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Introduction

Genomic instability and phenotypic heterogeneity are among 
the strongest drivers of cancer progression, malignancy, and 
recurrence.1,2 A high mutation rate appears to be a unifying 
hallmark of cancer, and one that enhances the rate at which 
malignant characteristics are generated in human cells to 
produce progressively more aggressive tumors.3,4 Next-gen-
eration sequencing technology has highlighted the extreme 
degree of genomic variability and mutation present in human 
malignancies.2,5,6 This underscores one of the reasons that 
cancer is a difficult disease to treat effectively—genomic 
plasticity and phenotypic heterogeneity allow for rapid adap-
tation and differential response to environmental selection 
pressures.3

However, continuing high mutation frequency and lack of 
genomic fidelity also leads to increased rates of cell death.7 
Consequently, cancer cells may be closer to a maximum tol-
erated threshold of mutation than normal cells and are highly 
dependent for continued survival on cellular molecules that 
maintain at least some integrity of genetic information. This 
phenomenon has led to the concept of tumor cell “addiction” 
to some mediators of DNA repair.8 Therefore, targeting fac-
tors critical to DNA maintenance may be a useful strategy 
to promote the increase of deleterious mutations from which 
cancer cells cannot recover.

BRCA2, a protein intimately involved in homologous recom-
bination repair of double-stranded DNA breaks (DSBs),9,10 is 
one such critical factor. Mutations in the BRCA2 gene induce 
a highly penetrant, autosomal dominant predisposition to 
cancers of the breast, ovary, and other organ systems.11–13 
However, tumors with BRCA2 mutations respond better to 
chemotherapy than BRCA2-intact tumors in patients with 
sporadic cancer.14–16 This suggests that although responsible 
for increased cancer risk, reduced BRCA2 function may ren-
der cancer cells more vulnerable to chemotherapy regimens 
that damage DNA.

One way to exploit the inverse relationship between 
BRCA2 status and effectiveness of anticancer chemo-
therapy is to identify patients with BRCA2 mutations and 
tailor treatment accordingly.17,18 The prototypical example 
of such an approach is the development and use of PARP 
inhibitors, which are particularly effective in cells with pre-
existing BRCA2 mutations—a phenomenon termed syn-
thetic lethality.19,20 However, the incidence of mutated BRCA2 
tumors among sporadic cancer patients is <3%, and the low 
incidence reduces the number of opportunities to therapeuti-
cally exploit the phenomenon.21 A potentially more valuable 
strategy is to actively disrupt BRCA2 function in tumors with 
intact BRCA2 to render them more sensitive to specific types 
of chemotherapy, similar to tumors with inactivating BRCA2 
mutations.
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A high mutation rate leading to tumor cell heterogeneity is a driver of malignancy in human cancers. Paradoxically, however, 
genomic instability can also render tumors vulnerable to therapeutic attack. Thus, targeting DNA repair may induce an intolerable 
level of DNA damage in tumor cells. BRCA2 mediates homologous recombination repair, and BRCA2 polymorphisms increase 
cancer risk. However, tumors with BRCA2 mutations respond better to chemotherapy and are associated with improved patient 
prognosis. Thymidylate synthase (TS) is also involved in DNA maintenance and generates cellular thymidylate. We determined 
that antisense downregulation of BRCA2 synergistically potentiated drugs with mechanisms of action related to BRCA2 function 
(cisplatin, melphalan), a phenomenon we named “complementary lethality.” TS knockdown induced complementary lethality to 
TS-targeting drugs (5-FUdR and pemetrexed) but not DNA cross-linking agents. Combined targeting of BRCA2 and TS induced 
complementary lethality to both DNA-damaging and TS-targeting agents, thus creating multidrug sensitive tumors. In addition, 
we demonstrated for the first time that simultaneous downregulation of both targets induced combined complementary lethality 
to multiple mechanistically different drugs in the same cell population. In this study, we propose and define the concept of 
“complementary lethality” and show that actively targeting BRCA2 and TS is of potential therapeutic benefit in multidrug 
treatment of human tumors. This work has contributed to the development of a BRCA2-targeting antisense oligdeoxynucleotide 
(ASO) “BR-1” which we will test in vivo in combination with our TS-targeting ASO “SARI 83” and attempt early clinical trials in 
the future.
Molecular Therapy–Nucleic Acids (2013) 2, e78; doi:10.1038/mtna.2013.7 published online 12 March 2013
Subject Category: Antisense Oligonucleotides • Therapeutic Proof-of-concept

http://www.nature.com/doifinder/10.1038/mtna.2013.7
http://www.nature.com/doifinder/10.1038/mtna.2013.7
mailto:jkoropat@uwo.ca
http://www.nature.com/doifinder/10.1038/mtna.2013.7


Molecular Therapy–Nucleic Acids

Induction of Complementary Lethality 
Rytelewski et al.

2

This led us to formulate and test the concept of “com-
plementary lethality,” defined generally as the synergistic 
enhancement of drug efficacy by downregulation of factors 
important for cellular resistance to the action of that specific 
drug. In other words, we propose to potentiate the effective-
ness of chemotherapeutic drugs by targeting DNA repair 
mediators, such as BRCA2, which are functionally involved 
in the amelioration of specific types of drug-induced effects 

(e.g., DSBs produced by platinum or alkylating agents). This 
differs from synthetic lethality in that it depends neither on 
specific pre-existing genetic lesions in tumor cells, nor on 
the disruption of pathways capable of partially or completely 
replacing the function of a therapeutically targeted pathway. 
Rather, it depends on rational targeting of factors which, 
 following abrogation of their function, synergistically potenti-
ate the action of specific chemotherapeutics.

Figure 1 Combined BRCA2 siRNA and TS siRNA inhibits A549 and HeLa cell proliferation and differentially affects cell cycle 
progression. (a) Drug X is potentiated by the downregulation of Factor A, and Drug Y is potentiated by the inhibition of Factor B. This phe-
nomenon, which we define as complementary lethality, occurs because Factor A and B are involved in resistance to separate classes of 
drugs (X and Y). Combined complementary lethality to both drugs can therefore be achieved by the simultaneous inhibition of both Factor 
A and B. (b) A549 and HeLa cells were transfected with control siRNA, TS siRNA and/or BRCA2 siRNA. mRNA was isolated 24 hours later. 
TS mRNA (black bars) and BRCA2 mRNA (white bars) levels were measured relative to 18S endogenous control. *Different from treatment 
with control siRNA (Student’s t-test, P < 0.05). Representative data from one of two independent experiments is shown (mean ± SD). (c) 
Effect of siRNA treatment on A549 cell proliferation, 96 hours after transfection. *Different from treatment with control siRNA (Student’s 
t-test, P < 0.05). Representative data from one of three independent experiments is shown (mean ± SD). (d) Effect of siRNA treatment on 
HeLa cell proliferation, 96 hours after transfection. *Different from treatment with control siRNA (Student’s t-test, P < 0.05). Representative 
data from one of three independent experiments is shown (mean ± SD). (e) A549 cells were transfected with control siRNA (black bars), 
TS siRNA (white bars), BRCA2 siRNA (white bars with pattern), or TS siRNA and BRCA2 siRNA (grey bars) and the number of cells in 
different cell cycle stages measured 48 hours after transfection. *Different from treatment with control siRNA (Student’s t-test, P < 0.05). 
Representative data from one of two independent experiments is shown (mean ± SD).
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Another mediator of genomic integrity and DNA replica-
tion in the cell is thymidylate synthase (TS). This enzyme 
is the only de novo source of cellular thymidylate and is a 
well-established target of many approved anticancer drugs 
including fluoropyrimidines (e.g., 5-FU) and folate analogs 
(e.g., pemetrexed).22 We previously reported that TS anti-
sense oligonucleotides (ASOs) sensitize human cancer cells 
to TS-targeting drugs,23,24 a phenomenon we now define as 
complementary lethality.

We hypothesized that BRCA2 could be downregulated in 
combination with TS downregulation to induce complemen-
tary lethality to a wider and different spectrum of drugs, thus 
creating multidrug sensitive tumors (Figure 1a). The asso-
ciation of both BRCA2 and TS with different aspects of DNA 
integrity suggests that combined downregulation of both tar-
gets could lead to enhanced cell death and potentiation of 
both TS-targeting and other drugs that induce or enhance 
accumulation of DNA damage.

In this report, we demonstrate that actively targeting 
DNA repair pathways is useful therapeutically and induces 

sensitization to specific chemotherapeutics, a phenomenon 
we labeled complementary lethality. In particular, we show 
that BRCA2 is valuable as a therapeutic target in addition 
to TS, and that combined downregulation of BRCA2 and TS 
can sensitize cells to a panel of chemotherapeutic drugs with 
different mechanisms of action. We used siRNAs targeting 
TS and BRCA2 to promote sensitization to separate classes 
of chemotherapeutics in the same human tumor population, 
and induced a state of combined complementary lethality 
which resulted in potential therapeutic benefit.

Results
siRNA-mediated knockdown of BRCA2 and TS reduces 
cancer cell growth and affects cell cycle progression
Target mRNA downregulation was confirmed by RT-qPCR 24 
hours after transfection. There were no synergistic or inhibi-
tory effects on mRNA levels when both targets were down-
regulated at the same time (Figure 1b). Given the potential 
for baseline DNA damage normally accrued by mamma-
lian cells and repaired by complexes in which BRCA2 is 

Figure 2 BRCA2 siRNA induces complementary lethality to treatment with cisplatin, melphalan and 5-FUdR, but not pemetrexed. 
A549 cells were transfected with control siRNA (black bars) or BRCA2 siRNA (white bars) and treated with (a) cisplatin (IC25), (b) mel-
phalan (IC25), (c) 5-FUdR (IC25), or (d) pemetrexed (IC25). HeLa cells were treated under the same conditions and with (e–h) the same 
drugs. Effects on cell growth were assessed 96 hours after transfection, as a percentage of cells treated with control nontargeting siRNA 
alone. *Different from treatment with control siRNA alone (Student’s t-test, P < 0.05). **Different from treatment with drug and control siRNA 
(Student’s t-test, P < 0.05). Representative data from one of three independent experiments is shown (mean ± SD).
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important, it was hypothesized that BRCA2 siRNA would 
have an effect on cell growth even in the absence of an 
exogenous damaging agent. Ninety-six hours after trans-
fection, A549 cells treated with BRCA2 siRNA (10 nmol/l) 
exhibited a significant decrease in cell number (20 ± 9%, 
P = 0.036) compared with cells treated with control siRNA 
(10 nmol/l) (Figure 1c). Cells transfected with TS siRNA 
(2.5 nmol/l) did not appear to be negatively affected by this 
treatment compared with cells transfected with control, 
nontargeting siRNA. Combination treatment with BRCA2 
siRNA (10 nmol/l) and TS siRNA (2.5 nmol/l) decreased 
A549 cell number to a similar level as BRCA2 siRNA alone 
(29.6 ± 7.0%, P = 0.04 versus control siRNA; no difference 
versus BRCA2 siRNA)(Figure 1c), suggesting that these 
are separate and nonoverlapping pathways. In HeLa cells 
tested under the same conditions, both BRCA2 and TS 
siRNA, as well as their combination, induced decreases in 
cell number (Figure 1d).

To assess the possibility that the difference in cell num-
ber following siRNA treatment was due to cell cycle changes, 
A549 cells were transfected with BRCA2 and TS siRNA and 
then stained with propidium iodide for cell cycle analysis. 
Forty-eight hours after transfection, BRCA2 siRNA induced a 
small increase in the number of cells in G

0/G1 phase (8.15 ± 
2.14%, P = 0.007), and a concomitant decrease in the num-
ber of cells in S phase (14.8 ± 3%, P = 0.009) compared with 
treatment with nontargeting siRNA (Figure 1e).

TS siRNA treatment exhibited the opposite effect, with an 
increase in S phase (26.7 ± 1.1%, P = 0.0002) and a decrease 
in G0/G1 (32 ± 2.21%, P = 0.00004). Combined downregu-
lation of both TS and BRCA2 led to a cell cycle profile that 
reflected the opposite contributions of the individual siRNA 
treatments in terms of G0/G1 and S phase frequency which, as 
a result, yielded cell cycle frequencies that were intermediate 
when compared with control siRNA treatment (G0/G1 change: 
−19.8 ± 4.9%, P = 0.005; S change: +13.8 ± 1.9%, P = 0.01). 

Figure 3 TS siRNA induces complementary lethality to 5-FUdR and pemetrexed but not cisplatin or melphalan. A549 cells were 
transfected with control siRNA (black bars) or TS siRNA (white bars) and treated with (a) 5-FUdR (IC25), (b) pemetrexed (IC25), (c) cisplatin 
(IC25), or (d) melphalan (IC25). HeLa cells were treated under the same conditions and with (e–h) the same drugs. Effects on cell growth 
were assessed 96 hours after transfection, as percentages of cells treated with control nontargeting siRNA alone. *Different from cells 
treated with control nontargeting siRNA alone (Student’s t-test, P < 0.05).**Different from cells treated with control nontargeting siRNA and 
drug. Representative data from one of three independent experiments is shown (mean ± SD).
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However, the G2/M phase frequency in BRCA2- and TS siR-
NA-treated cells was increased compared with control (10.4 ± 
3%, P = 0.04) (Figure 1e).

BRCA2 siRNA synergistically potentiates cisplatin, 
 melphalan, and 5-FUdR, but not pemetrexed
We investigated whether BRCA2 siRNA altered the capacity 
of A549 cells to proliferate after treatment with DNA-dam-
aging chemotherapeutic drugs such as cisplatin. Cisplatin 
binds to DNA and induces inter- and intrastrand crosslinks 
which progress to DSBs and are repaired by homologous 
recombination.25 In A549 cells treated with BRCA2 siRNA 
and an IC25 concentration of cisplatin, drug treatment was 43 
± 3% (P = 0.0001) more effective when compared with cells 
transfected with nontargeting control siRNA  (Figure 2a).

We then determined whether potentiation of cisplatin 
treatment by BRCA2 siRNA was due to the induction of 
DNA strand cross-linking and subsequent DSBs, by using 
another anticancer agent with a related mechanism of 
action. Melphalan is a DNA alkylator but not a platinum-
based agent and is therefore structurally distinct from cis-
platin.26 A549 cells transfected with BRCA2 siRNA 48 hours 
before melphalan treatment (IC25) were 63 ± 0.3% (P = 
9.5 × 10−7) more sensitive to melphalan-mediated growth 
inhibition than cells treated with control nontargeting siRNA 
 (Figure 2b).

We next tested whether siRNA-mediated knockdown 
of BRCA2 potentiated the effects of a folate antimetabo-
lite (pemetrexed) and a fluoropyrimidine (5-FUdR), both 
approved for use in treatment of a broad range of human 
tumors.27,28 These drugs are not DNA alkylators and do not 
share a mechanism of action with cisplatin and melphalan. 
Rather, they inhibit the action of TS and consequently starve 
cells of the thymidylate necessary for DNA replication and 
repair.22 Cells transfected with BRCA2 siRNA (10 nmol/l) 
were 31.2 ± 3.1% (P = 0.001) more sensitive to 5-FUdR than 
cells tranfected with control siRNA (Figure 2c) 96 hours after 
transfection. However, this did not induce synergy of the same 
magnitude as cisplatin and melphalan treatment. BRCA2 
siRNA treatment did not sensitize A549 cells to pemetrexed 
and cell numbers were similar to control  siRNA-transfected 
cells 96 hours after transfection (Figure 2d). These results 
were broadly reproducible in HeLa cells tested under the 
same conditions, and BRCA2 inhibition induced complemen-
tary lethality to cisplatin, melphalan, and to a lesser extent 
5-FUdR (Figure 2e–h).

TS siRNA synergistically potentiates 5-FUdR and pem-
etrexed, but not cisplatin or melphalan
A549 cells were transfected with control and/or TS siRNA, 
and then treated with 5-FUdR (IC25) 24 hours later. As pre-
dicted, TS siRNA sensitized cells to 5-FUdR, reducing cell 

Figure 4 Simultaneous siRNA-mediated knockdown of BRCA2 and TS induces complementary lethality to cisplatin, melphalan, 
and both TS-targeting drugs. A549 cells were transfected with control, TS and/or BRCA2 siRNA and, at 24 hours after transfection, 
treated with (a) cisplatin (IC25), (b) melphalan (IC25), (c) 5-FUdR (IC25), or (d) pemetrexed (IC25). HeLa cells were treated under the same 
conditions and with (e–h) the same drugs. Effects on cell proliferation were determined by direct cell counting at 96 hours and calculated 
as a percentage of nondrug-treated, control siRNA-transfected cells.*Different from cells treated with control nontargeting siRNA and drug 
(Student’s t-test, P < 0.05). **Different from cells treated with single siRNA and drug (Student’s t-test, P < 0.05). Representative data from 
one of three independent experiments is shown (mean ± SD).
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proliferation by 55.3 ± 4.9% (P = 0.0006) relative to cells 
treated with control siRNA (Figure 3a). In addition, TS siRNA 
also induced complementary lethality to pemetrexed (IC25) 96 
hours after transfection and decreased cell number by 56.0 ± 
3.5% relative to cells treated with 5-FUdR and control siRNA 
(P = 0.0003)(Figure 3b).

We next determined whether TS siRNA sensitized A549 
cells to drugs which do not target the TS pathway. A549 
cells transfected with TS siRNA (2.5 nmol/l) did not exhibit 
increased sensitivity to cisplatin (IC25)(Figure 3c) or mel-
phalan (IC25)(Figure 3d) compared with cells treated with drug 
and control siRNA. This suggested that TS siRNA- mediated 
potentiation of drug efficacy is limited to drugs that target 
the TS pathway and not drugs that induce  specific types of 
DNA damage. These results were reproduced in HeLa cells 
under the same experimental conditions  (Figure 3e–h), and 
though TS siRNA induced a statistically significant difference 
in cell number following cisplatin and melphalan treatment, 
this was an additive and not synergistic response driven by 
the action of TS siRNA alone on cell number. Therefore, it 
was not suggestive of complementary lethality.

Simultaneous siRNA-mediated knockdown of BRCA2 
and TS induces complementary lethality to cisplatin, 
melphalan, and both TS-targeting drugs
As single siRNA treatment promoted the efficacy of different 
sets of drugs (e.g., TS siRNA and pemetrexed, BRCA2 siRNA 

and cisplatin), we assessed whether transfecting BRCA2 and 
TS siRNA simultaneously sensitized A549 cells to the entire 
panel of four chemotherapeutics. Our aim was to investigate 
whether combination siRNA treatment could be utilized to 
induce complementary lethality to both alkylating drugs and 
TS targeting agents, and whether the magnitude of sensiti-
zation would exceed that induced by each individual siRNA 
to its “noncomplementary” drug partner (e.g., TS siRNA and 
cisplatin).

A549 cells were transfected with control siRNA, BRCA2 
siRNA, and/or TS siRNA and subsequently treated with cis-
platin 24 hours later. Ninety-six hours after transfection the 
combination siRNA treatment potentiated the effects of cispl-
atin by 46.3 ± 9.9% (P = 0.002) compared with control siRNA 
treatment and was 41.2 ± 10.9% (P = 0.002) more effective 
at growth inhibition following drug treatment than TS siRNA 
alone (Figure 4a).

In addition, simultaneous BRCA2 and TS siRNA treatment 
sensitized human A549 cancer cells to melphalan treatment 
(IC

25) by 60 ± 0.8% (P = 2.4 × 10−7) more than control siRNA 
treatment and 56 ± 1% (P = 1.0 × 10−6) more than TS siRNA 
(Figure 4b).

Combination siRNA treatment sensitized A549 cells to 
5-FUdR by 59.2 ± 5.1% (P = 0.0001) and was 43.0 ± 7.1% (P 
= 0.0005) more effective at sensitization than single BRCA2 
siRNA treatment (Figure 4c), even though BRCA2 siRNA also 
potentiated 5-FUdR toxicity on its own as shown previously.

Figure 5 Combined complementary lethality to two different drugs in the same cell population can be achieved by combined 
BRCA2 and TS siRNA transfection. A549 cells were transfected with control, TS and/or BRCA2 siRNA and treated with (a) cisplatin, 
5-FUdR, or cisplatin and 5-FUdR; (b) melphalan, 5-FUdR or melphalan and 5-FUdR; and (c) cisplatin, pemetrexed, or cisplatin and pem-
etrexed. HeLa cells were treated under the same condition and with (d) cisplatin, 5-FUdR, or cisplatin and 5-FUdR; and (e) melphalan 
5-FUdR, or melphalan and 5-FUdR. Black bars = cells untreated with drugs (a–e), white bars = treatment with (a,c,d) cisplatin or (b,e) 
melphalan. Patterned white bars = cells treated with (a,b,d,e) 5-FUdR or (c) pemetrexed; dark grey bars = cells treated with (a–e) com-
binations of drugs. Cell proliferation was measured 96 hours after transfection and is shown as a percentage of cells treated with control 
nontargeting siRNA alone. **Different from cells treated with drug combination and control nontargeting siRNA (Student’s t-test, P < 0.05). 
*Different from cells treated with combined siRNA, and one drug or no drug (one-way analysis of variance, P < 0.05). Representative data 
from one of two independent experiments is shown (mean ± SD).
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Furthermore, combined BRCA2 and TS siRNA transfection 
potentiated the efficacy of pemetrexed (IC25) by 56 ± 3.3% 
(P = 0.0004) more than control siRNA treatment and was 56.4 
± 3.3% (P = 1.0 × 10−5) more effective at drug sensitization 
than BRCA2 siRNA alone (Figure 4d). The above experi-
ments were repeated in HeLa cells and yielded results of simi-
lar magnitude and scope (Figure 4e–h). These results show 
that combination BRCA2 and TS siRNA treatment induces 

complementary lethality to a broader panel of chemothera-
peutic agents and creates multidrug sensitive tumors. They 
also suggest that combination siRNA treatment and combi-
nation drug treatment may be an effective way to maximize 
chemotherapeutic efficacy of different classes of drugs.

Simultaneous downregulation of BRCA2 and TS in the 
same cell population induces complementary lethality to 
two different sets of drugs and increases overall thera-
peutic effectiveness
Combined treatment with TS-targeting and platinum-based 
anticancer drugs is standard of care for a variety of common 
and important human cancers.29,30 Therefore, antisense-
 mediated enhancement of these drug combinations is desir-
able and potentially valuable therapeutically. Given that 
complementary lethality was separately induced to cross-
linking agents and TS-targeting drugs by combined TS and 
BRCA2 siRNA treatment, we next determined whether com-
bined complementary lethality to both types of drugs could 
be induced simultaneously in the same cell population and if 
the magnitude of drug potentiation could present a potential 
therapeutic benefit.

A549 cells were transfected with control siRNA and com-
bination BRCA2 and TS siRNA. Twenty-four hours after 
transfection, the cells were treated with either cisplatin (IC25), 
5-FUdR (IC25) or both drugs simultaneously, and effects on 
proliferation were enumerated 96 hours after transfection.

Combination siRNA treatment potentiated the effects 
of combination cisplatin and 5-FUdR treatment by 64.1 ± 
7% (P = 0.0001) relative to control siRNA treatment. This 
showed that complementary lethality to two different drugs 
could be induced in the same cell population with combina-
tion siRNA treatment. Furthermore, the overall magnitude 
of this approach was more effective at reducing overall cell 
number compared with nondrug-treated control than combi-
nation siRNA transfection and treatment with any single drug 
(P ≤ 0.05), suggesting that there is potential therapeutic ben-
efit to sensitizing to cisplatin and 5-FUdR in the same cell 
population (Figure 5a).

To determine whether the same phenomenon could be 
reproduced with another drug whose toxicity was potenti-
ated by BRCA2 siRNA, the experiment was repeated with 
melphalan substituted for cisplatin. Again, combined siRNA 
treatment effectively sensitized to combined drug treatment 
relative to control siRNA (47.4 ± 4.6%, P = 0.0006) and the 
final outcome in terms of cell proliferation was superior to 
treatment with combination siRNA and any single drug 
(P ≤ 0.05)(Figure 5b).

Interestingly, though combination siRNA transfection still 
sensitized to combination cisplatin and pemetrexed treat-
ment (52.8 ± 2.9%, P = 5.6 × 10−5), it did not result in a larger 
decrease in cell proliferation than combination siRNA trans-
fection and pemetrexed treatment alone (Figure 5c). Con-
comitant cisplatin and pemetrexed treatment also failed to 
induce an additive effect on cell growth, unlike that seen with 
cisplatin and 5-FUdR, and melphalan and 5-FUdR.

The experiments with cisplatin and 5-FUdR, and melphalan 
and 5-FUdR were repeated in HeLa cells to establish the gen-
eralizability of the phenomenon. The results obtained using 
HeLa cells mirrored those in A549 cells and again showed 

Figure 6 Schematic representation of combined complemen-
tary lethality and efficacy of candidate ASO drugs to down-
regulate target mRNA. (a) DNA-damaging drugs such as cispla-
tin induce DSBs in cellular DNA, while TS-targeting agents inhibit 
the function of TS. However, the cell can be rescued from these 
drugs if it expresses functional BRCA2 and maintains residual TS 
activity. (b) When DNA-damaging drugs and TS-targeting drugs 
are administered in combination with antisense molecules target-
ing both resistance factors, the cell will be more susceptible to 
drug-induced effects; this is the essence of combined complemen-
tary lethality. (c) A549 cells were transfected with 20 nmol/l control 
ASO, SARI 83 ASO, BR-1 ASO, or a combination of SARI 83 ASO 
+ BR-1 ASO. mRNA was isolated 24 hours later. TS mRNA (black 
bars) and BRCA2 mRNA (white bars) levels were measured rela-
tive to 18S endogenous control. *Different from treatment with con-
trol siRNA (Student’s t-test, P < 0.05). Representative data from 
one of two independent experiments is shown (mean ± SD).
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that combined complementary lethality to two separate drugs 
in the same cell population is of potential treatment benefit.

Discussion

Genomic instability, mutation, and the accompanying hetero-
geneity represent common traits among most human can-
cers.31 However, and despite the fact that a high mutation 
rate is a driving factor behind malignant progression, lack of 
genomic fidelity can act as an “Achilles heel” to be exploited by 
therapeutic intervention.32 We propose that inhibiting proteins 
involved in DNA repair and maintenance, such as BRCA2, is 
a method to induce complementary lethality to DNA damage-
inducing chemotherapeutics and enhance the probability of 
catastrophic and lethal toxicity in tumor cells. We show here, 
for the first time, that the induction of complementary lethality 
with combined targeting of DNA repair factors involved in cel-
lular response to the mechanism of action of different drugs 
can be a viable strategy to improve cancer treatment.

We hypothesized that BRCA2 knockdown would synergis-
tically potentiate cisplatin and melphalan treatment because 
both drugs induce DSBs,17 and BRCA2 is an integral part of 
the complex responsible for homologous recombination33,34. 
Our data support this assertion, in agreement with a recent 
study highlighting increased sensitivity to alkylating agents 
in BRCA2 knockout mice,25 and a report describing glioma 
cell sensitization to temozolomide following downregulation 
of BRCA2 and RAD51.35

We were surprised to find that BRCA2 knockdown potenti-
ated 5-FUdR, albeit to a smaller degree than cisplatin and 
melphalan. We expected that BRCA2 knockdown would have 
no effect on 5-FUdR toxicity given the lack of effect with pem-
etrexed. On the face of it, BRCA2 does not appear directly 
related to the mechanism of action of 5-FUdR as the drug 
targets TS. However, upsetting the balance of intracellular 
nucleotide pools through treatment with drugs like 5-FU can 
stall replication fork progression.36 BRCA2 has been shown 
to maintain stability of stalled replication forks37,38 which 
may explain why BRCA2 knockdown potentiates the activ-
ity of 5-FUdR. The fact that BRCA2 knockdown sensitizes to 
5-FUdR but not pemetrexed may mean there are differences 
in the mechanism of action of the drugs beyond TS inhibi-
tion, and shows that BRCA2 does not sensitize to all drugs 
regardless of mechanism.

As expected from previously published work, TS down-
regulation potentiated the effects of both 5-FUdR and 
pemetrexed. This may in large part be due to the fact that 
knockdown of TS mRNA in combination with pharmacologi-
cal inhibition of TS protein are complementary functions.24,39 
TS siRNA, however, did not appear to induce complementary 
lethality to either cisplatin or melphalan, suggesting that TS is 
not intimately involved in cellular response to those drugs.

Cumulatively, these results suggest that BRCA2 and TS 
are involved in resistance to different classes of drugs, and 
that they may in fact be involved in largely separate pathways 
within the cell. The cell cycle data further supports this asser-
tion because it shows that BRCA2 and TS downregulation 
differentially affects cell cycle progression and that simul-
taneously targeting both factors has the potential to induce 
two discrete blocks in cell cycle. This renders an anti-BRCA2 

and anti-TS combination therapy particularly intriguing from 
an acquired resistance perspective, and we hypothesize the 
likelihood of cells developing resistance to a therapy target-
ing two separate pathways is very low.

Simultaneous downregulation of BRCA2 and TS potenti-
ated the effects of all four tested drugs, thus creating mul-
tidrug sensitive tumors. These experiments demonstrated 
that tumors can be sensitized to different classes of che-
motherapeutics by targeting separate factors critical to cel-
lular response to those drugs. An important determination 
was that there were no antagonistic effects observed during 
combined siRNA treatment. These findings are particularly 
germane in the context of chemotherapy, because drugs are 
rarely administered in isolation.40

We tested whether combined complementary lethality to 
two drugs could be achieved simultaneously in the same cell 
population, because this would be most closely related to 
current and future clinical scenarios. An important point to 
consider is that differential pharmacokinetic and pharmaco-
dynamic factors relevant to different drugs result in unequal 
uptake into tumor cells; that is, cells in different locations 
within tumors, and at different sites in the body, are likely to 
be accessible to different drugs in different ways.41,42 As tumor 
cells may take up drugs at rates different from those admin-
istered (and some drugs may accumulate in tumors at low 
concentrations that are difficult to predict or plan for) then 
sensitizing tumor cells to all drugs in a treatment cocktail can 
be an advantage. Treatment with combined siRNAs targeting 
multiple mRNAs to induce complementary lethality to differ-
ent drugs can have this desirable affect (Figure 6a,b).

Interestingly, we observed some antagonism when cis-
platin and pemetrexed were used in a combined treatment, 
and antisense-mediated complementary lethality was not as 
effective in this treatment group. These results have potential 
implications for therapy because cisplatin and pemetrexed 
combinations are currently used to treat a variety of different 
cancers, including non-small cell lung cancer.43

The induction of complementary lethality in the context of 
DNA repair provides an alternative perspective to the focus 
on personalized medicine in cancer therapy. It contrasts with 
the idea of synthetic lethality, which relies upon identifying 
pre-existing deficiencies in cancer cell genomes and exploit-
ing them for therapeutic benefit.20 A prototypical example of 
synthetic lethality with therapeutic applications is the dis-
covery and development of poly(ADP-ribose) polymerase 
1 (PARP1) inhibitors, many of which have and are currently 
undergoing clinical trials with varying degrees of success.44,45 
The key to this strategy, however, is the identification of a 
pre-existing weakness (e.g., BRCA deficiency) in a cancer 
cell, and tailoring a therapy designed to exploit or exacerbate 
that vulnerability.

As a result, synthetic lethality is dependent upon one of the 
enduring challenges to cancer therapy—the need to assay 
for specific genetic lesions conferring vulnerability to targeted 
therapies. Induction of complementary lethality via targeting 
DNA repair theoretically nullifies the need to understand the 
distinct genotype of a targeted tumor. Instead, this concept 
relies on a unifying principle: the fact that tumors need to main-
tain a minimum level of genomic stability to survive, and that 
this must occur in the face of chemotherapy and radiation.
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Classically, one of the barriers to antisense-mediated ther-
apy has been the inability to adequately deliver and maintain 
potency of these molecules in vivo.46 However, modified ss-
siRNAs can be used to efficiently downregulate target mRNA 
in vivo, without need for a delivery vehicle.47 In addition, many 
candidate ASO-based agents are currently undergoing vari-
ous phases of clinical trials.48,49 As a result of these studies, 
we are actively pursuing the development of a novel, second 
generation BRCA2-targeting ASO named “BR-1”, which we 
hope to combine with our TS-targeting ASO “SARI 83” (Fig-
ure 6c). ASOs exhibit several advantages over siRNAs for in 
vivo use, including increased stability in serum and decreased 
need for a delivery or carrier vehicle.50 Future studies in this 
laboratory will determine the efficacy of combined comple-
mentary lethality to create multidrug sensitive tumors in vivo 
using BR-1 and SARI 83. 

With these current studies in mind, it remains to be deter-
mined how normal noncancerous cells will respond to a strat-
egy that actively targets DNA repair. However, we hypothesize 
that they will be less sensitive than cancerous cells due to 
highly regulated and redundant DNA repair pathways, and a 
much high level of genomic stability. In addition, the idea of 
complementary lethality needs to be explored in the context of 
a larger panel of drugs, and with different DNA repair targets to 
identify potential therapeutic avenues for clinical application.

Materials and methods

Cell lines. A549 and HeLa cells were obtained from the Amer-
ican Type Culture Collection and grown in AMEM or DMEM 
(Wisent, St. Bruno, Quebec, Canada) medium supplemented 
with 10% fetal bovine serum (Gibco—Life Technologies, Bur-
lington, Ontario, Canada) at 37 °C in a humidified 5% CO2 
atmosphere. Cell culture plastic-ware was obtained from 
Invitrogen, Fisher Scientific (Unionville, Ontario, Canada), 
and VWR International  (Mississauga, Ontario, Canada).

siRNA transfection. siRNA transfection was performed 
according to the following protocol. The concentrations of 
siRNAs targeting human BRCA2 (OnTarget Plus BRCA2 
siRNA #4 or OnTarget Plus SMARTPool BRCA2 (Dharma-
con RNAi Technologies, Thermo Fisher Scientific, Lafayette, 
CO)) and human TS (OnTarget Plus TS siRNA #2; (Dharma-
con)) that reduced target mRNAs by approximately 70% at 
24 hours after transfection were determined (10 nmol/l for 
BRCA2 siRNA, and 2.5 nmol/l for TS siRNA). To apply equal 
amounts of siRNA to A549 cells in studies where BRCA2 and 
TS were knocked down individually or collectively, control 
nontargeting siRNA (Dharmacon control siRNA #2 or con-
trol SMARTPool) was added to BRCA2 siRNA or TS siRNA 
so that the total siRNA concentration applied in every case 
was 12.5 nmol/l. BRCA2 siRNA (10 nmol/l and 2.5 nmol/l 
control nontargeting siRNA), TS siRNA (2.5 nmol/l and 10 
nmol/l control nontargeting siRNA), for BRCA2 siRNA and TS 
siRNA (10 nmol/l and 2.5 nmol/l, respectively) were diluted in 
serum-free AMEM and incubated with diluted Lipofectamine 
2000 (LFA2K,  Invitrogen—Life Technologies) for 20 min. The 
siRNA:LFA2K mix was then added to A549 cells seeded, in 
triplicate, at a density of 2.0 × 105 cells in 25 cm2 flasks 24 
hours before transfection. Medium was exchanged for fresh 

AMEM and 10% fetal bovine serum 4 hours after transfec-
tion and the effects of siRNA treatments on target mRNA lev-
els and sensitivity to cytotoxic drugs assessed as described 
below. A549 cells were transfected with BR-1, SARI 83, and 
control ASOs (synthesized by Eurogentec, Seraing, Belgium) 
according to the same protocol outlined for siRNA; however, 
they were used at 20 nmol/l each (for a total concentration of 
40 nmol/l).

siRNA-mediated reduction of target mRNAs in A549 cells. 
Twenty-four hours after transfection of siRNA, RNA was iso-
lated from cells using Trizol reagent according to manufacturer’s 
instructions (Ambion—Life Technologies) and reverse-tran-
scribed to generate cDNA using M-MLV RT enzyme (Invitro-
gen—Life Technologies). cDNA (1 μg) was used in conjunction 
with BRCA2, TS, and 18S rRNA qPCR probe and primers and 
Taqman master mix (Applied Biosystems—Life Technologies) 
to generate fluorescently labeled target cDNA. Quantification 
of cDNA to infer levels of TS and BRCA2 mRNAs and 18S 
rRNA was performed using a Perkin Elmer ViiA 7 Real-time 
PCR System (Life Technologies). TS and BRCA2 mRNA levels 
were determined relative to cellular 18S rRNA levels.

Cytotoxic drug treatment. Twenty-four hours after transfection 
of siRNA, medium was removed from cells and replaced with 
cytotoxic drug in AMEM + 10% fetal bovine serum. Cells were 
allowed to proliferate in the presence of drug for 72 hours 
followed by assessment of cell numbers. Control cells were 
incubated with AMEM + 10% fetal bovine serum. The con-
centration of cisplatin, 5-FUdR, melphalan, or pemetrexed 
that reduced proliferation by 25% (the IC

25) was determined, 
and that concentration was used for most experiments where 
drugs were applied alone or in combination to A549 cells and 
HeLa cells.

Cell proliferation assay. Ninety-six hours after transfection 
of siRNA, cells were washed with PBS, trypsinized, and 
resuspended in isotonic saline (20 ml). The diluted cells were 
then counted (twice per sample) using a Coulter Z-1 Particle 
Counter (Beckman Coulter, Mississauga, Ontario, Canada). 
Cell number was calculated as a percentage of medium-
treated control cells.

Cell cycle analysis. Cells were transfected with siRNA as 
described previously. 48 and 72 hours after transfection 
they were harvested, washed with PBS, and fixed with 70% 
ethanol for at least 2 hours. Cells were washed with PBS 
and resuspended in 1 ml of a propidium iodide (20 μg/ml) 
(Sigma Aldrich, St Louis, MO) and 0.1% Triton X-100 (BDH 
Chemicals, Toronto, Ontario, Canada) staining solution with 
RNAse A (Bioshop Canada, Burlington, Ontario, Canada) for 
15  minutes at 37 °C. Cell cycle enumeration was performed 
using a BD FACSCalibur flow cytometer (BD Biosciences, 
Mississauga, Ontario, Canada) and analyzed using Flow Jo 
software (Tree Star, Ashland, OR).

Statistical analysis. Single comparisons were made using a 
parametric Student’s t-test and multiple comparisons using 
a nonparametric one-way analysis of variance. All distribu-
tions of data were determined to be normal, and post hoc 
tests were therefore not employed. A confidence of 95% was 
selected a priori as the benchmark for rejection of the null 
hypothesis.
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