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screening step of INCISOR contributes to the overall predictive

power (Fig S3P and Appendix 4.1). We additionally tested and

successfully validated predicted SR interactions using published

data of patient-derived in vitro (Crystal et al, 2014) and mouse

xenograft models (Gao et al, 2015; Appendix 4.4 and 4.5). As large

cohorts of published rescue interactions are still quite scarce, we

conducted four new in vitro experiments to further test emerging

rescue predictions of INCISOR of interest.

Experimental testing of predicted DD-SR interactions of mTOR in
head and neck cancer cell lines

Our first experiment tested DD-SR interactions involving mTOR, a

key growth regulating kinase in head and neck cancer. To test the

predicted rescue interactions involving mTOR, we knocked down

(KD) genes in an experimental screen in a head and neck cancer cell

line (HN12) and experimentally identified the (DD) rescue events

occurring due to a subsequent mTOR inhibition by rapamycin treat-

ment (which is known to specifically targets mTOR in its complex 1;

Laplante & Sabatini, 2012). Because kinases are the most frequent

intracellular drug targets, we used a kinase and phosphatase

targeted library for performing knockdowns of 2,214 genes bearing

their translational relevance. Forty-five of these KDs, about 2.1%,

were rescued by mTOR inhibition in the screen (Dataset

Table EV10, Materials and Methods). Independently, we applied

INCISOR to identify genes that are predicted to be rescued by mTOR

inhibition in a statistically significant manner (FDR = 0.05,).

INCISOR predicted 17 such DD rescuer genes (Materials and Meth-

ods), 11 of which indeed overlapped with the 45 interactions identi-

fied experimentally (Appendix Fig S5b). This yields a precision level

of ~65% and recall of ~25% (Fig 2A, false positive rate < 0.003), a

31-fold increase over the 2.1% precision expected by chance.

INCISOR exhibits a reasonable precision also at high recall rates,

e.g., at a threshold INCISOR predicts 75 genes as positive (recall of

about 70%), it achieves a precision level of 30% (vs. 2.1% that is

expected by random). The validated rescuers were enriched with

transcription factors, FoxO signaling and stress response genes

(Dataset Table EV30). We further validated the predicted DD-SR

interactions of mTOR via multiple published in vitro shRNA

(Cheung et al, 2011; Marcotte et al, 2012, 2016; Cowley et al, 2014)

and drug response screens (Barretina et al, 2012; Iorio et al, 2016)

(Appendix 4.2 and 4.3). In sum, this analysis shows that INCISOR

A B

Figure 2. Large-scale in vitro experiments testing predicted SR interactions in head and neck cancer.

A Evaluation of predicted SR (DD) interactions in a large-scale shRNA H&N HN12 cell line screen. The y-axis displays the precision and recall of INCISOR-predicted SRs
in identifying the 45 experimentally determined DD-SR rescuers of mTOR. The vertical dashed line denotes a threshold of FDR = 0.05 over the predicted INCISOR
interaction scores. The stars indicate precision and recall at a threshold level where INCISOR identifies 75 genes as DD-SR rescuers. The horizontal line (in gray) shows
the precision expected by the random chance. The inset displays top 10 predicted genes whose knockdowns are rescued by mTOR inhibition. Significance was
quantified using a one-sided Wilcoxon rank-sum test over three technical replicates with at least two independent shRNAs knockdowns per each gene. For 8 of these
KDs, at least two shRNA individually show the rescue effect. The black horizontal line indicates the median effect of Rapamycin treatment in controls as a reference
point. Box plot limits (Q1, Q3) and whiskers (�1.5 * inter quartile range from hinge) follow a standard definition.

B Experimental validation of predicted synergistic SR-based combinational therapies in head and neck cancer: A table summarizing the experimentally observed
synergism between primary drugs and their predicted rescuer-targeting treatments in 5 HNSC cell lines, based on drug treatment experiments. Synergism was
estimated using standard Fa-CI analysis. The table displays the average combination index (CI; synergism CI < 1, additivity effect CI = 1, antagonism CI > 1, NAN
indeterminate CI) at 50% growth inhibition (fraction affected). Combinations that are synergistic are colored blue (black otherwise) for each cell lines tested. The inset
shows an example of CI calculation for BYL719 and dasatinib combination in HN12 cell lines based on the corresponding dose matrix (number indicates % cell
viability at 48 h, n = 3) and Fa-CI curve.
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successfully predicts genetic interactions (of mTOR) whose func-

tional activation in cancer cells increases cellular fitness.

Experimental testing of predicted DU-SR rescuers via drug
combinations and siRNA in head and neck cancer

In the second experimental validation, we tested the ability of

predicted DU-SRs to guide new synergistic drug combinations,

where the combination of drugs hits both a primary cancer drug

target and its predicted DU rescuer (Materials and Methods). We

tested seven such predicted combinational therapies across five dif-

ferent head and neck cancer cell lines. We find that 5 out of 7

combinations are indeed synergistic (Fig 2b, Appendix 4.7, refer to

Appendix Fig S6 and S7 for results of all 7 combinations tested).

One validated pair involves PI3KCA and mTOR, which are impor-

tant genes in the PI3K/AKT/mTOR pathway. PIK3CA activates AKT

by converting PIP2 to PIP3 (Myers & Cantley, 2010), promoting cell

growth and survival. mTOR also promotes cell growth and mTORC2

is known to regulate AKT independent of PIK3CA (Laplante & Saba-

tini, 2012; Populo et al, 2012), thus might compensate for PIK3CA

inhibition and explain their synergism.

In the third experiment, we conducted siRNA experiments to show

that observations of Fig 2b are consistent. Targeting mTOR by siRNA

exhibited enhanced sensitivity to BYL719 in 4 of these cell lines

(Appendix 4.7 and Fig S8). Similarly, siRNA targeting of PIK3CA

exhibited enhanced dasatinib sensitivity (Appendix 4.7 and Fig S8).

Because many of these drugs tested above are known to target

multiple genes, we conducted additional experiments in NSCLC to

confirm the relationship between synergism and predicted SRs.

Targeting predicted DU-SR rescuers of DNMT1 sensitizes
resistant NSCLC cell lines to DNMT1 inhibitor

In the fourth and final in vitro experiment, we tested whether target-

ing predicted DU rescuers could sensitize therapy-resistant tumor

cells. We picked DNMT1 to test this hypothesis as it is a major hub

in the DU-SR network (Fig 1c) and a key cancer gene in non-small-

cell lung cancers (NSCLCs). We studied 18 NSCLC cell lines (Materi-

als and Methods) that are insensitive to Decitabine (a DNMT1 inhi-

bitor). In each of these cell lines, we pharmacologically inhibited the

13 top predicted DU rescuers of DNMT1. A Bliss (Bliss, 1939; Lehar

et al, 2007; Friedman et al, 2015) independence model was used to

estimate synergism, and its significance was determined by compar-

ing expected vs. observed drug response of drug combinations

across all doses tested (Materials and Methods). Targeting the

predicted rescuers synergistically sensitized these cell lines to Deci-

tabine in 71% of the 234 (13 rescuers × 18 cell lines) conditions

tested. In contrast, pharmacologically inhibition of two top predicted

DD rescuers of DNMT1 showed the opposite, antagonistic effects, in

64% of the 36 conditions tested, with no synergistic effects, as

expected (Fig 3A). Both the observed synergistic and antagonistic

effects across cell lines were significantly compared to control drug

tested (P < 2.2E-16). We further confirmed the ability of predicted

SR interactions to predict resistant tumor sensitization in a large

published patient-derived cell line collection (Friedman et al, 2015)

and mice xenograft (Gao et al, 2015; Appendix 5.3 and 5.4).

The effects of some of the SR interactions validated in drug

combination screen described above can be explained by their

known biology. For example, (i) first, DNMT1 epigenetically

silences E-cadherin (Robert et al, 2003). The silencing results in B-

catenin accumulation in cell nucleus (Hayashida et al, 2005) that is

necessary for maintaining cancer cell stemness. WNT signaling,

however, was shown to regulate B-catenin (Colletti et al, 2009)

independently, explains why WNT1 activation rescues DNMT1 inhi-

bition (Fig 3B). (ii) Second, DNMT1 also silences RASSFA1, which

in turns stabilizes the proto-oncogene MDM2 (Zhang et al, 2013).

Thus, concomitant over-expression of MDM2 could compensate for

the loss of RASSFA1 due to DNMT1 inhibition. (iii) Third, CDK1

over-expression may compensate DNMT1 inhibition because CDK1

is known to stabilize DNMT1 by phosphorylating it (Liu et al,

2016). (iv) Finally, PAK1 may compensate for DNMT1 inhibition

because it independently regulates cell adhesion and motility. These

results testify that some rescue interactions may be explained by

molecular interactions between genes proximally located on signal-

ing pathways (Kafri et al, 2005, 2009; Fig 3B). However, many of

the emerging rescue interactions are not, either due to our limited

knowledge of signaling pathways or due to functional interactions

that go beyond the scope of the signaling pathways.

Rescuer and vulnerable genes share functional annotations

Our observation that signaling architecture may explain a subset of

SR interactions led to the hypothesis that rescuer and vulnerable

genes of SR networks may share functional similarities. Several lines

of evidence support this hypothesis. First, in the DU-SR network,

gene ontology (GO) annotations of rescuers are similar to GO anno-

tations of their partners (Fig 3C). The GO similarity observed in the

DU-SR network is significantly higher compared to (i) GO similarity

in a random network (P < 1E-34) with similar degree distribution as

the DU-SR network, and (ii) GO similarity in a network generated by

randomly shuffling the interactions between gene pairs of the DU-SR

network (P < 1E-10). Second, DU-SR rescuer genes are significantly

closer (P < 1E-46 and P < 3E-10 compared to the random network

and the shuffled network) to their predicted partners in the human

protein interaction (PPI) network (Schaefer et al, 2012; Fig 3D).

Notably, DU-SR interactions mediated by direct (physical) protein

interactions are enriched in cancer drivers (Fisher’s exact test

P < 6.5E-8, Appendix 3.4). Third, using the STRING database (Szk-

larczyk et al, 2015), which integrates multiple resources of direct

and indirect associations of protein interactions, we find that partner

genes of the DU-SR network are more likely to be functionally related

(Fig 3E): Rescuer genes are significantly closer (P < 5E-72 and

P < 7E-13 compared to the random network and the shuffled

network) to their predicted partner gene in the STRING network.

Moreover, the observed functional similarities between DU-SR pairs

are not merely due to co-expression between gene partners; shuffled

DU-SR gene pairs with similar co-expression levels as those of

predicted DU-SR pairs exhibit significantly less GO similarity

(P < 5E-05). An analogous functional similarity was also observed

for gene pairs in the DD-SR network (Appendix 3.8 and Fig S2E).

SR interactions predict drug response in patients

We next evaluated INCISOR’s ability to predict response of patients

to cancer drug treatments (Ein-Dor et al, 2005; Domany, 2014) by

analyzing the transcriptomics of their pre-treated tumor samples. To
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this end, we applied INCISOR to identify the rescuers of (the

targets of) 28 FDA-approved cancer drugs (for which treatment

response data are available in the TCGA collection). To remove

any potential circularity, during the identification of SR

interactions of targets of a given drug, we removed from TCGA

patients who were administered with that drug (Materials and

Methods, Appendix Fig S10e). To predict the response of an indi-

vidual patient’s to a given drug, we defined the drug-tumor SR
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