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Determination of synthetic lethal interactions in KRAS
oncogene-dependent cancer cells reveals novel
therapeutic targeting strategies
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Oncogenic mutations in RAS genes are very common in human cancer, resulting in cells with well-characterized
selective advantages, but also less well-understood vulnerabilities. We have carried out a large-scale loss-of-function
screen to identify genes that are required by KRAS-transformed colon cancer cells, but not by derivatives lacking
this oncogene. Top-scoring genes were then tested in a larger panel of KRAS mutant and wild-type cancer cells. Can-
cer cells expressing oncogenic KRAS were found to be highly dependent on the transcription factor GATA2 and the
DNA replication initiation regulator CDC6. Extending this analysis using a collection of drugs with known targets,
we found that cancer cells with mutant KR4S showed selective addiction to proteasome function, as well as synthetic
lethality with topoisomerase inhibition. Combination targeting of these functions caused improved killing of KRAS
mutant cells relative to wild-type cells. These observations suggest novel targets and new ways of combining existing
therapies for optimal effect in R4S mutant cancers, which are traditionally seen as being highly refractory to therapy.
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Introduction

Activating point mutations in the genes encoding
the RAS subfamily of small GTP binding proteins con-
tribute to the formation of a large proportion of human
tumors, with ~20% of human tumor samples carrying
activating mutations in the KRAS, NRAS or HRAS onco-
genes. Constitutive activation of RAS proteins provides
a major contribution towards the establishment of the
transformed phenotype, but several other oncogenic le-
sions are also required in the same cells to establish a
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fully malignant state [1]. Removal of a RAS oncogene
from human tumor cell lines or mouse model systems
results in reversal of transformation [2, 3], suggesting
that these tumors can show RAS oncogene addiction [4]
and making RAS an attractive target for tumor therapy.
However, RAS proteins themselves have so far proved
impossible to inhibit selectively using drugs, so attention
has shifted to targeting the downstream signaling path-
ways controlled by RAS, which contain several more
tractable enzymes, such as RAF, MEK and AKT protein
kinases and the lipid phosphoinositide (PI) 3-kinases [1].
Of these, the genes encoding both BRAF and the p110a
PI 3-kinase catalytic subunit (P/K3CA) have been found
to be frequently activated by somatic mutation in human
cancer [5], with overall mutation frequencies around
10% for each, adding to their potential importance as
cancer therapeutic targets. PI 3-kinase activity is further
implicated in carcinogenesis by the frequent inactivation
of the tumor suppressor gene PTEN, which encodes the
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phosphatase that reverses the incorporation of phosphate
at the 3’ position of the inositol ring [6].

While targeting pathways directly controlled by RAS
provides a rational approach to therapy of R4S mutant
tumors, it is likely that these cancers will also show se-
lective dependencies on activities that are not regulated
by RAS, but that are needed to adapt to stresses induced
by the process of transformation, a phenomenon recently
referred to as “non-oncogene addiction” [7]. It is pos-
sible that determining these dependencies could suggest
new approaches to the therapy of RAS mutant tumors, al-
though it is also likely that several existing chemothera-
peutic regimes already act in this area.

To investigate the nature of cell functions that are
needed for the survival and proliferation of cells bearing
RAS mutations, but not those lacking them, we have un-
dertaken a large-scale RNA interference screen. Initially
we sought siRNAs that would kill a KRAS mutant human
colon cancer cell line, HCT-116, but not an otherwise
isogenic derivative lacking the mutant allele, a classic
“synthetic lethal” approach [8]. The top 50 or so hits
from this screen were then evaluated for their ability to
kill a panel of KRAS mutant but not KRAS wild-type cell
lines from various cancer types. These analyses, com-
bined with analysis of the action of a collection of drugs
using the same system, identified a number of activities
that are selectively required by KRAS mutant cells, albeit
in quite different ways, including GATA2, CDC6, pro-
teasome function and topoisomerase activity. Inhibiting
combinations of these targets further improved the selec-
tivity for KRAS mutant relative to wild-type cells. These
findings have implications for possible new therapeutic
approaches to treating cancer.

Results

Development of an RNA-interference assay for selective
killing of KRAS oncogene-addicted cancer cells

To investigate possible differential effects of KRAS
gene silencing in cells carrying an oncogenic KRAS mu-
tation compared to cells with wild-type KRAS, we used
HCT-116 human colon cancer cells and the isogenic
derivative, HKE-3, in which the activated, but not the
normal, KRAS allele has been removed by homologous
recombination [2]. Figure 1A shows that siRNA-medi-
ated knockdown of KRAS expression in HCT-116 colon
cancer cells leads to a rapid and profound loss of cell
viability, most likely resulting from a robust induction
of apoptosis. This is evident by microscopic examina-
tion (data not shown) and detection of PARP cleavage,
a well-described indicator of effector caspase activa-
tion and consequent cell death. In contrast, knockdown

of KRAS expression in the isogenic cell line HKE-3,
which lacks the oncogenic KRAS allele, elicits a much
attenuated apoptotic response (Figure 1A). PLK1 siRNA
induces apoptosis to very similar levels in both cell lines,
which proliferate at a comparable rate (Supplementary
information, Figure S1A). Furthermore, KRAS deple-
tion in the mutant KRAS cells is accompanied by a rapid
and marked reduction in levels of phospho-ERK and
phospho-AKT, two key effectors of downstream RAS
signaling (Figure 1B).

The induction of apoptosis and resultant loss of cell
viability can be assessed by a duplexed fluorescence
microplate-based assay, suitable for high-throughput
screening (HTS) applications [9]. This assay employs
a fluorescent DEVD effector caspase peptide substrate
together with a redox dye as a monitor of cell number,
allowing for direct quantitation of apoptosis levels and
normalization to cell number. Figure 1C illustrates that
KRAS knockdown in HCT-116 cells results in a strong
induction of apoptosis whereas HKE-3 cells are much
less affected. The specificity of this pro-apoptotic effect
of siRNA-mediated KRAS depletion in KRAS mutant
relative to KRAS wild-type cells is further illustrated in
Supplementary information, Figure S1. For most of the
analyses and screens described here we used pools of
four siRNAs against each gene (“SMARTpools” from
Dharmacon). However, deconvolution of siRNA pools
into their constituent individual oligonucleotides is an
important step in minimizing the potential for oft-target
effects to compromise the analysis of gene knockdown
studies [10]. Supplementary information, Figure S1B
demonstrates that deconvolution of both KRAS siRNA
SMARTDpool and an alternative KRAS-“On Target Plus”
(OTP) siRNA SMARTpool (chemically modified to re-
duce the potential for off-target effects), each consisting
of four different oligonucleotides, clearly leads to the
differential induction of apoptosis in the KRAS mutant
cells. Moreover, a striking differential apoptosis in re-
sponse to KRAS depletion is also observed when HCT-
116 parental cells are compared to an alternative clone of
mutant KRAS-deleted cells, HKH-2 (Supplementary in-
formation, Figure S1C). In addition, a parallel system of
paired KRAS mutant and wild-type isogenic colon can-
cer cell lines, DLD-1 and DKO-4, can also be employed
to demonstrate the differential induction of apoptosis in
KRAS mutant cells in response to KRAS knockdown
using this assay system (Supplementary information,
Figure S1D). Lastly, the use of allele-specific siRNAs,
designed to target preferentially either the mutant or the
wild-type KRAS allele, further serves to illustrate the
dependence of the KRAS mutant cells on the activated
KRAS allele for the suppression of pro-apoptotic signal-
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Figure 1 Effects of KRAS knockdown in the isogenic cell line pair and validated top hits from the large-scale KRAS differential
apoptosis screen. (A) Strong apoptosis induction assessed by PARP cleavage in the KRAS mutant cell line HCT-116 as com-
pared to an attenuated response in HKE-3 cells. Non-targeting “Scrambled” and GAPDH siRNAs serve as negative controls
and knockdown of PLK1 exhibits strong apoptosis induction in both cell lines. (B) Knockdown of KRAS results in reduced lev-
els of phospho-ERK and phospho-AKT in the KRAS mutant cell line. (C) Reproduction of the results shown in A by duplexed
fluorescence microplate assay. Apoptosis induction in HCT-116 and HKE-3 is shown for the panel of control siRNAs shown
in A. Calculation of an apoptosis ratio between the isogenic cell lines provides a measure of the much stronger induction of
apoptosis in HCT-116 as compared to HKE-3. Data are represented as mean + SD. (D) Validated top siRNA primary screen
hits. Tabulated mean differential apoptosis-induction data from six independent validation experiments using the original siRNA
pools to compare HCT-116 with HKE-3 cells together with complementary data from four independent validation experiments
comparing HCT-116 with HKH-2 cells. Only three genes failed to validate across the alternative isogenic cell line comparison.
Data are represented as mean = SD. (E) STRING plot showing predicted protein-protein interactions among the top 52 hits.
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ing (Supplementary information, Figure S1E and SIF).
Mutant KRAS selective siRNA has little effect on HKE-
3 cells, suggesting that the low but significant amount of
apoptosis seen in HKE-3 when unselective KRAS siRNA
is used may be due to the loss of expression of the wild-
type KRAS allele.

A large-scale siRNA screen identifies candidate genes
selectively essential for the survival of cells bearing an
oncogenic KRAS allele

Despite considerable efforts over a number of years,
the specific targeting and inactivation of RAS proteins
for therapeutic purposes has proved largely unsuccessful
[1]. Thus, in an effort to identify novel targets that may
perform functions that are critical to the maintenance
and survival of tumor cells carrying an activating KRAS
mutation, but not to cells lacking this oncogene, we per-
formed a large-scale siRNA differential apoptosis screen.
HCT-116 and HKE-3 cells were screened in parallel,
each in quadruplicate, using a library of more than 7 000
siRNA pools targeting the druggable human genome,
employing the activated effector caspase activity and
cell number assays in a HTS format (Supplementary in-
formation, Figure 2A). Following data normalization, Z-
scores were calculated for each cell line (Supplementary
information, Table S1) and, for differential hit calling, a
AZ-score cut-off value of 3.3 was selected to generate a
primary hit list of 89 genes (~ 1.2% of the total number
of genes screened). KRAS itself was placed ninth in this
AZ-score ranking list, scoring very highly in HCT-116
and weakly in HKE-3 cells and thereby serving as an
important internal control (Supplementary information,
Table S1). Of the remaining 88 genes, 18 with a Z-score
in excess of 2.0 in the HKE-3 cell line alone were elimi-
nated from further analysis, following the reasoning that
high levels of apoptosis resulting from siRNA-mediated
silencing of these genes would likely constitute an unde-
sirably strong cytotoxic effect in wild-type KRAS cells
(Supplementary information, Figure S2B and S2C).
Thus, our starting list for further validation comprised 70
candidate genes.

As an initial hit-validation step we performed six in-
dependent repeat apoptosis assays in the HCT-116/HKE-
3 cell system using siRNA pools measured against a
series of positive and negative controls including KRAS
siRNA as an HCT-116-specific apoptosis inducer and
CDC2L2 siRNA, which scored lowest in the AZ-score
ranking list (Supplementary information, Table S1), as
an HKE-3-specific apoptosis inducer. As a consequence
of this analysis, by adopting a KRAS mutant/wild-type
threshold cut-off of 1.25, we eliminated 10 relatively
weak differential pools (Supplementary information, Fig-

ure S2B and S2C). Next, we performed pool deconvolu-
tion experiments with the 60 consistently strong differ-
ential pools that remained. The four individual siRNAs
comprising each pool were assessed in two independent
assays for their ability to induce differential apoptosis in
the mutant/wild-type KRAS assay. Of the 60 pools as-
sayed in this fashion, eight failed to pass the threshold of
three or more positive oligonucleotides out of four per
pool (Supplementary information, Figure S2B and S2C),
leaving a validated differential apoptosis list of 52 genes.

As an additional approach to assess the wider applica-
bility of the validated hit list in distinguishing between
isogenic KRAS mutant and wild-type cells, we compared
HCT-116 cells to the alternative mutant KRAS-deleted
isogenic clone HKH-2. As anticipated, the vast major-
ity of siRNA pools in the list also induced differential
apoptosis in this comparison. Figure 1D displays the list
of 52 validated genes, ranked according to original dif-
ferential apoptosis screen data, with mean differential
apoptosis-induction scores in response to gene silencing
for both cell line pairings. Supplementary information,
Figure S3A shows representative pool deconvolution
experiments targeting CDC6, MMP7, GATA2, PSMAL,
PSMB6 and PSMD14 in the HCT-116/HKE-3 cell line
pairing. The use of three additional individual siRNA
duplexes per gene, targeting CDC6, PSMA1, PSMB6
and PSMD14, provides further support for the view
that the KRAS mutant cells exhibit a greater degree of
dependence on these genes than their KRAS wild-type
counterparts (Supplementary information, Figure S3B).
Analysis of mRNA levels by Q-PCR established effec-
tive knockdown of the top screen hits by the appropriate
siRNA pools in both cell lines (Supplementary informa-
tion, Figure S3C). In addition, effective knockdown of
CDC6 upon pool deconvolution was confirmed by Q-
PCR (Supplementary information, Figure S3C) and by
western blotting (data not shown). Interestingly, KRAS
siRNA also clearly decreases CDC6 expression in both
cell lines (Supplementary information, Figure S3C,
S3D); this may reflect changes in the cell cycle distribu-
tion of cells when KRAS function is ablated.

A strikingly high number of proteasome components
appear among the top 52 genes. Indeed, from a total of
13 proteasome components present in the screen, eight
rank within the top 300 genes and four in the final 52
selected genes. Analyzing the list of top 52 hits for pro-
tein-protein interactions using “STRING” [11] places a
number of genes into two separate networks (Figure 1E),
clearly emphasizing the prevalence of proteasome com-
ponents.
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Figure 2 Use of a cell line panel for secondary screening of KRAS selective hits. (A) Cell line panel used in a secondary
screen with siRNAs targeting the validated 52 genes identified by the primary screen together with a panel of control siRNAs:
14 KRAS mutant and 14 KRAS wild-type cell lines from various cancer types. (B) Hierarchical cluster analysis of both viability
and apoptosis assays. Negative controls cluster closely together, as do strong pan-positive controls such as UBB/UBC and
PLK1/NDC80. KRAS clusters tightly with a small set of genes including GATA2. (C) Unpaired t-test analysis of both viability
and apoptosis datasets to identify genes whose knockdown has a statistically significant differential effect in KRAS mutant
versus KRAS wild-type cells. In addition to KRAS, significant differences are found for a total of ten genes, four of which are
common to both viability and apoptosis datasets.
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Screening a panel of KRAS mutant and wild-type cell
lines identifies genes broadly required by KRAS mutant
cells

To test the impact of silencing hit-list genes from this
screen in other cell types, we used the validated collec-
tion of 52 siRNA pools, together with a collection of
positive and negative controls, to screen a panel of 28
tumor cell lines comprising 14 that carry an activating
KRAS mutation and 14 that do not (Figure 2A). Many of
the cell lines in the panel were selected from the NCI60
tumor cell line collection and are derived from cancer
types that frequently harbor RAS mutations. We excluded
the cell lines used in the primary differential apoptosis
screen. Since the magnitude of an apoptosis response
elicited by any given pro-death insult might be expected
to vary considerably across such a wide range of cell
lines, we chose to exploit the duplexed nature of the cell
viability/apoptosis assay and evaluated these secondary
screen data as distinct cell viability and cell apoptosis
datasets, in the expectation of deriving maximum infor-
mation from the assay results. Figure 2B illustrates the
output from gene-based hierarchical clustering analysis
of both viability and apoptosis datasets across the panel
of KRAS mutant and KRAS wild-type cells. Positive
control siRNAs that tend to produce a strong impact
on both cell viability and apoptosis read-outs, such as
UBB, UBC, PLKI1 and NDC80, cluster closely in both
analyses. More importantly, both of the siRNA pools that
target KRAS also cluster tightly in both datasets together
with a small number of other genes.

The separate datasets were also analyzed for statistical
significance using the unpaired #-test to compare individ-
ual gene-silencing effects across KRAS mutant and wild-
type cell lines. Strikingly, both of the different KRAS
siRNA pools are clearly able to distinguish between the
mutant and wild-type cell lines in the panel when either
dataset is assessed (Figure 2C and Supplementary in-
formation, Figure S4A-S4D). Moreover, nine additional
genes in the viability dataset and five genes in the apop-
tosis dataset achieve statistical significance in discrimi-
nating between KRAS mutant and wild-type cells. In ad-
dition to KRAS, four targets, MMP7, CDC6, GATA2 and
LAMBS3, score as statistically significant in both datasets
(Figure 2C), with PSMD14 significant in the apoptosis
dataset and NHP2L.1, MAP4K1, P11, POLR2B and E2F1
in the viability dataset. Additional analysis approaches,
using Mann-Whitney and Kolmogorov-Smirnov statisti-
cal tests (Supplementary information, Figure S4A-S4D),
also identify MMP7, CDC6 and GATA?2 together with
KRAS as targets that are most closely associated with the
survival of mutant KRAS cells.

Further analysis of target knockdown by our top

siRNA hits in HCT-116 and HKE-3 cells reveals that,
although the intended targets are successfully down-
regulated by their cognate siRNA pools, transfection
with MMP7 siRNA also leads to a striking reduction in
the levels of expression of KRAS protein and mRNA
(Supplementary information, Figure S3D). This effect is
also apparent when several other cell lines were tested
in a similar manner (data not shown). Deconvolution of
the MMP7 siRNA pool pinpoints one individual duplex
as being responsible for this KRAS-specific off-target
effect (Supplementary information, Figure S3D). Thus,
the appearance of MMP7 in our validated hit list is due
predominantly to a profound off-target knockdown of
KRAS itself and MMP?7 is discounted from further con-
sideration.

Selective induction of apoptosis in KRAS mutant cells in
response to CDC6 silencing and to proteasome inhibition

An in-depth characterization of the role of the GATA2
transcription factor in KRAS mutant cancer is the subject
of a separate manuscript [12]. In addition, we sought to
further assess the effects of CDC6 knockdown and of
proteasome inhibition in KRAS mutant cells.

Given the established role of CDC6 in the control
of DNA replication initiation, we were interested in
determining whether acute loss of CDC6 expression is
characterized by an increase in DNA damage signaling
with concomitant effects on cell cycle distribution and
whether any such effects would be more apparent in RAS
mutant cells. Consistent with its role in DNA synthesis,
Figure 3A illustrates that CDC6 silencing in both KRAS
mutant and wild-type cells leads to a marked reduction
in the number of cells in S phase that is accompanied
by an increase in the number of cells in G1. The less
evident increase in cells accumulating in G2/M occurs
only in HCT-116 cells. To investigate these cell cycle
effects in more detail, we employed a BrdU pulse-chase
experiment to follow the fate of cells labelled in S phase,
with or without CDC6 knockdown, over a period of 6 h.
Figure 3B illustrates that S phase-labelled HKE-3 cells
fail to progress and remain stably arrested in response
to CDC6 depletion, whereas S phase-labelled HCT-116
cells continue to cycle even in the absence of CDC6 ex-
pression.

Parallel western blotting analysis (Figure 3C) reveals
that the CDC6-depleted KRAS mutant cells contain ele-
vated levels of the tumor suppressor p53 and correspond-
ingly increased levels of the product of the p53 transcrip-
tional target gene CDKNIA, the cyclin-dependent kinase
inhibitor, p21WAF”CIP'. In contrast, CDC6 knockdown in
wild-type KRAS cells over the same time period does not
elicit upregulation of p53, although p21™"“"™ levels are
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Figure 3 CDC6 knockdown leads to increased DNA damage in RAS mutant cells. (A) CDC6 knockdown for 48 h leads to
loss of S phase cells in both HCT-116 KRAS mutant and HKE-3 KRAS wild-type cells, as assessed by flow cytometry. CDC6-
depleted HCT-116 cells also exhibit an increase in the proportion of G2/M phase cells that is not evident in CDC6-depleted
HKE-3. Non-targeting “Risc-free” siRNA serves as a negative control. (B) A pulse of BrdU, used to label S phase cells after
a 48-h CDC6 depletion, followed by a 6-h chase, indicates that whereas HKE-3 cells are stably arrested, HCT-116 cells con-
tinue to move through S phase. Non-targeting “Risc-free” siRNA serves as a negative control to monitor the normal S phase
traverse of each cell line over the same time period. (C) Strong induction of DNA damage assessed by YH2AX, p53 and p21
accumulation in response to depletion of CDC6 over two and three days in HCT-116 as compared to an attenuated response
in HKE-3 cells. Non-targeting “Risc-free” siRNA serves as a negative control. (D) In contrast to GATA2 knockdown, CDC6
knockdown produces no synergistic synthetic lethal pro-apoptotic effect when combined with proteasome inhibition. 24 h after
siRNA transfection cells were treated with a wide titration range of the proteasome inhibitor bortezomib and apoptosis induc-

tion was measured 24 h later.
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considerably diminished response. Taken together, these
data suggest that, while both HCT-116 and HKE-3 cells
upregulate p21"*""“""levels in response to CDC6 deple-
tion, the RAS mutant cells exhibit a much stronger DNA
damage response, most likely as a consequence of over-
riding cell cycle checkpoint control.

The differential apoptosis/viability siRNA screen
(Figure 1) identified several components of the protea-
some among the validated top 52 genes hit list (PSMAI,
PSMA2, PSMB6, PSMD14) and functional enrichment
analysis of this list compared to the rest of the library
indicates the proteasome complex as being significantly
overrepresented. In addition, PSMD14 (also known as
POHI, a Lys63-specific deubiquitinase of the 26S protea-
some) shows significant selectivity for KRAS mutant cell
lines in the apoptosis assay with the larger panel of 28
cancer cell lines. In light of the fact that the connectiv-
ity map (Figure 1E) shows that proteasome components
functionally interact with CDC6, we sought to determine
whether CDC6 knockdown would result in additional
synthetic lethal effects when combined with protea-
some inhibition. We elected to compare the induction
of apoptosis in response to the depletion of CDC6 with
the pro-apoptotic response to depletion of GATA2, an-
other highly significant screen hit, against a background
of chemical inhibition of proteasome activity. Figure
3D demonstrates that combining CDC6 siRNA with the
small-molecule proteasome inhibitor bortezomib leads to
an apparently additive effect in both HCT-116 and HKE-
3 cells, with respect to apoptosis induction, with each
treatment alone showing selectivity towards the RAS
mutant cells. Interestingly, whereas the combination of
GATA2 siRNA and bortezomib also produces an additive
effect in HKE-3 cells, combined GATA?2 silencing and
proteasome inhibition in HCT-116 cells leads to a strik-
ing increase in apoptosis with increasing drug dosage, in-
dicating a degree of synergy for this combination in RAS
mutant cells.

To address in greater detail whether mutant KRAS
cells are selectively sensitive to proteasome inhibition,
we assessed the impact of several small-molecule chemi-
cal inhibitors of proteasome function on cell viability and
apoptosis in the HCT-116 isogenic cell line system. Fig-
ure 4A demonstrates that chemical inhibition of protea-
some function using the licensed cancer drug bortezomib
results in a selective loss of cell viability associated with
the induction of apoptosis in KRAS mutant cells. Flow
cytometric analysis provides additional evidence of the
differential cytotoxic impact of bortezomib treatment
upon KRAS mutant versus wild-type cells, as shown by
a relatively increased number of Annexin V-positive
apoptotic cells and a relatively reduced residual live cell

number. The specificity and selectivity of this differen-
tial response is supported by the additional use of two
alternative proteasome inhibitors, MG-132 and protea-
some inhibitor I (Z-Ile-Glu(OtBu)-Ala-Leu-CHO), both
of which clearly elicit stronger pro-apoptotic and loss of
viability responses in HCT-116 cells in comparison to ei-
ther HKE-3 or HKH-2 cells (Figure 4B, Supplementary
information, Figure S5A).

Selective loss of viability and induction of apoptosis
in KRAS mutant cells in response to chemotherapeutic
drugs

To provide a complementary approach to the large-
scale siRNA differential apoptosis screen, we also per-
formed a loss-of-viability screen with the same isogenic
colon cell lines using a collection of commercially avail-
able chemotherapeutic drugs, excluding proteasome in-
hibitors (Supplementary information, Table S2). Several
of these agents induced a selective loss of viability in the
KRAS mutant cells, most notably drugs that are known to
inhibit DNA topoisomerases, either directly or indirectly,
such as camptothecin, daunorubicin and doxorubicin
(Supplementary information, Figure S5B). Both apop-
tosis induction and viability loss, measured in response
to treatment with either topotecan, a topoisomerase I
inhibitor derived from camptothecin (Figure 4C), or
doxorubicin, an anthracycline intercalator that inhibits
the progression of the topoisomerase II and stabilizes its
complex with cleaved DNA (Figure 4D), are consider-
ably more marked in HCT-116 cells as compared to ei-
ther of the mutant KRAS-deleted derivative lines, HKE-
3 and HKH-2. Furthermore, similar effects are seen with
the use of other topoisomerase inhibitors such as camp-
tothecin and etoposide (a topoisomerase Il poison) and
with other drugs that inhibit DNA replication and induce
a DNA damage response, such as mitomycin (a DNA in-
tercalator and crosslinker), hydroxyurea (a ribonucleotide
reductase inhibitor) or aphidicolin (a DNA polymerase
inhibitor) (Supplementary information, Figure S5C).

To assess the broader impact of both proteasome inhi-
bition and topoisomerase inhibition on R4S mutant cells,
we sought to determine loss of viability in response to
these agents in a panel of lung cancer cells. Mutations
in KRAS are relatively frequent in lung cancer and we
reasoned that testing cell lines derived from a single tis-
sue of origin would help avoid some of the heterogeneity
of response likely to be manifest across a wider range of
cancer types. Thus, we analyzed the response of a panel
of 13 lung cancer cell lines, seven KRAS mutant and six
KRAS wild-type, across a titration range of bortezomib
and doxorubicin. We find that, although there is con-
siderable variability of response across both genotypes
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Figure 4 Differential killing of mutant RAS cells by proteasome inhibitors and by topoisomerase inhibitors. (A) Bortezomib
preferentially impairs viability of HCT-116 as compared to HKE-3 or HKH-2 cells across a wide range of drug concentra-
tion (top left panel). Parallel differential apoptosis induction can also be monitored, indicated by apoptosis ratios (bottom left
panel) and apoptosis-induction data for individual cell lines (top right panel — relative to control vehicle treatment). Data are
represented as mean + SD. FACS analysis to monitor annexin V staining following bortezomib treatment shows preferential
induction of cell death in HCT-116 cells (bottom right panel). (B) An alternative proteasome inhibitor (MG-132) also produces
a preferential viability loss in HCT-116 as compared to HKE-3 or HKH-2 cells across a wide range of drug concentrations (top
panel). Parallel differential apoptosis induction is indicated by apoptosis ratios (bottom panel). (C) Topotecan preferentially
impairs viability of HCT-116 as compared to HKE-3 or HKH-2 cells across a wide range of drug concentration (top left panel).
Parallel differential apoptosis induction can also be monitored, indicated by apoptosis ratios (bottom left panel) and apoptosis-
induction data for individual cell lines (top right panel — relative to control vehicle treatment). Data are represented as mean +
SD. FACS analysis to monitor annexin V staining following topotecan treatment shows preferential induction of cell death in
HCT-116 cells (bottom right panel). (D) An alternative topoisomerase inhibitor (doxorubicin) also produces a preferential vi-
ability loss in HCT-116 as compared to HKE-3 or HKH-2 cells across a wide range of drug concentrations (top panel). Parallel
differential apoptosis induction is indicated by apoptosis ratios (bottom panel).
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(Supplementary information, Figure S5D, lower panels),
each drug shows selectivity toward the RAS mutant cells
(Supplementary information, Figure S5D, upper panels).

Effects of proteasome inhibition and topoisomerase inhi-
bition on DNA damage, cell cycle arrest and accumula-
tion of reactive oxygen species

To investigate the increased sensitivity of RAS mu-
tant cells to proteasome inhibition, we employed a cell-
based proteasome activity assay, which determines the
chymotrypsin-like activity associated with intact protea-
somes toward a luminogenic peptide substrate. At steady
state, HCT-116 and HKE-3 cell lysates contain very
similar absolute chymotrypsin-like activity, with HKE-
3 cells generally possessing modestly higher levels on a
per-cell basis (data not shown). However, in response to
proteasome inhibition across a range of concentrations
of bortezomib (Figure 5A) or MG-132 (Supplementary
information, Figure S5E), the chymotrypsin-like activity
of HCT-116 cells is preferentially inhibited as compared
to HKE-3 cells. The differential response toward protea-
some inhibition is also manifest by the accumulation of
ubiquitinated proteins at lower doses of bortezomib when
comparing RAS mutant to wild-type cells (Figure 5B).

A number of studies have shown that proteasome and
topoisomerase inhibition can promote cell cycle arrest
and we therefore evaluated the consequences of bort-
ezomib, topotecan and doxorubicin treatments on the
cell cycle profiles of HCT-116 and HKE-3. Flow cyto-
metric analysis (Figure 5C) illustrates that in response
to all three agents, mutant RAS cells generally exhibit a
stronger G2/M arrest than their wild-type counterparts
(see also Supplementary information, Figure S5F). In ad-
dition, bortezomib and topotecan treatments provoke a
more evident depletion of G1 phase cells from HCT-116,
whereas doxorubicin tends to lead to an accumulation
of cells in G1 in HKE-3. Figure 5D demonstrates that in
response to the same topoisomerase inhibitors, levels of
p53 increase much more strongly in HCT-116 cells than
in HKE-3 cells. Moreover, both inhibitors elicit a strik-
ing dose-dependent induction of YH2AX in HCT-116 in
contrast to HKE-3. Given that oncogenic RAS expression
is frequently associated with elevated levels of reactive
oxygen species (ROS), a known potential source of en-
dogenous DNA damage, we were interested to determine
whether ROS levels might play a role in the differential
response of RAS mutant cells to proteasome and topoi-
somerase inhibitors. Figure SE demonstrates that HCT-
116 cells harbor considerably more ROS at steady state
as compared to HKE-3 cells. Upon treatment with topo-
tecan levels of ROS increase strikingly in both cell lines
(Figure 5F). Taken together, these data suggest that DNA

damage signaling produced in response to chemothera-
peutic drugs may be augmented by existing ROS in mu-
tant RAS cells above a critical threshold beyond which
the ability of existing cellular detoxifying mechanisms
may become overwhelmed.

Inducible oncogenic Ras signaling sensitizes cells to
topoisomerase inhibition but not proteasome inhibition

To further investigate the role of oncogenic RAS
signaling in the differential induction of cell death in
response to DNA damage or proteasome inhibition, we
used a 4-hydroxytamoxifen (4OHT)-inducible oncogenic
RAS fusion protein with estrogen receptor hormone
binding domain that allows rapid and titratable induction
of downstream signals emanating directly from the mu-
tant RAS protein [13]. We stably expressed this inducible
RAS fusion protein in the HKE-3 cell line, allowing the
re-activation of oncogenic RAS in an acute fashion [14].
This provides a means to assess whether the enhanced
sensitivity of cells with activated RAS to the chemo-
therapeutic drugs described above represents an acute
synthetic lethal response, such as might be expected
from direct conflict of the cell’s response to drug-induced
damage with the activated signaling pathways emerging
from RAS. Alternatively, the selective disadvantage of
the mutant RAS-expressing cells could be due to a more
chronic addiction phenotype that might reflect the result
of selective pressures acting over prolonged periods in
vivo during the evolution of the tumor and not readily
mimicked by short-term treatments in vitro. Strikingly,
acute re-activation of oncogenic RAS in HKE-3.ER-RAS
cells produces no discernible effect on the induction of
apoptosis in response to bortezomib treatment (Figure
6A, left panel), with these cells showing the same sensi-
tivity to proteasome inhibition whether or not RAS sig-
naling is activated. In stark contrast, topotecan-induced
apoptosis is strongly enhanced by acute RAS activation
(Figure 6A, right panel) to similar levels as those seen in
the HCT-116/HKE-3 or HCT-116/HKH-2 isogenic cell
line pairings (Figure 6B, left panel and compare Fig-
ure 6B with Figure 4A and 4C). The use of alternative
proteasome inhibitors and DNA topoisomerase inhibi-
tors unequivocally support these data (Figure 6B, right
panel). RAS-dependent enhancement of camptothecin-
induced apoptosis in HKE-3.ER-RAS cells can be modu-
lated across a broad range of drug concentration by titrat-
ing 40HT in order to control the intensity of oncogenic
RAS activation (Figure 6C).

In light of our observations that DNA topoisomerase
inhibitors elicit an increase in ROS and that RAS mutant
cells contain elevated levels of ROS at steady state in
comparison to wild-type cells (see Figure 5E and 5F),
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Figure 5 Analysis of the effects of proteasome and topoisomerase inhibition on RAS mutant and wild-type cells. (A) Steady-
state chymotrypsin-like proteasome activity is more strongly inhibited in HCT-116 as compared to HKE-3 cells across a titra-
tion range of bortezomib. 24 h after seeding, cells were treated with bortezomib for 90 min before exposure to luminogenic
substrate for 15 min. Data are represented as mean + SD. (B) 24-h bortezomib treatment leads to a pronounced accumula-
tion of ubiquitinated proteins at lower drug doses in HCT-116 as compared to HKE-3 cells. (C) Treatment of HCT-116 cells
with a range of doses of bortezomib or topoisomerase inhibitors for 24 h leads to a stronger G2/M arrest when compared with
HKE-3 cells, as assessed by flow cytometry. (D) 24-h treatment with a range of doses of topoisomerase inhibitors used in C
leads to a more pronounced DNA damage response in HCT-116 when compared with HKE-3 cells, as monitored by YH2AX
and p53 accumulation. (E) Steady-state ROS levels are elevated in HCT-116 cells as compared to HKE-3 counterparts, as
determined by flow cytometry. (F) Topoisomerase inhibition for 24 h, using 600 nM topotecan, further increases ROS levels in
both HCT-116 and HKE-3 cells, as determined by flow cytometry. Hydrogen peroxide treatment for 90 min serves as a posi-

tive control to assess the response of each cell line to oxidative stress.
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we were prompted to evaluate the production of ROS
in HKE-3.ER-RAS cells in response to 4OHT. Figure
6D demonstrates that ROS levels increase markedly
upon acute oncogenic RAS activation and that this ef-
fect is further exacerbated by topotecan treatment, with
ROS production reaching levels comparable to those of
topotecan-treated HCT-116 cells (see Figure 5F). Taken
together, these data suggest that the mechanisms for
selective sensitivity of RAS mutant cells to proteasome
inhibitors and DNA damaging agents are fundamentally
different. Proteasome inhibitors show no sign of acute
synthetic lethality with RAS activation: selective toxic-
ity in RAS mutant cancer cells is likely to reflect non-
oncogene addiction of the tumor cells to proteasome
function to deal with proteotoxic stress [7]. By contrast,

activation of RAS shows rapid synthetic lethal effects
with DNA damaging agents, likely due to the prevention
of an appropriate adaptive response of the cells to the
DNA damage signals, including an inability to detoxify
ROS efficiently, due to overriding proliferative signals
from the oncogenic RAS.

Drug combinations enhance selective killing of KRAS
mutant cells

The data presented above show that R4S mutant cells
are preferentially sensitive to inhibition of both the DNA
replication machinery and proteasome function relative
to cells lacking this activated oncogene, and that this sen-
sitization has a fundamentally different basis for the two
classes of drugs. We therefore assessed the possibility of
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Figure 6 Inducible oncogenic RAS signaling sensitizes cells to topoisomerase inhibition. (A) In contrast to the comparison
between HCT-116 and HKE-3 cells, 4-hydroxy-tamoxifen-inducible oncogenic RAS in an HKE-3 cell background does not
confer preferential induction of apoptosis in response to bortezomib treatment (left panel). Conversely, topotecan treatment
does still elicit a clear differential apoptosis response when RAS-induced cells are compared to uninduced cells (right panel).
Data are relative to control vehicle-treated cells and are represented as mean + SD. (B) Ratio of apoptosis induced in mutant
versus wild-type or ER-RAS-induced versus uninduced cells treated with bortezomib or topotecan (left panel). HKE-3 cells
carrying a 4-hydroxy-tamoxifen-inducible oncogenic RAS construct fail to show a preferential induction of apoptosis following
treatment with two additional proteasome inhibitors (MG-132 and PI-l) when comparing RAS-induced with uninduced cells.
Conversely, treatment with two alternative topoisomerase inhibitors (doxorubicin and camptothecin) still results in a strong
preferential induction of apoptosis when comparing RAS-induced with uninduced cells (right panel). (C) Modulation of induc-
ible ER-RAS fusion protein activity, by titration of 4-hydroxy-tamoxifen, shows a gradual decline in apoptosis induction upon
treatment with a wide range of camptothecin concentrations to baseline uninduced levels. Differential apoptosis induction is
represented by plotting the induced/uninduced ratio. Data are represented as mean + SD. (D) 24 h induction of oncogenic
RAS signaling produces an increase in ROS levels that is elevated further in response to topotecan treatment.
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Figure 7 Drug combinations enhance killing of mutant RAS cells. (A) The combination of low (sub-lethal) doses of bortezomib
and topotecan leads to a preferential loss of viability in HCT-116 as compared to HKE-3 cells. These effects can be seen
across a wide topotecan titration range in combination with several bortezomib concentrations (left panel). Selected viability
ratios are displayed (middle panel) and parallel differential apoptosis induction can also be monitored, indicated by apoptosis
ratios (right panel). Data are represented as mean + SD. (B) Different scheduling of drug treatment influences the effect of
drug combinations: Adding bortezomib together with topotecan results in an elevated apoptosis induction in HCT-116 cells in
comparison to HKE-3 cells as shown in A. The addition of bortezomib for 24 h prior to topotecan treatment does not elicit this
response whereas addition of proteasome inhibitor 24 h post induction of DNA damage leads to an even greater differential
effect. Apoptosis induction in the individual cell lines is displayed (left panel) and differential apoptosis induction is indicated
by apoptosis ratios (right panel). Data are represented as mean + SD. (C) Enhanced differential apoptosis induction effects
can also be produced in response to scheduling the combination of gemcitabine and bortezomib. Selected apoptosis ratios
are displayed. Data are represented as mean + SD. (D) The application of low doses of bortezomib 24 h post induction of
DNA damage can enhance the preferential loss of viability in KRAS mutant lung cancer cells as compared to KRAS wild-type
cells. These effects can be seen across a wide doxorubicin titration range in combination with several bortezomib concentra-
tions (curves representing the ratios of average values for each KRAS genotype, left panel; single data points representing
individual cell lines, middle and right panels).

increasing these differential sensitivity effects by com-  the differential effects on cell viability as a consequence
bining drugs from each class of inhibitor in the hope that ~ of combining the proteasome inhibitor bortezomib across
improved selectivity might be achieved whilst using low-  a wide range of topotecan concentrations. When em-
er drug concentrations. Figure 7A (left panel) illustrates  ployed at the low doses used here, the single agents have
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a minimal impact on apoptosis induction and cell viabil-
ity (Supplementary information, Figure S6B and see also
Figure 4). However, the combination of topoisomerase
and proteasome inhibition leads to a marked increase in
selective apoptosis induction and viability loss in KRAS
mutant as compared to wild-type cells (Figure 7A, bar-
charts). These effects can be replicated when using an al-
ternative proteasome inhibitor, MG-132 (Supplementary
information, Figure S6A).

As an additional factor in the use of drug combina-
tions we sought to assess whether alternative scheduling
of drug treatments could have an impact on differential
sensitivity of KRAS mutant and wild-type cells to the
induction of apoptosis by topoisomerase I and protea-
some inhibitors. Figure 7B demonstrates that whereas
low-dose simultaneous treatment with bortezomib to-
gether with topotecan can enhance differential killing in
a RAS-dependent fashion (as shown also in Figure 7A),
pre-treatment of these cells with a proteasome inhibitor
for 24 h prior to topotecan addition abrogates any dif-
ferential apoptosis induction. However, reversal of this
regime, by pre-treatment with topotecan for 24 h prior to
proteasome inhibition results in a marked enhancement
of selective killing with a substantial increase in apop-
tosis induction observed in RAS mutant cells (Figure 7B
left panel showing apoptosis in individual cell lines, right
panel showing apoptosis ratios). These effects can be rep-
licated when using the alternative proteasome inhibitor,
MG-132 (Supplementary information, Figure S6C, left
panel). Moreover, this staging effect is not restricted to
the specific combination of proteasome inhibitor together
with an anti-topoisomerase drug as Figure 7C addition-
ally demonstrates that inhibiting proteasome function
following a prior treatment with a low dose of the anti-
metabolite gemcitabine also leads to a marked increase
in the induction of differential apoptosis. Gemcitabine
is licensed for use in a number of tumor types, includ-
ing lung and pancreas cancers where KRAS mutations
are common. Further, these effects can also be replicated
when using the alternative proteasome inhibitor, MG-132
(Supplementary information, Figure S6C, right panel).

To assess how the drug scheduling effects might be
explained, we examined HCT-116 and HKE-3 cells for
possible differences in cell cycle, DNA damage or ROS
levels in response to staged treatments with the same low
doses of topotecan and bortezomib. However, we ob-
served no clear positive alteration to any individual pa-
rameter (Supplementary information, Figure S6D). Thus,
although pre-treatment of R4S mutant cells with a DNA
damaging agent prior to inhibition of proteasome func-
tion exacerbates the differential induction of apoptosis
as compared to wild-type cells, this regime provides no

obvious augmentation of ROS production beyond levels
elicited by simultaneous treatment or by topoisomerase
inhibition alone. Likewise, we see no clear enhanced
differential effect on cell cycle arrest or DNA damage
signaling, as monitored by p53 activation and YH2AX in-
duction. One possible explanation for these observations
is that the effects produced by low-dose topoisomerase
treatment for 24 h on cell cycle, ROS and DNA damage
(Supplementary information, Figure S6E) collectively
prime the cell, rendering it more susceptible to subse-
quent proteasome inhibition, leading to increased cell
death.

In an effort to assess the wider impact of staged topoi-
somerase inhibition with proteasome inhibition on mu-
tant RAS cells, we evaluated loss of viability in response
to single and staged combination treatment with doxoru-
bicin and bortezomib in the panel of KRAS mutant and
wild-type lung cancer cell lines described above. Figure
7D illustrates that despite the variability in responses
across the panel (also see Supplementary information,
Figure S5D), the evident trend toward selective loss of
viability of mutant KRAS cells across a range of doxo-
rubicin concentration is improved by secondary protea-
some inhibition.

Discussion

Probing the vulnerabilities of RAS-mutant cancer cells
with large-scale screens

The coming together of our complete knowledge of
the sequence of the human genome and the development
of RNA interference technology has enabled the rapid
probing of the biological roles of genes on a large scale
in cell-based assays. A number of screens have been re-
ported, which aimed to identify genes whose inhibition
is selectively deleterious to cells with activated mutant
RAS. Scholl et al. used a library of RNAI vectors target-
ing about a thousand human genes, including all those
known to encode kinases, to determine which of these is
specifically required for the survival of tumor cells ex-
pressing an activated KRAS oncogene [15]. Using a panel
of cancer cell lines, the authors observed that inhibiting
the expression of the protein kinase STK33 proved to be
most selective of these thousand genes for killing KRAS
mutant cells, leading to the suggestion that STK33 might
be an attractive novel drug for treating cancers with mu-
tant KRAS. STK33 did not feature as a hit in our screen
although it should be noted that our primary screen mea-
sured apoptosis, whereas that of Scholl et al. measured
cell survival. Others have reported failure to see synthet-
ic lethality of STK33 loss with KRAS activation [16].

A second screen for selective killing of KRAS mutant
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cancer cell lines was reported by Luo et al., in this case
using an RNAI library that targeted the entire human ge-
nome [17]. This screen, carried out in colon cancer cells
and followed up in a panel of lung cancer cell lines, re-
vealed a more complex set of dependencies, with KRAS
mutant cells being particularly reliant on genes in path-
ways related to mitotic functions, such as the Polo-like
kinase PLK1, components of the anaphase-promoting
complex (APC) and the proteasome. As most of these
are essential cellular functions that are not directly con-
trolled by RAS, it is likely that many of these hits reflect
non-oncogene addiction [7]. By way of comparison
with the screen that we report here, we did not see selec-
tive effects of APC/C components and found that loss
of PLK1 was toxic to both KRAS mutant and wild-type
cells, perhaps due to very efficient knockdown by this
siRNA pool. However, in common with the work of Luo
et al., we did also clearly see the selective requirement of
KRAS mutant cells for proteasome function; indeed, four
of the top 52 hits from the HCT-116 cell screen were
proteasome components. This provides reassurance that
screens probing the same question but carried out by dif-
ferent methodologies in different systems can lead to at
least partially overlapping results.

The Luo et al. screen used isogenic cell pairs — a
cancer cell line with an activating KRAS mutation and a
derivative from which the mutant KRAS allele has been
removed — whereas the Scholl et al. screen used a large
panel of naturally occurring cancer cell lines, with or
without KRAS mutation. Our approach involved aspects
of both, starting with the isogenic cell pair for a near
genome-scale screen, then following up candidate hits
across a large 28 cancer cell line panel. A concern with
the isogenic system is that, since the HCT-116 cells are
KRAS addicted, the deletion of mutant KRAS during the
generation of the isogenic derivatives may have resulted
in clonal selection of cells that were not representative
of the parental cell line. It is certainly possible that the
isogenic cell pair is not suitable for finding all genotype
selective targets. However, the most prevalent model of
oncogene addiction [18] suggests that on withdrawal of
oncogene signaling from addicted cancer cells, the more
rapid decay of survival signals relative to damage signals
leads to a period of “oncogenic shock” in which the cells
are particularly vulnerable, but stochastically some will
survive this and will then return to a stable equilibrium
after a few days. It is thus possible that the surviving
clones may not be fundamentally different from the cells
that died, although clearly there may be some tendency
to favor rare cells with stronger pro-survival pathways.

Previously, a smaller scale siRNA screen was reported
using the isogenic colon cancer cell line DLD-1 and a
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mutant KRAS-deleted derivative [19]. The only statisti-
cally significant hits found in this report were survivin
(BIRCS), CDC2 and C200RF18, none of which were
hits in the HCT-116 system that we used. PLK1 was
reported to be toxic to both DLD-1 cells and mutant
KRAS-deleted derivatives. Another kinome-focused RNA
interference screen for KRAS synthetic lethality yielded
the TANK-binding kinase 1, TBK1 [20]. In KRAS mutant
cells, the RAS effector RalB activated TBK1 [21], which
maintained survival through activation of the NF-xB
pathway. The NF-kB signaling cascade has been found to
be required for KRAS-induced lung cancer formation in
a mouse model [22, 23]. We also previously carried out a
smaller scale screen investigating the differential require-
ment of KRAS mutant cells for ~ 2 500 genes in the HCT-
116 isogenic system using a pooled inducible shRNA
library [14]. There was relatively little overlap between
the results of this screen and the one reported here, no
doubt in part due to the differing knockdown efficiencies
of the synthetic siRNAs and the retroviral shRNAs, dif-
ferent time frames of the assays and different choice of
RNA interference sequences.

GATA2 and CDC6 as novel targets in RAS mutant cells

The screen presented here yielded two novel hits that
were extensively validated to be selectively lethal when
targeted in KRAS mutant tumor cells relative to cells
lacking this mutation. GATA2 is a transcription factor
that has been traditionally considered a master regulator
of the hematopoietic, and also adipocyte, cell lineages [24,
25]. It is, however, much more broadly expressed than
just these lineages. Knocking down GATA2 was particu-
larly associated with the induction of apoptosis in KRAS
mutant cells, while effects on wild-type cells were gener-
ally minor, making this an interesting possible target for
selective killing of KRAS mutant tumors. Further inves-
tigation in our laboratory of the role of GATA2 in KRAS
mutant tumors in vivo has shown that deletion of GATA2
gene causes regression of mutant KRAS-induced lung tu-
mors in a mouse model [12]. While transcription factors
are generally considered undruggable, through analysis
of the transcriptional networks controlled by GATA2 we
have identified druggable pathways that appear to be in-
volved in the GATA2 dependency of KRAS mutant cells
and have shown that these provide an effective combina-
tion therapy against KR4AS-induced lung tumors in our
mouse model [12]. This work showed that one of the
transcriptional pathways controlled by GATA2 in lung
cancer cells is the production of the proteasome, tying
in with the identification of proteasome dependency of
KRAS mutant cell lines in our screen.

CDC6 is a critical regulator of DNA replication.
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The CDC6 protein is an essential component of the
multicomponent pre-replicative complexes (pre-RCs),
which are assembled at origins of DNA replication dur-
ing G1 [26]. In addition, CDC6 may also be important
after DNA replication, during mitosis [27]. Deficiency
in CDC6 leads to failure of replication origin firing and
incomplete DNA replication due to reduced licensing of
replication origins. The resulting cell cycle checkpoint
triggered by low CDC6 levels may be overridden by
signals from oncogenic RAS, leading to accumulation of
DNA damage and ultimately loss of cell survival. CDC6
silencing by siRNAs affects ATR-dependent inhibition
of mitotic entry elicited by modest replication stress [28]
and suppression of ATR function in oncogenic RAS-ex-
pressing cells synergistically increases genomic instabil-
ity and DNA damage-induced cell death [29], suggesting
a common axis in CDC6 and ATR dependency of KRAS
mutant cancer cells.

As might be expected from a critical cell cycle regula-
tor, targeting CDC6 in cells lacking KRAS mutation also
had significant growth inhibitory effects, although not
as great as for the KRAS mutant cells. This suggests that
any possible beneficial effects of targeting CDC6 in can-
cer might show a rather narrow therapeutic window.

Exploiting synthetic lethality versus oncogene and non-
oncogene addiction in combinatorial therapy of cancer

The results of the screens reported here clearly showed
a requirement for a number of activities that are inhibited
by existing licensed anti-cancer drugs. The proteasome
scored well for mutant RAS selectivity both in the HCT-
116 system and in the broader panel of cancer cell lines.
Since there is no evidence that the proteasome itself can
have oncogenic function or is regulated by oncogenic
RAS, this is presumably an example of non-oncogene ad-
diction [7]: RAS mutant cells are selectively dependent
on proteasome function to deal with proteotoxic stress
resulting from RAS-driven transformed growth, possibly
quite indirectly. The proteasome inhibitor bortezomib has
been approved for use in multiple myeloma, a malignan-
cy of antibody-producing plasma cells with a high rate of
KRAS and NRAS mutation [30].

A striking aspect of the dependency of cells with ac-
tivated RAS expression on proteasome function is that
it requires sustained RAS activation. Short-term activa-
tion of RAS over a period of up to several days using
an inducible system in mutant KRAS-deleted HKE-3
cells failed to reproduce this sensitization to proteasome
inhibitors. By contrast, sensitivity to several other inhibi-
tory drugs identified in our small chemical library screen
was rapidly established in HKE-3 cells following RAS
activation, with differential sensitivity seen within a few

hours. These drugs include most prominently a number
of DNA damaging agents, most of which are direct or
indirect inhibitors of topoisomerases. Some of these have
been reported previously to be selectively toxic for RAS-
transformed cells [31].

The fact that short-term activation of RAS sensitizes
cells to these chemotherapeutic drugs, such as camp-
tothecin, topotecan, doxorubicin and daunorubicin,
suggests that this represents an acute synthetic lethal
effect, likely due to direct conflict of the cells’ response
to drug-induced DNA damage with the activated signal-
ing pathways driven by RAS. Following treatment with
DNA damaging agents, KRAS mutant cells show more
DNA damage than KRAS wild-type cells, also more p53
induction, ROS and a greater G2/M arrest, indicating that
KRAS mutant cells have less ability to deal with DNA
damage stress, perhaps reflecting increased underlying
replicative and oxidative stress driven directly by the ac-
tivated RAS protein.

In the case of the selective sensitivity of RAS mutant
cells to bortezomib inhibition of the proteasome, as the
effect cannot be reproduced by short-term activation
of RAS, this may reflect addiction acquired as a conse-
quence of prolonged selective pressures operating in vivo
during the evolution of the tumor, which might be hard
to mimic by short-term treatments in vitro. The KRAS
mutant cells appear to have less ability to deal with pro-
teotoxic stress, possibly due to long-term increased basal
levels of such stress and therefore reduced capacity of
the proteasome to handle the effects of pharmacological
proteasome inhibition.

These observations point to a significant distinction
between addiction of RAS mutant cancer cells, either to
the continued activity of oncogenic signaling pathways
or to the (non-oncogenic) stress response pathways that
enable the cells to tolerate them, and acute synthetic
lethal interactions between RAS signaling and certain
forms of cellular damage or loss of gene function. One
possible conclusion that can be drawn from this is that
the dependencies of cancer cells on damaging agents
or loss of gene function may be better studied in cells
derived from tumors rather than from cells in which the
transformed phenotype has been recreated in vitro by the
expression of defined combinations of oncogenes [32].
Tumor cells may display additional vulnerabilities, and
possibly strengths, that reflect the natural history of their
evolution in the host that are not seen in cells that have
been transformed in tissue culture, where they have not
been subject to such rigorous selective pressure.

One practical implication of the fundamentally dif-
ferent mechanistic basis for the response of R4S mutant
cancer cells to DNA damaging agents and proteasome
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inhibitors is to suggest the possibility that combinations
of these drugs may show improved selectivity for cancer
cells relative to normal cells. This indeed appears to be
the case, with low, sub-lethal doses of each class of drug
combining to give selective killing of RAS mutant cells,
especially when the proteasome inhibitor treatment is
given a day after the DNA damaging agent. The mecha-
nism underlying the dependence of the KRAS genotype
selectivity on timing of administration of these two drug
classes is the subject of ongoing investigations.

One synergistic drug combination observed in this
study, bortezomib plus gemcitabine, has been the subject
of a phase II trial in non-small cell lung cancer, where
it was found to provide significant benefits in terms of
overall survival [33]; the KRAS mutational status of the
patients responding was not determined, but might be of
interest in the light of our findings. It is possible that oth-
er combinations of drugs targeting the proteasome and
causing DNA damage, such as bortezomib with topote-
can, might show particular clinical benefit against tumors
bearing RAS mutations, especially when proteasome in-
hibition occurs subsequent to topoisomerase inhibition.

Materials and Methods

Cell lines and culture

HCT-116, HKE-3, HKH-2, DLD-1, DKO-4 and DKS-8 were
obtained from Prof S Shirasawa (Fukuoka University). SW837,
LoVo, T84, SW620, HCC2998, KM12, HT-29, SW48, NCI-H23,
NCI-H727, NCI-H358, NCI-H460, EKVX, NCI-H322M, NCI-
H520, NCI-H522, NCI-H2170, CFPAC-1, HPAF-II, BXPC3,
OVCAR-5, OVCAR-4, SKOV-3, AGS, MKN-45, Calu-1, A549,
A427 and SK-MES-1 were obtained from the CRUK Central Cell
Services facility and all cell lines were maintained in RPMI/10%
FCS or DMEM/10% FCS as appropriate. HKE3.ER-RAS cells
were constructed by transducing HKE-3 cells with a bleocin-re-
sistant retrovirus carrying the murine ecotropic receptor. Selected
cells were subsequently infected with puromycin-resistant ER-Ras
retrovirus [13].

SiRNA reagents and assays

The Protein Kinase (G003500), GPCR (G003600) and Drug-
gable (G004650) siGENOME siRNA SMARTpool collections
and all individual siRNAs were obtained from Dharmacon, except
KRAS-MUT, KRAS-WT siRNAs and additional siRNAs for All-
stars (negative control), CDC6, PSMD14, PSMA1 and PSMB6,
which were from Qiagen. Further information relating to individu-
al siRNAs is contained in the accompanying Supplementary infor-
mation, Data S1. siRNA transfection experiments were performed
in 96-well format in antibiotic-free medium, using a reverse trans-
fection employing 25 nM siRNA and 0.15 pl Dharmafect] (Dhar-
macon) per well together with a starting cell density optimized to
produce an 80% confluent monolayer in mock-treated cells at the
conclusion of the experiment. Cell lines were assayed at 72 h or 96
h post transfection. Cell viability was determined using Cell Titer
Blue (Promega) by incubation with the cells for 1.5 h. Apoptosis
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induction was recorded using a caspase 3/7 consensus site peptide
(Z-DEVD) conjugated to rhodamine 110 (Invitrogen). Cells were
incubated for 5 h with the substrate and lysis buffer mix. Fluores-
cence was read on an EnVision 2102 Plate-reader (Perkin-Elmer).

Antibodies

Antibodies directed against cleaved PARP, Phospho-ERK
(Thr202/Tyr204), Phospho-AKT (Ser473), Pan-ERK, Pan-AKT,
Phospho-Histone H2AX (Ser139) and CDC6 were obtained from
Cell Signaling Technology. Antibodies against KRAS and Tubu-
lin (loading control) were obtained from Santa Cruz Technology.
Antibodies against p21, p53 and ubiquitin were obtained from Ab-
cam.

Flow cytometry

FACS analysis was used as an additional means to quantitate
apoptotic, dead and live cell fractions, as well as to monitor cell
cycle. Cells were seeded 24 h prior to drug treatment. After a 48-h
incubation period, cells were harvested and stained with Annexin
V-FITC to detect apoptotic cells. Additionally, treatment with ribo-
nuclease A and propidium iodide was used to identify dead cells.
For cell cycle analysis 5-bromo-2-deoxyuridine (BrdU) staining
was used to label S phase cells. Cells were seeded 24 h prior to
drug treatment. After a 24 or 48 h treatment, cells were incubated
with 10 uM BrdU for 1 h, harvested, fixed with cold 70% etha-
nol and stained using propidium iodide in order to measure DNA
content. To assess the duration of the phases of the cell cycle, cells
were incubated with 10 pM BrdU for 30 min, washed and incu-
bated in fresh medium, followed by harvesting and fixation at vari-
ous time points as appropriate. ROS levels were detected using the
redox-sensitive dye CM-H2DCFDA (Invitrogen). 24 h after drug
treatment, cells were incubated with CM-H2DCFDA for 30 min.
Cells were harvested and ROS levels were measured on an LSRII
flow cytometer. As a positive control, cells were incubated with
1 mM hydrogen peroxide for 60 min prior to CM-H2DCFDA ad-
dition. Results were analyzed using FlowJo 9.4.7 software.

Proteasome activity

Proteasome activity was measured using Proteasome-Glo™
Chymotrypsin-Like Cell-Based Assay (Promega). Cells were
seeded 24 h prior to drug treatment. Proteasome activity was mea-
sured after 2 h incubation with proteasome inhibitors following the
manufacturer’s protocol.

Reagents

MG-132, proteasome inhibitor I, camptothecin, doxorubicin,
etoposide, mitomycin and aphidicolin were from Calbiochem.
Bortezomib was from LC Laboratories, topotecan was from Topo-
Gen, hydroxyurea was from Sigma and gemcitabine was from Dis-
covery Fine Chemicals. Unless otherwise stated, cells were treated
with these drugs for 48 h. Biolog Phenotype Microarrays panel 11-
14 (Anti-Cancer Agents) were screened by seeding 7 000 HCT-116
and HKE-3 cells per well for 72 h onto the plates. Biolog Redox
Dye Mix MA was used as a cell viability readout.

Data analysis

Quadruplicate data points from the primary HCT-116 and HKE-
3 apoptosis screens underwent plate and position normalization
and Z-score calculation using cellHTS software [34]. Differential
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Z-scores between the two screens were subsequently used to create
a gene hit list.

Data from the multi cell line screen were clustered using Gene
Cluster 3.0. A centric correlation similarity metric was applied fol-
lowed by average linkage. Results are displayed using Treeview
software [35].

Prism Graphpad software was used for two-tailed unpaired
t-test analysis to identify genes showing a significant difference
upon knockdown in KRAS mutant versus wild-type cells. Statisti-
cal differences in siRNA-mediated cell viability and apoptosis
induction between KRAS mutant versus wild-type cells were
determined with two additional non-parametric tests, the Mann-
Whitney U test and the more stringent Kolmogorov-Smirnov test.
A two-tailed P-value < 0.05 was considered significant.
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