in a broad range of human cancers through different mechanisms. Rb functions to regulate cell proliferation, dif-
ferentiation, as well as cell death. Therefore, even though Rb inactivation promotes cancer development, this may
also open up certain vulnerabilities of cancers that can potentially be targeted with drug intervention. Based on the
assumption that cancers that have mutation, deletion, or rearrangement in the Rb locus represent strong loss of Rb
function while cancers with WT Rb on average retain some Rb function, we searched Genomics of Drug Sensitivity
in Cancer database to identify cancer drugs that are particularly effective to cancers with Rb genomic alterations.
Three mitotic inhibitors were identified from this analysis. We further tested the effects of two mitotic inhibitors,
Taxol and STLC, on prostate and breast cancer cells. We demonstrate that the Rb status affects cancer cell sensi-
tivity to these mitotic drugs and that the sensitizing effects of Rb are mediated in part by its regulation of the cell
cycle checkpoint protein Mad2. Since the mitotic inhibitors identified in our analysis inhibit mitosis through distinct
targets, it is possible that the Rb functional status may serve as a general biomarker for cancer sensitivity to mitotic
inhibitors. Because the Rb pathway is inactivated in a large number of human cancers, identification of agents that
are particularly effective or ineffective based on the Rb status in cancers can potentially be used generally to match-
ing patients with appropriate treatments to achieve better therapeutic outcome.

Keywords: Drug sensitivity, Rb, retinoblastoma tumor suppressor, Mad2, cell death, mitotic inhibitor, Taxol, S-
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Introduction gets including genes involved in cell cycle regu-
lation, DNA replication, DNA repair, cell cycle
checkpoint, apoptosis as well as differentiation
have been found to be regulated by Rb.
Consistent with its diverse functions, Rb inacti-
vation can either lead to increased cell prolifer-
ation or increased cell death [3]. Therefore
while Rb inactivation often promotes cancer
development, this may also open up certain vul-
nerabilities of such cancers to certain drug
intervention. Furthermore, since Rb inactivation
in cancers is quite common, approaches that

Cancer is the second leading cause of death in
the US and the economic cost to the society is
staggering. It is increasingly clear that cancer is
not a single disease but are a collection of lots
of diseases with different underlying causes.
Therefore a major challenge in cancer treat-
ment is to identify suitable biomarkers that can
be used to stratify patients and inform thera-
peutic decisions.

The retinoblastoma tumor suppressor (Rb) is a

prototype tumor suppressor inactivated in a
broad range of human cancers [1, 2]. Rb can be
inactivated in cancers by mutation, deletion, or
loss of expression of Rb, by overexpression of D
type Cyclins, mutation of pl16 family of Cdk
inhibitors, or by expression of viral oncopro-
teins. The Retinoblastoma protein pRb func-
tions by regulating the expression of its target
genes. The expression of diverse cellular tar-

can promote the effect of cell death in conjunc-
tion with Rb inactivation through synthetic
lethality can potentially be used to treat a large
fraction of cancers [4]. Interestingly, a recent
study showed that the Rb pathway inactivation
is associated with improved response to neoad-
juvant chemotherapy in breast cancers [5], sug-
gesting that Rb status can potentially be used
to stratify patients and inform treatment.
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The rapid advances in cancer genome projects
have resulted in a large number of drug sensi-
tivity data that are available from the public
domain. We have taken advantage of the avail-
able data from the Genomics of Drug Sensitivity
in Cancer database [6] to identify cancer drugs
that are particularly effective to cancers with
Rb genomic alterations. Since the Rb pathway
is inactivated in a large number of human can-
cers, identification of agents that are particu-
larly effective or ineffective based on the Rb
status in cancers can potentially be used gen-
erally to matching patients with appropriate
treatments to achieve better therapeutic out-
come. In this study, we analyzed public genomic
drug sensitivity database and identified several
drugs that target mitosis to be particularly
effective toward cancers with Rb mutation.

Materials and methods
Statistical analysis of drug-Rb interaction

We obtained “Multivariate ANOVA for all com-
pounds” dataset from the Genomics of Drug
Sensitivity in Cancer database at www.cancer-
rxgene.org. This dataset contains output of a
multivariate analysis of variance (MANOVA) that
correlates drug responses with genetic altera-
tions in cancer cell lines. Among output that
contains drug interaction with Rb gene, We
ordered and chose the 15 drugs that have cal-
culated Benjamini-Hochberg adjusted p-values
significant at 20% False Discovery Rate. With
estimated “Anova_effect” from MANOVA analy-
sis, we calculated IC50_effect as 10™ (Anova_
effect divided by LN (10)), which indicates the
folds change of IC50 values in respect to loss-
of-Rb function. And we generated an indicator
called “Drug Sensitivity Change with Rb
Mutation” as the inverse of IC50_effect. In
addition, as statistically significant but small
difference in drug sensitivity may not be useful
in clinical practice, we set up an artificial thresh-
old of 20% difference, and focused only on
drugs that are 20% more or less sensitive in Rb
mutant cells.

Cell culture

PC3, Dul45 and MDA-MB-231 cells were
obtained from the American Type Culture
Collection. Cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with
10% fetal bovine serum (FBS), 2 mM L-glutamine
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and 50 IU penicillin/streptomycin in a humidi-
fied atmosphere with 5% CO, at 37°C. Paclitaxel
and STLC treatment were carried out in medi-
um with 1% FBS.

Lentiviral preparation and infection

The pLKO.1 lentiviral RNAi expression system
was used to generate shRb, shMad2 and shGFP
constructs, which shGFP was used to prepare
control virus. The sequences of shRb used in
this study were described in [7], the sequences
of shMad2 and shGFP controls are: 5-CCGGT-
AATACGGACTCACCTTGCTTGCTCGAGCAAGCAA-
GGTGAGTCCGTATTTTTTTT-3’ (shMad2); 5-CCG-
GTACGTCTATATCATGGCCGACAACTAGTTGTC GG-
CCATGATATAGACGTTTTTTG-3’ (shGFP). Viral pa-
ckaging was done according to the previously
described protocol [7]. Briefly, RNAi expression
plasmids, pCMV-dR8.91 and pCMV-VSV-G were
cotransfected into 293 T cells using the calci-
um phosphate method and incubated for 6 h.
The transfection medium was then replaced
with fresh medium. Virus was collected 48 h
after transfection and concentrated using 20%
sucrose buffer at 20,000 g for 4 h. The virus
was re-dissolved in the complete growth medi-
um and stocked at -80°C. Cells were infected
with the viruses in the presence of Polybrene
(10 pg/ml) for 48 h, selected with puropmycin
(2 pg/ml) for 48 h, and then treated as desired.

Cell proliferation analysis

Cell proliferation was assessed by MTT assay.
Briefly, cells (3 x 10° cells/well) were seeded
into 96-well plates. After treatments described
in result section, culture medium was replaced
with fresh medium containing 0.5 mg/ml MTT
and incubated for 2 h at 37°C. After removing
the medium, 100 pl of DMSO was added to
each well to solubilize the formazan present in
viable cells. The plates were analyzed by mea-
suring the optical density at 540 nm. Experi-
ments were repeated three times.

Luciferase reporter assay

For the luciferase activity assay, 10* cells were
seeded into 48-well plates for 24 h and were
co-transfected with 0.5 pg of the E2F luciferase
reporter construct and 10 ng of the phRL-TK
plasmid using Lipofectamine 2000 Transfection
Reagent (Invitrogen). At 48 h post-transfection,
the luciferase activity was measured with Dual-
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Luciferase Reporter Assay System (Promega)
ona Monolightluminometer (Becton Dickinson).

Clonogenic assay

Cells (1 x 103 were seeded in triplicate in
6-well plates one day before treatment. Cells
were then treated with STLC or DMSO as indi-
cated in result section for 10 days. Survived
colonies were fixed and stained with the fixing/
staining solution (0.5% w/v crystal violet and
10% formalin in PBS) for 30 min. After removing
the staining solution, washing with water to
remove residual crystal violet, and air drying,
the remaining crystal violet was extracted with
500 pl of 10% acetic acid. Clonogenic growth
was determined by measuring the optical den-
sity at 630 nm. The value for treated cells was
normalized to those corresponding control
cells. Data was representative of three inde-
pendent experiments.

FACS analysis of cell cycle and cell death

For the cell cycle assay, 10° cells were seeded
in 6-well plate. After treatment for 48 h, cells
were harvested and fixed gently by adding 75%
ethanol and placing at -20°C for 4-16 h. The
cells were washed twice with PBS, resuspend-
ed in 300 pl PBS containing 100 ug/ml propid-
ium iodide and 0.1 mg/ml RNase, incubated for
30 min at room temperature in dark, and ana-
lyzed using a FACScanto flow cytometer (BD
Biosciences).

For the cell death assay, 10° cells were seeded
into 6-well plates. After treatment for 48 h
described in the result section, the adherent
and detached cells were collected and washed
twice with Annexin V binding buffer (10 mM
HEPES, pH 7.4, 140 mM NaCl, 2.5 mM CaCl,),
and resuspended at 1 x 10° cells/mL in 100 pl
of the binding buffer. 5 ul of Annexin V-FITC and
5 ul of propidium iodide (stock concentration,
100 pg/ml) were added to the cell suspension.
The cells were incubated for 15 min at room
temperature in dark, and then 400 pl of binding
buffer was added to each sample. Quantification
of cell death was performed with a FACScanto
flow cytometer after staining, and PI- and
Annexin V-positive cells were considered as
dead cell.

FlowJo 7.1.0 software (Tree Star, Ashland, OR)
were used for data analysis and at least 10,000
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cells were counted for each measurement. All
data was representative of 3 independent
assays.

Western blotting

After treatments, cells were washed with PBS
and lysed in homogenization buffer (20 mM
Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1%
Triton X-100, 2.5 mM sodium pyrophosphate, 1
mM B-glycerophosphate, 1 mM sodium vana-
date, 1 mg/ml leupeptin, 1 mM phenylmethyl-
sulfonyl fluoride) for 30 min on ice with brief
sonication. Equal amounts of protein were load-
ed. A Li-Cor Odyssey image reader was used for
western detection. The following antibodies
were used: sc 69879 against B-actin (Santa
Cruz Biotechnology) and Rb 4.1 against Rb
(DSHB). The goat anti-mouse immunoglobulin
G (IgG) and goat anti-rabbit IgG secondary anti-
bodies were obtained from Li-Cor.

RNA isolation and RT-PCR

Total RNA was extracted with the RNeasy Mini
Kit according to the manufacturer’s instruc-
tions (Qiagen, Valencia, CA, USA). cDNA was
synthesized using M-MLV reverse transcriptase
from Promega (Madison, WI, USA). Real time
RT-PCR was determined using the Thermo
Scientific™™ DyNAmo™ SYBR™ Green gPCR Kit
on an Opticon 2 Real-time PCR detector (Bio-
Rad). GAPDH mRNA level was used as normal-
ization control. Primer pairs used for RT-PCR
are: human Mad2, 5-GGAAGCGCGTGCTTTT-
GTTT-3’ (Forward), and 5-TCTTTCAGTTGTTCCA-
CCACA-3’ (Reverse); human GAPDH, 5’-CTCTG-
ACTTCAACAGCGACAC-3’ (Forward), and 5’-CAT-
ACCAGGAAATGAGCTTGACAA-3’ (Reverse).

Results

Analysis of genomics of drug sensitivity in
cancer database to identify drugs that show
increased or decreased efficacy toward cancer
cells with genomic alterations in the Rb locus

To identify drugs that show increased efficacy
toward cancers with Rb mutations (genomic
alterations), we took advantages of the
Genomics of Drug Sensitivity in Cancer data-
base [6], a publicly available IC50 dataset of
147 anticancer agents on over 1000 tumor cell
lines (Yang, Soares et al. 2013). We explored
results from multivariate analysis of variance
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Figure 1. Influence of Rb mutation on drug sensitivity. An Rb-drug interaction plot shows the relative change of drug
sensitivity with the existence Rb mutation (x-axis, in percentage), and significance (y-axis, in log-scaled p-value).
Each circle represents a single Rb-drug interaction calculated from the MANOVA analysis. In this plot, drugs on the
left are more sensitive in cells with WT Rb, while those on the right are more sensitive in Rb mutant cells. The Rb-
drug interaction is statistically significant when it is above the 20% horizontal False Discovery Rate (FDR) line. The
interaction is practically significant when Rb mutant leads to more than 20% change in drug sensitivity from that of
cells with WT Rb. In particular, empty circles indicate drugs that are less effective to Rb mutant, while circles filled
with black indicate drugs that are more effective to Rb mutant. All other Rb-drug interaction that does not satisfy

both statistical and practical significance were filled with grey and without labeled names.

that correlate drug responses to 71 common
cancer-related genomic alterations, including
point mutations, amplifications and deletions
of common cancer genes, cancer gene rear-
rangements and microsatellite instability, and
applied the following two criteria: 1) the drug
response to Rb genomic alterations gives a
Benjamini-Hochberg adjusted p-value that is
statistically significant at 20% False Discovery
Rate; 2) the estimated difference in drug sensi-
tivity between WT and mutant Rb cancer cells
is greater than 20%. Upon analysis, seven anti-
canceragents,VX-702,BI-D1870,GW843682X,
Metformin, PLX4720, Paclitaxel and S-Trityl-L-
cysteine, are more effective toward Rb mutant
cells; while three, PD-0332991, PD-0325901
and Bexarotene, are less effective (Figure 1).

PD-0332991 is a highly selective inhibitor of
the Cyclin D/Cdk4 and Cdk6 inhibitor that func-
tions by blocking Rb phosphorylation [8, 9].
Therefore Rb mutant cells are expected to be
resistant to PD-0332991. Among all the drugs
that show selectivity based on Rb genomic
alteration status, PD-0332991 exhibits the
most significant interaction: a more than 45%
decrease in drug sensitivity with a p-value of
less than 2 x 108 (Figure 1). The identification
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of PD-0332991, which is a targeted drug that
requires functional Rb, validates the accuracy
of our analysis and suggests that our analysis
can identify useful drug sensitivity information.

Among the drugs that display Rb mutant sensi-
tivity include three drugs that inhibit mitosis:
S-Trityl-L-cysteine (STLC) is a selective inhibitor
of mitotic kinesin Egb; GW843682X is a selec-
tive inhibitor of polo-like kinase 1 and 3; while
paclitaxel (Taxol) is an inhibitor of mitotic spin-
dle formation [10-13]. Compared to those with
WT Rb, cancer cells with Rb mutations are on
average 40% time more sensitive to paclitaxel
or GW843682X and 54% times more sensitive
to STLC. These observations suggest that Rb
inactivation sensitizes cancer cells to mitotic
inhibitors. It should be noted that our analysis
are comparing the drug sensitivity of cancer
cells that have mutant Rb with those that have
WT Rb. Since cancer cells often have inactivat-
ed Rb through different mechanisms, which
inactivate pRb function to different extent and/
or duration, it is likely that cancer cells will have
different extent of pRb inactivation. Therefore
comparing the drug sensitivity of the Rb mutant
cells with cancer cells that have partially inacti-
vated WT Rb impacted the statistical signifi-
cance observed in our analysis.

Am J Cancer Res 2014;4(1):42-52
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Figure 2. Loss of Rb increases cell sensitivity to Paclitaxel and STLC treatment. (A, B, D, E, G, H) The effect of in-
creasing or decreasing Rb levels on cell growth inhibition by mitotic inhibitors. MTT assays were used to measure
the amount of live cells after 48 hours drug treatment. (C) Knockdown efficiency of shRb construct in PC3 cells. (F)
Formation of PC3 colonies 10 days after STLC treatment. (I) Western blot of Rb and B-actin expression in DU145
cells upon Dox induction. Error bars represent the standard error of the mean (SEM) in (A-H).

Rb modulates cancer cell sensitivity to pacli-
taxel and STLC treatment

To directly test if Rb status affects the antican-
cer effects of mitotic inhibitors, we first exam-
ined the growth inhibitory effects of Taxol and
STLC in a pair of prostatic cancer cell lines, PC3
and DU145, as these two drugs are often used
to treat or have promising effect on prostate
cancers [14, 15]. Both PC3 and DU145 are
derived from type-l ADI prostate cancer [16],
with a major difference that DU145 has mutat-
ed Rb while PC3 retains significant level of Rb
function [17, 18]. After treating both cancer
cells with increasing concentrations, both STLC
and Taxol displayed stronger growth inhibition
on DU145 cells compared with that on PC3
(Figure 2A, 2B).

To further examine directly whether Rb affects
the sensitivity of cancer cells to these two
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mitotic inhibitors, we tested the effect of Rb
knockdown using shRb lentiviral constructs [7].
The efficacy of Rb knockdown in PC3 cells was
confirmed by more than seven folds of
increased activity in E2F1-Luciferase Report
Assay compared with shGFP, a control shRNA
construct against GFP gene (Figure 2C). These
results also confirm that PC3 cells retain signifi-
cant level of Rb function. As expected, knock-
down of Rb significantly sensitized PC3 cells to
the growth inhibitory effect of either STLC
(Figure 2D) or Taxol (Figure 2E) in all the con-
centrations we have tested. Furthermore, clo-
nogenic assays showed that STLC, cause a
much faster and more significant decrease in
the surviving PC3s"R* colonies compared to that
of PC3°'®P (Figure 2F). Taken together, these
results demonstrate that inactivation of Rb can
induce increased sensitivity of Rb WT PC3 can-
cer cells to mitotic inhibitors.

Am J Cancer Res 2014;4(1):42-52



Mutation of Rb gene sensitizes mitotic inhibitor induced cell death

8000 8000 shGFP shGFP 6000 | shGFP
A G1:73% snarp| B G1: 6% STLC E 6000 - G1: 64% F ot 2% =
S:13% S: 1% S: 14% s: i5%
6000 - sub G1 G2/M: 1% 6000 ~{sub G1 G2/M: 57% G2/M: 14.5% G.ZlM' 41%
0.654% 3.84% 4000 °
. . 1000 |50 61 4N Sub G1 4N
"’;:% 2;":% 04%8% 6.98% 168% 19.0%
4000 4000 l—' l—|
2000 o 2o |
2000 { 2000 4
D T T T U T g T T T T T o T T T T T o T T T T T
0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K 0 S0K 100K 150K 200K 250K [] 50K 100K 150K 200K 250K
PE-A PE-A PE-A
PC3 48h Cell Cycle MDA-MB231 48h Cell Cycle
8000 8000
Cc G1: 64% shRb D G1: 3% shRb Ganoa ql G1: 54% shRb H 6000 | G1: 17% ;’}fg
S: 21% 8:14.5% STLC S:19% S: 20%
6000 | sub G1 G2/M: 1% 6000 sub G1 G2/M: 49.5% | G2/M: 18% G2/M: 30%
1.75% 17.0%
IsubGa >dN JsupG1 4N
— =N — 4N 4000 oo%, 6.62% 9900 5% 2%
4000 187% 4000 - 156% '_i
2000 1 2000
2000 2000 4
0 T T T T T o T T T T 0 T T T T T 0 T T T T T
o S0K 100K 150K 200K 250K o 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K o 50K 100K 150K 200K 250K
PE-A PE-A PE-A PE-A
I 0 PC3 48h Cell Death J 50 MDA-MB231 48h Cell Death K PC3 48h Cell Death L MDA-MB231 48h Cell Death
70
hGFP
s0] mshorp s W shGFP M shGFP
. @shRb _40] DOshRb 60 s0] psneo
£ 50 B E 50 mshRe S ®
pt £ £
g g £ w0 H
a a H 8 20
z % = % 30 %
© 2 © 8 4 Sz
10
10 1 10
] 0 ] [
STLC  O0pm 1.5 M 2.0 M STLC  OpM 1.5 M 3.0uM

Taxol

onM 10 nM 20 nM Taxol onm 10nM 20nM

Figure 3. Loss of Rb increases cell death to Paclitaxel and STLC treatment. A-H: Cell cycle profiles of PC3 and MDA-
MB-231 cells with or without Rb knockdown at 48 hours after drug treatment as indicated. The fractions of sub-G1
and aneuploidy (>4n) cells were also labeled. I-L: Effects of Rb knockdown on PC3 and MDA-MB-231 cell death at
48 hours after drug treatment. Error bars represent the standard error of the mean.

We further tested the effect of restoring WT Rb
expression in DU145 cells by constructing an
inducible Rb expression lentiviral system in
which WT Rb protein can be induced by addi-
tion of doxycycline in the medium [19] (Figure
2I). Compared to DU145% cells in which Rb
was not expressed, WT Rb expression in DU145
cells (DU145R%*) significantly increased cell via-
bility when treated with STLC or Taxol (Figure
2G, 2H). Taken together, these results demon-
strate that growth inhibitory effects of Taxol
and STLC are influenced by the pRb function.

Loss of Rb increased mitotic inhibitor pacli-
taxel and STLC induced cell death

As inactivation of Rb can increase cell prolifera-
tion as well as increase cell death, the observa-
tion of decreased growth rate in paclitaxel and
STLC caused by loss of Rb function prompted
us to determine the effect of Rb inactivation on
cell cycle progression and cell death in the
presence or absence of these mitotic inhibi-
tors. As expected, knockdown of Rb promotes
G1/S progression and moderately decreased

a7

fractions of cells in G1 in both the PC3 and the
MDA-MB-231 cells (Figure 3A, 3C, 3E and 3G),
and addition of mitotic inhibitor induces G2/M
arrest in both cell type with or without the Rb
knockdown (Figure 3A-H). However, in the pres-
ence of STLC, significantly increased sub G1
population of cells were observed in both the
PC3 and the MDA-MB-231 Rb knockdown cells,
indicating Rb knockdown increased level of cell
death (Figure 3A-H).

Annexin V and propidium iodide staining were
used to further characterize the effect of Rb
knockdown on STLC-induced cell death in PC3.
Although shRb only has a small effect on cell
death without drug treatment, a significantly
elevated cell death were observed in PC3shre
treated with either 1.5 or 3 uM STLC (Figure 3I).
A similar effect of Rb knockdown was also
observed in STLC treated MDA-MB-231, a fre-
quently studied human metastatic breast carci-
noma cell line [20] (Figure 3J). Similarly, knock-
down of Rb also increased paclitaxel-induced
cell death assays in both PC3 and MDA-MB-231
cells (Figure 3K-L). Therefore knockdown of Rb

Am J Cancer Res 2014;4(1):42-52
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Figure 4. Rb modulates mitotic inhibitor-induced cell death partially through increased Mad2 expression. (A, B)
Mad2 expression upon Rb knockdown in PC3 and MDA-MB-231 cells measured by real time PCR. (C) Knockdown
efficiency of shMad2 construct in MDA-MB-231 cells measured by real time PCR. (D-G) Effects of Mad2 knockdown
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in PC3 or MDA-MB-231 cells significantly
increased the sensitivity of these cancer cells
to mitotic inhibitor induced cell death.

Increased Mad2 expression partially mediates
the effect of Rb on mitotic inhibitor-induced
cell death

Mitotic inhibitors such as Taxol and STLC acti-
vate spindle assembly checkpoint and blocks

48

cells in mitosis. Prolonged arrest in mitosis has
been linked with increased likelihood of death
in mitosis by apoptosis [21]. Mad2 is a central
regulator of spindle assembly checkpoint and
is a target gene regulated by E2F and Rb [22].
Inactivation of the Rb family proteins leads to
upregulated Mad2 expression, which is suffi-
cient to promote aneuploidy and tumorigenesis
in mice [22-24]. Interestingly, down-regulation
of a mitotic spindle check point gene, Mad2,
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cell death. Loss of Rb function induces increased E2F1 activity, which in turn in-
duces not only cell death, but also elevated expression of Mad2. This increased
Mad2 expression prolongs mitotic arrest in the presence of mitotic inhibitor and

further increased the level of cell death.

has been shown to induce paclitaxel resistance
through cellular senescence in both breast can-
cer and ovarian cancer cells [25, 26]. These
observations raised possibility that increased
Mad2 expression in the absence of Rb prolongs
mitotic arrest in the presence of mitotic inhibi-
tor and increased the level of cell death.

To test this hypothesis, we first determined if
Rb regulates Mad2 expression in MDA-MB-231
and PC3 cells by comparing the level of Mad2
with or without Rb knockdown. Real-time PCR
showed that the expression level of Mad2 was
increased by four folds in MDA-MB-2315"% and
1.5 folds in PC3s"R* compared to their corre-
sponding shGFP control cells (Figure 4A, 4B).
To further determine if increased Mad2 expres-
sion contribute to the effect of Rb on mitotic
inhibitor-induced cell death, we generated lenti-
viral shMad2 construct [27]. shMad2 caused
more than 70% reduction in Mad2 expression
(Figure 4C). By a two-step transduction proce-
dure in which MDA-MB-231 or PC3 were first
transduced with shRb or shGFP control, fol-
lowed by a second transduction of shMad2 or
shGFP control, we tested the effect of knock-
down Mad2 on shRb-induced sensitivity to
mitotic inhibitors. Consistent with the previous
finding, knockdown of Rb expression induced
elevated cell death in both PC3 and MDA-
MD-231 cancer cells response to STLC (Figure
4D, 4E) or Taxol (Figure 4F, 4G). Interestingly,
knockdown of Mad2 significantly reduced
shRb-induced sensitivity to STLC induced cell
death in MDA-MD-231 cells (Figure 4D, com-
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junction with the finding
that Mad2 expression is up-
regulated in Rb knockdown
cells suggest that Rb modu-
lates sensitivity to mitotic
inhibitors, at least in part, through increased
Mad2 expression.

Discussion

Our analysis of the Genomics of Drug Sensitivity
in Cancer database have revealed that the Rb
mutant cancer cells are associated with
increased sensitivity toward three mitotic inhib-
itors: STLC, GW843682X, and paclitaxel. By
knocking down Rb in PC3 cells and by express-
ing WT Rb in DU145 cells, we confirmed that Rb
functional status affects the sensitivity of can-
cer cells to mitotic inhibitors. We further showed
that the effects of Rb are mediated in part by
the upregulation of mitotic regulator Mad2.
Since these three mitotic inhibitors function
through distinct mechanisms: STLC inhibits
mitotic kinesin Egb, GW843682X inhibits polo-
like kinase 1 and 3, while Taxol binds to polym-
erized tubulin and inhibits mitotic spindle for-
mation, we speculate that it is a general
relationship between Rb inactivation and the
process of mitotic progression rather than a
specific mechanism during mitosis that
increased efficacy of mitotic inhibitors. Thus Rb
functional status may serve as a general bio-
marker in drug sensitivity for mitotic inhibitors
(Figure 5).

It should be noted that although the Rb path-
way is often inactivated in cancers, multiple
mechanisms contribute to Rb inactivation in
cancers. While Rb inactivation by mutation,
deletion, or loss of expression will remove Rb
function all the time, it is possible that function-
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al Rb inactivation by mutation of p16 or overex-
pression of D type cyclins may not completely
inactivate Rb at all the times. Therefore it will
be interesting to compare how inactivation of
Rb by different mechanisms such as overex-
pression of Cyclin D, loss of p16, or expression
of viral oncogenes that inactivate Rb, affect the
sensitivity to mitotic inhibitors.

Since the Rb pathway is often inactivated in
cancers, understanding how mutation or inacti-
vation of Rb affects drug sensitivity is of great
interest because this will allow most cancers to
be stratified and matched with appropriated
treatment. Furthermore, such studies can
potentially lead to the identification of drugs
that are particularly effective to cancers that
lost Rb. Although the loss of functional Rb path-
way results in certain advantages for a cancer
cell in terms of unregulated entry into S-phase
and proliferation, other apoptotic programs and
vulnerabilities can be unmasked by the deregu-
lated Rb pathway [7, 18], which can potentially
be exploited in developing novel cancer
therapies.

In addition to the mitotic inhibitors, our statisti-
cal analysis also showed that several inhibitors
of the MAP kinase pathway show some differ-
ential effects depending on the Rb status.
VX-702 is a p38 MAPK inhibitor [28, 29],
PLX4720 is a selective BRAF inhibitor [30], and
BI-D1870 is a p90 RSK inhibitor [31]. It is pos-
sible that the Rb mutant cancer cells are more
sensitive to inhibitors of the MAPK pathway.
However, Rb cells also showed less sensitivity
to the MEK inhibitor PD-0325901 [32-34]. It is
possible that additional targets of these kinase
inhibitors affected the sensitivity or resistance
of the Rb mutant cancer cells. Further studies
on the targets of VX-702 and PD-0325901 will
be needed to elucidate the mechanisms that
mediate the observed sensitivity or resistance.
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