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SUMMARY

The prevailing approach to addressing secondary drug resistance in cancer focuses on treating the
resistance mechanisms at relapse. However, the dynamic nature of clonal evolution, along with
potential fitness costs and cost compensations, may present exploitable vulnerabilities; a notion
that we term ‘temporal collateral sensitivity’. Using a combined pharmacological screen and drug
resistance selection approach in a murine model of Ph+ acute lymphoblastic leukemia, we indeed
find that temporal and/or persistent collateral sensitivity to non-classical BCR-ABL1 drugs arises
in emergent tumor subpopulations during the evolution of resistance toward initial treatment with
BCR-ABL1 targeted inhibitors. We determined the sensitization mechanism via genotypic,
phenotypic, signaling, and binding measurements in combination with computational models, and
demonstrated significant overall survival extension in mice. Additional stochastic mathematical

"Correspondence and requests for materials should be addressed to D.A.L (lauffen@mit.edu) and M.T.H (hemann@mit.edu).
8present address: ARIAD Pharmaceuticals, Inc., Cambridge, MA 02139

Accession numbers

RNA-seq data have been deposited in Gene Expression Omnibus under the accession number GSE72910.

Further details on experimental procedures and computational methods can be found in Supplemental Information.

AUTHOR CONTRIBUTIONS

B.Z., D.A.L., and M.T.H. designed research. B.Z. performed /n7 vitroand in vivo experiments and computational modeling. J.C.S.
made contributions to the ODE mathematical model. R.S. and B.T. performed small molecule docking. P.C. performed computational
analyses using KINspect to evaluate consequences of mutants on kinase specificity. J.R.P. provided reagents and conceptual
contributions toward research design and data analysis. B.Z., D.A.L., and M.T.H. analyzed data and wrote the manuscript with input
from all authors.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al. Page 2

models and small molecule screens extended our insights, indicating the value of focusing on
evolutionary trajectories and pharmacological profiles to identify new strategies to treat dynamic
tumor vulnerabilities.

INTRODUCTION

Collateral sensitivity describes a type of synthetic lethality that has been explored in cancer
and infectious diseases for over forty years. Intrinsic to this concept is an evolutionary trade-
off — where resistance toward a drug or drugs comes at the expense of sensitivity to other
drugs. This phenomenon has spurred efforts to screen chemoresistant cell lines against a
panel of drugs for collateral sensitivity and resistance (Jensen et al., 1997; Rickardson et al.,
2006). Additionally, several recent high-throughput evolutionary experiments have
attempted to build a collateral sensitivity networks using £. coli treated with 10-20
antibiotics, with the goal of designing drug cycling regimens that select against drug
resistance (Imamovic and Sommer, 2013; Laz4r et al., 2014). Evolutionary trade-offs have
also been investigated for drug combinations (Hill et al., 2015; Kim et al., 2014), and have
been utilized for potential control of subsequent tumor cell evolutionary trajectories (Chen et
al., 2015; Zhao et al., 2014).

In the field of cancer treatment, drug resistance studies have traditionally been focused on
mechanism of resistance at the end of drug selection experiments. However, our
understanding of intratumoral heterogeneity and clonal selection is increasingly revealing
that tumor evolution is a dynamic process. Recent sequencing efforts have revealed
extensive branched clonal evolution during tumor progression (Fisher et al., 2013; Gerlinger
et al., 2012), and matched samples prior and post treatment often enrich a pre-existing
subclone toward dominance at relapse (Ding et al., 2012; Misale et al., 2012). Such studies
have also been recapitulated in /7 vitro settings with pre-existing resistant subclones
estimated in one study at 0.001-0.05% of the parental population (Bhang et al., 2015).

As with the bacterial antibiotics system, these evolutionary processes can sometimes present
evolutionary trade-offs. Fitness costs of resistance have been extensively studied in bacteria,
with findings that reduced fitness can in some cases concomitantly lead to acquisition of
subsequent mutation(s) for cost compensation (Andersson and Hughes, 2010). Therefore, we
posited that there could be intermediate states during tumor clonal evolutionary progression
that present persistent or temporal vulnerabilities. A conceptual illustration of our hypothesis
is shown in Figure 1, where tumor genotype characteristics are represented on two abscissa
axes of variation, such as could be the case for two independent gene mutations. “Fitness”
on the ordinate axis is essentially the reciprocal of efficacy under whichever environmental
conditions — such as a drug treatment — the tumor is dynamically evolving in. As a tumor
becomes increasingly populated by cells resistant to treatment with an initial drug A (up-hill
mountain in panel A), there can be drugs from distinct drug categories that are inactive (Fig
1B) or collaterally sensitizing to the terminal resistant stage of clonal evolution (Fig 1C).
However, it is also conceivable that certain genotype variations (e.g. on-target mutations
and/or alterations in signaling pathways) would render at least a proportion of the evolving
tumor more susceptible to a different drug D (downhill valley in panel D). This situation in
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theory could lead to a treatment regimen with drug D following drug A during a restricted
time-window producing overall increased treatment efficacy — a notion that can be termed
‘temporal collateral sensitivity’.

In this study, we report an experimental validation of temporal collateral sensitivity in a
murine preclinical model of Philadelphia chromosome (Ph)-positive acute lymphoblastic
leukemia (ALL). Current BCR-ABL.1 (the fusion protein generated by the Philadelphia
chromosome) tyrosine kinase inhibitors (TKIs) have dramatically improved the prognosis
for chronic myeloid leukemia and to some degree Ph+ ALL. However, a major resistance
mechanism for relapsed patients is the on-target BCR-ABL1 dependent mutations in the
kinase domain, including the most common gatekeeper T3151 mutation that confers
resistance to four of the five FDA-approved drugs (O’Hare et al., 2012; Soverini et al.,
2006). Even then, compound mutations (i.e. more than one mutation in the same BCR-
ABL1 allele) remain a challenge (Khorashad et al., 2013; Zabriskie et al., 2014). Through a
joint drug resistance selection and pharmacological profile, here we discover a particularly
strong and robust collateral sensitivity to non-classical BCR-ABLL1 inhibitors (i.e. not known
and used to target BCR-ABL1) crizotinib, foretinib, cabozantinib, and vandetanib for Ph+
ALL cells at intermediate stages of clonal evolution. We show that this effect is driven by the
occurrence of the BCR-ABL1 V299L single mutation, before its continued evolution toward
V299L compound mutants. Molecular studies suggest an on-target ABL1 inhibition
exclusive to V299L (and a subset of V299L compound mutants). Most importantly, the
mechanism is distinct from drug synergy as a result of temporal cellular rewiring, but rather
via selection of stable collaterally sensitive clones. Thus, our work suggests strategies for
rationalizing drug (or drug combination) design beyond the focus on traditional terminal
stages of clonal evolution and emphasizes an understanding of the underlying evolutionary
trajectories and intermediate stages to fully exploit tumor vulnerabilities.

Drugs with particular fitness landscapes can affect clonal intermediates and diversify
subpopulation trajectories

To explore the conceptual idea of temporal collateral drug sensitivity arising from tumor
subpopulation dynamic evolution, we first developed a minimal stochastic branching process
mathematical model to examine the effects of distinct predefined fitness landscapes on
clonal evolution (see Methods and Supplemental Methods for details).

Under the premise of a step-wise clonal evolution, we assumed a fitness landscape built
based on multivariate Gaussian distributions with an intermediate and terminal stage (Fig
1A). In the presence of drug, the simulation revealed the treatment-naive initial population
would expectably evolve toward higher fitness (Supp Fig S1A and S1E). We next
hypothesized the existence of an evolutionary trade-off at the intermediate stage of clonal
evolution — specifically exhibiting a suboptimal fitness to another drug D (Fig 1D). As such,
during a clonal evolution under drug A selection, there exists a treatment window
(‘temporary collateral sensitivity’) during which a switch to drug D will lead to a lower
fitness of the resulting population (Supp Fig S1B).
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Using this same model, we asked what the consequences would be if we first use drug A for
resistance selection, followed by drug D — to exploit this temporal collateral sensitivity.
Simulation results suggest that sequential drug switch and selection can change the
propensities of clonal evolution, and lead to divergent trajectories (Supp Fig S1C and S1F).
Specifically, continued selection in drug D led to distinct trajectories that although all have
high fitness for drug D (Supp Fig S1D), now have populations with diverse fitness to drug A
(Supp Fig S1C). Thus, examining drugs with distinct fitness landscapes can potentially
expose a treatment window with temporal vulnerabilities during clonal evolution, and the
choice of sequential drug selection can change/diversify subsequent clonal trajectories. Of
note, the mathematical model was based on our preconception of a step-wise fitness
landscape. The model can be modified and/or extended with incorporation of random field
models of fitness landscapes (e.g. NK model) and/or examination of different drug
schedules. However, here we chose next to turn to an experimental system to screen and
validate this conceptual idea more concretely.

A pharmacological screen identifies intermediate BCR-ABL1 V299L populations with
collateral sensitivity to crizotinib, foretinib, cabozantinib, and vandetanib

Motivated by the results from the stochastic branching process model, we examined
combined pharmacological profiles and /n vitro drug resistance selection in a murine
preclinical model of Ph+ acute lymphoblastic leukemia (Boulos et al., 2011; Williams et al.,
2007). Ph+ ALL is a particularly relevant and tractable model — in contrast to chronic
myeloid leukemia (CML), Ph+ ALL is an aggressive disease and has rapid relapse following
treatment with frequent selection of BCR-ABL1 kinase domain mutations (Ottmann and
Pfeifer, 2009; Soverini et al., 2006). Here, we derived resistant cell lines with dose escalating
concentrations of BCR-ABL1 inhibitors (Fig 2A). Each derived cell line (totaling close to
180 cell lines) was screened across a diverse set of small molecule inhibitors. In our
preliminary screen, through several independent dasatinib selections, we observed initial
resistance to dasatinib and cross-resistance to bosutinib (Fig 2B). Strikingly, we also
observed strong sensitization (i.e. collateral sensitivity) to crizotinib, foretinib, vandetanib,
and cabozantinib. These drugs are typically recognized as cMET and/or VEGFR inhibitors,
but the sensitization we found did not appear to be generalizable across all such targeted
drugs examined — suggesting a mechanism of action beyond these known canonical targets.

We continued with multiple rounds of independent selection to first confirm this was indeed
a robust phenotype. With over ten independent selection series, we observed a consistent
sensitization to these four small molecules upon the development of cross-resistance to
dasatinib and bosutinib. Most interestingly, as the cells continued to evolve toward cross-
resistance to imatinib, nilotinib, and at times ponatinib, the magnitude of collateral
sensitivity diminished (Fig 2C). This was particularly prominent for crizotinib, foretinib, and
cabozantinib. Vandetanib appeared to largely retain its collateral sensitivity over the entirety
of clonal evolution. In addition to this sensitization, we also observed other distinct patterns
of collateral resistance and sensitivity, even within the same drug through independent
selections. This highlights the stochastic nature of this process. As would be the case from
Luria and Delbruck’s fluctuation analyses, this variability suggests selection of distinct
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clones for outgrowth, which would lead to subsequent different phenotypic pharmacological
response patterns.

Since on-target ABL1 kinase domain mutations are a common mechanism of resistance to
BCR-ABL1 inhibitors, we PCR-amplified and Sanger sequenced the kinase domain of
ABL1. We observed a perfect concordance between the collateral sensitivity to crizotinib,
foretinib, cabozantinib, and vandetanib, and the presence of a single V299L mutation in
ABL1 (Fig 2C and 2D). Remarkably, the dasatinib/bosutinib-resistant cells containing the
V299L mutation further evolved to develop V299L compound mutations under continued
drug selection. The emergence of V299L compound mutations was coincident with the
reduced collateral sensitization (Fig 2C). Although variant calls from RNA-seq of select cell
lines containing BCR-ABL1 V299L or V299L compound mutants revealed additional
passenger SNVs and indels (Supp Fig S2), the only mutation shared among cell lines with
the sensitization phenotype and that went from 0% to 100% variant allele frequency was c.
895G>C, leading to BCR-ABL1 V299L (Supp Fig S3 and Supp Table S1).

To further confirm that BCR-ABL1 V299L is the causative mutation in sensitizing cells to
these four small molecules, we performed dose response experiments using isogenic Ba/F3
cell lines. While BCR-ABL1 VV299L expectedly conferred resistance to dasatinib and
bosutinib, we observed strong and robust sensitization to crizotinib, foretinib, cabozantinib,
and vandetanib (Fig 2E).

BCR-ABL1 V299L is pre-existing and selected for during drug treatment

We next investigated whether the BCR-ABL1 VV299L and/or V299L compound mutants
were pre-existing in the parental population. Since both Sanger sequencing and variant-calls
from RNA-seq did not detect BCR-ABL1 VV299L in the parental population, the actual
estimate would at most exist at a level that is below the detection limit of these technologies
(~10% for Sanger sequencing, and 0.1-1% for NGS technologies (Robasky et al., 2014)).
Here we developed a stochastic mathematical model based on nonhomogeneous continuous-
time multi-type birth-death process (see Methods and Supplemental Methods). The model
incorporates the background mutation rate, birth and death rates of the individual
subpopulations (derived based on experimentally determined net growth rates), and death
rate in the presence of drug (derived from dose response curves). We performed Monte
Carlo simulations with various combinations of parameter values, taking into account the
uncertainty and initially zero or some non-zero value of BCR-ABL1 V299L or V299L
compound mutant subpopulation at the beginning of the simulation. The only set of
parameters that best explain our experimentally observed Kinetics (9 days for initial
outgrowth, and V299L in going from < 0.1% to >99.9% at day 9) is the pre-existence of a
BCR-ABL1 V299L subpopulation at 0.0082% in the parental population (Fig 3A- C and
Supp Fig S4A and S4B). Furthermore, the model predicts that the BCR-ABL1 V299L
compound mutant could exist either at zero or a very minor (i.e. < 0.0006%) percentage at
the beginning of the selection experiments (Fig 3D and Supp Fig S4A and S4B). In addition,
our sensitivity analysis demonstrates that this result is robust and largely independent of
background mutation rates and birth/death rates (Fig 3E). The major determinant of the
kinetics and fractional appearances of subclones is the initial subpopulation size.

Cell. Author manuscript; available in PMC 2017 March 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 6

Using the estimated pre-existing fractions of BCR-ABL1 V299L and V299L compound
subpopulations, we next determined the approximate treatment window for exploiting
collateral sensitivity, which was driven by the predominance of VV299L single mutation at
intermediate stages of clonal evolution. We performed mathematical modeling based on a
system of ordinary differential equations to fully simulate our selection experiments — with
automatic dose escalation upon outgrowth (Fig 3F and 3G). The model revealed an
approximate range of 1 to 3 weeks where BCR-ABL1 VV299L was the dominating
subpopulation fraction and, as such, conferring a persistent sensitization to drugs such as
foretinib (Fig. 3H and 31).

Another aspect with regards to timing and clinical management is the scheduling of drug
combinations. To examine this question, we simulated tumor kinetics under different drug
schedules (single, concurrent, or alternating of dasatinib and foretinib). We observed that
when the pre-existing V299L subpopulation is small, the most synergistic combination was
that of an alternating regimen, especially if the concurrent treatment requires dose reduction
(Supp Fig S4C). Here foretinib would be effective only after the enrichment of the VV299L
subpopulation following dasatinib treatment. However, once V299L reached a substantial
fraction, the therapeutic benefit of an alternating treatment is limited as we risk the
outgrowth of the BCR-ABL1 WT subpopulation during the foretinib cycle, or the outgrowth
of V299L compound from V299L subpopulations during the dasatinib cycle (Supp Fig
S4D). As such, the efficacious strategy remains to be a concurrent treatment of dasatinib and
foretinib, or alternating treatments of a duration that can control the outgrowth of the BCR-
ABL1 WT and V299L effectively.

BCR-ABL1 V299L confers collateral sensitivity through an on-target BCR-ABL1 inhibition

Our demonstrated efficacy in isogenic Ba/F3 cell lines suggest that the collateral sensitivity
is likely to act through an on-target BCR-ABL.1 inhibition. To confirm, we made various
phenotypic and signaling measurements. BCR-ABL1 promotes cell cycle entry (G1-to-S
phase transition) and its inhibition results in G1 cell cycle arrest (Andreu et al., 2005; Cortez
etal., 1997). As such we posited that a similar cell cycle profile would provide, albeit a
downstream read-out, evidence of potential on-target ABL1 inhibition. Therefore, we
examined cell cycle profiles of BCR-ABL1 WT and BCR-ABL1 V299L cells upon drug
treatment. As expected, we observed an induction of G1 arrest in both WT and VV299L cell
lines upon treatment with BCR-ABL1 inhibitors (Fig 4A). In addition, as was expected from
previous dose response curves, higher concentrations of dasatinib and bosutinib were
required for G1 arrest in the presence of V299L. However, lower concentrations of
vandetanib, cabozantinib, crizotinib, and foretinib was sufficient to induce a G1 arrest in
BCR-ABL1 V299L cells (Fig 4A). Furthermore, crizotinib and foretinib appeared to exhibit
off-targets at high concentrations, leading to a prominent G2/M arrest in both BCR-ABL1
WT and V299L cell lines. This was consistent with a previous report of G2/M arrest (and
mitotic catastrophe) induced by foretinib in CML K562 cells (Dufies et al., 2011), albeit the
exact mechanism mediating this effect remains unknown.

Since Stat5 is a substrate of BCR-ABL1 and a surrogate biomarker of BCR-ABL1 activity
(O’Hare et al., 2012), we also examined phospho-Stat5 levels and cleaved PARP, as a marker
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for apoptosis via flow cytometry. As expected, we observed down-regulation of pStat5 upon
treatment with BCR-ABL.1 inhibitors, and again with a higher required concentration for
dasatinib/bosutinib in V299L cell lines (Fig 4B and Supp Fig S5). Although we observed no
down-regulation of pStat5 in BCR-ABL1 WT cell lines upon treatment with vandetanib,
cabozantinib, crizotinib, and foretinib, the occurrence of down-regulation in pStat5 in
V299L cell lines suggests an on-target ABL1 inhibition in the presence of BCR-ABL1
V299L. An increased cPARP level without a strong pStat5 inhibition at high concentrations
of crizotinib and foretinib in both BCR-ABL1 WT and VV299L cell lines is consistent with
the earlier cell cycle profiles suggesting an off-target mechanism of action at the higher
doses.

To show direct inhibition of ABL1, we further performed /n vitro kinase assays with purified
recombinant active ABL1 WT and ABL1 V299L mutant. We observed preferential
inhibition of kinase activity for V299L mutant compared to WT for the four small molecules
— crizotinib, foretinib, cabozantinib, and vandetanib (Fig 4C and Supp Fig S6A). Given the
particularly large fold change in preferential inhibition for vandetanib against ABL1 V299L
based on our kinase and viability assays, we also performed computational docking studies.
Intriguingly, bosutinib and vandetanib share close chemical structures: quinoline (for
bosutinib) or quinazoline (for vandetanib) group for occupying the adenine pocket, a
substituted aniline group for occupying the hydrophobic pocket, and a long-chain extended
into the solvent region for increased solubility (Supp Fig S6B). Our docking results support
this insight, with vandetanib binding to ABL1 WT and V299L in a similar conformation to
that for bosutinib (Fig 4D and 4E). BCR-ABL1 inhibitor bosutinib forms a hydrogen bond
to the hinge region of ABL1 (a feature shared by most kinase inhibitors), and via its nitrile
group van der Waals contacts with T315 and V299 and water-mediated hydrogen bond
network to the DFG motif (Levinson and Boxer, 2012, 2014). Mutation V299L results in
steric hindrance to the nitrile group, and the likely cause of clinically observed resistance.
Most notably, docking of vandetanib to V299L kinase domain suggests leucine capable of
making an additional non-polar contact with vandetanib (Fig 4E and Supp Fig S6C).
Energetic calculations suggest vandetanib in complex with V299L mutant is stabilized by
approximately ten fold through improved packing — primarily via interaction between
V299L and the quinazoline group of vandetanib.

To rule out any off-target effects, we examined RNA-seq differential expression of our
parental, V299L-, and V299L compound-containing cell lines. Unsupervised hierarchical
clustering showed the expected groupings with respect to the cell lines” ABL1 mutational
status (Supp Fig S7A). Although there were limited differentially expressed genes among
the cell lines (Supp Fig S7B), gene set enrichment analyses did not reveal any statistically
significant phenotypic or functional categories. This suggests that V299L (and V299L
compounds) does not affect cellular state. Next, we assessed the possibility that this mutant
would lead to substrate specificity changes downstream BCR-ABL1. We integrated results
from a recently-developed algorithm named KINspect (Creixell et al., 2015) that identifies
those residues most and least likely to contribute to substrate specificity by exploring
millions of different specificity models. The algorithm confirmed that V299L, with a
KINspect specificity score of 0.05, is unlikely to disrupt or significantly change substrate
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specificity (Supp Table S2). Taken together, these data indicate that the collateral
sensitization conferred by BCR-ABL1 V299L is due to on-target ABL1 inhibition.

Collaterally sensitive drugs against BCR-ABL1 V299L exhibit in vivo efficacy

To investigate whether the collateral sensitivity translates to /n vivo efficacy, we tail-vein
injected BCR-ABL1 WT or V299L cell lines into immunocompetent syngeneic recipient
mice. Upon the cytological appearance of an initial tumor burden on day 10 post
transplantation, we treated mice once daily with vehicle, imatinib, dasatinib, foretinib, or
vandetanib. We first assessed the overall tumor burden using whole-mouse bioluminescence
imaging pre- and post-treatment. As expected, we observed a reduction in tumor burden
upon treatment with imatinib and dasatinib in mice with WT BCR-ABL1 (Fig 5A and 5B).
Foretinib and vandetanib had modest to no /n vivo efficacy. However, in mice with BCR-
ABL1 V299L, imatinib and dasatinib exhibited no antitumor responses, while treatment
with foretinib or vandetanib led to a significant 3-log fold reduction in tumor burden
compared to vehicle control (Fig 5B).

Animals transplanted with these Ph+ ALL cells also develop splenomegaly. Whereas
treatment of WT BCR-ABL1 ALL-bearing mice with foretinib or vandetanib did not lead to
any reduction in spleen size, mice bearing BCR-ABL1 V299L ALL exhibited a 3- to 4-fold
reduction in spleen size upon treatment (Fig 5C and 5D). Of note, we observed a moderate
fitness defect for BCR-ABL1 V299L cells relative to cells expressing WT BCR-ABL1. This
was apparent both based on /n vitro growth assays and in the disease onset for these tumors.
As such, BCR-ABL1 WT mice were also sacrificed a few days early for imaging and
assessment of spleen size. BCR-ABL1 mutants have been known to exhibit different fitness
in the absence of drug, which may be due in part to moderate catalytic inefficiencies and/or
downstream substrate specificity (Griswold et al., 2006; Skaggs et al., 2006).

We next evaluated the overall survival of treated animals. We performed once daily oral
gavage of vehicle, imatinib, dasatinib, foretinib, or vandetanib for one week starting at day
10 post-transplantation with cells expressing either BCR-ABL1 WT or V299L. In mice with
WT BCR-ABL1, we observed an increase in median survival of 4 and 5 days upon treatment
with imatinib or dasatinib, respectively (Fig 5E, £< 0.001). Treatments with foretinib or
vandetanib did not lead to a statistically significant increase in survival for mice bearing WT
BCR-ABLL. In contrast, we observed a significant extension in median survival of 3 to 4
weeks when mice with BCR-ABL1 V299L were treated with foretinib or vandetanib. Most
notably, a subset of the animals in these cohorts achieved long-term survival without relapse.

Sequential drug combination selection reveals divergent clonal trajectories

Given the relevance of collateral sensitivity to treatment response in this model, we next
wondered how the choice of sequential drug selection affects the occurrence of temporal
collateral sensitivity and clonal trajectories. To examine these questions, we performed a
similar drug resistance selection experiment as before. However, as opposed to using a
single drug at dose escalating concentrations, we treated cells with a single dose of drug A at
an 1C90 concentration, followed, after initial tumor cell regrowth, by a switch to drug B at
dose escalating concentrations (Fig 6A).
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Here, we again observed that, upon selection with dasatinib or bosutinib, the parental ALL
cell line has a propensity toward the development of BCR-ABL1 VV299L mutations (Fig 6B).
A single round of selection with the other non-ABL1 targeting small molecules led to zero
or one mutations in the ABL1 kinase domain. In either case, the resulting pharmacological
response revealed no pronounced phenotypes of collateral resistance or sensitivity.

Continued selection with BCR-ABL1 V299L ALL cells using dose-escalating
concentrations of non-ABL1 targeting small molecules led to continued evolution toward
V299L compound mutants. In some cases, the V299L compound (i.e. V299L/F317L)
resulted in pronounced attenuation of collateral sensitivity, whereas in others (e.g. V299L/
D276G or V299L/Q252H), the collateral sensitivity appeared to be retained (Fig 6C).
Structural modeling and analysis shows that F317L independently weakens vandetanib
binding through diminished packing interactions with the quinazoline group. In contrast,
changes in Q252 and D276 are expected to have minimal effect — the former is solvent
exposed and makes only weak intra-protein interactions and the latter is over 20 A away
from the active site. Together, these data suggest additional mutations in ABL1 can result in
neutral or disruption of the stabilization previously created via V299L.

We next examined the effect of initial selection with the collaterally sensitive small
molecules, followed by dose escalating selection with dasatinib. We observed that BCR-
ABL1 V299L was no longer the dominating resistant population at outgrowth. Although all
the mutations continue to be localized to the ABL1 kinase domain, we observed a more
diverse set of trajectories, including BCR-ABL1 T315I (Fig 6C). Thus, the order in which
cells are exposed to drugs/develop resistance can affect the propensities of cells toward
specific resistance mechanisms. In particular, we still do observe V299L in these sequential
selection experiments; however, this pre-selection of e.g. foretinib followed by dasatinib
potentially diminished the pre-existing predominant VV299L subpopulation and enabled the
stochastic selection and outgrowth of other subclones.

Small molecule screen reveals compounds with diverse fithess landscapes across clonal

evolution

We have thus far examined collateral sensitivity and resistance using a limited set of targeted
and chemotherapeutics. We next wanted to investigate the diversity of fitness landscapes in a
broader small molecule space. Capitalizing on the known trajectories of our parental ALL
cell line in evolving toward VV299L and subsequently V299L compound mutants upon
dasatinib selection, we performed a small molecule screen of 391 compounds against the
parental, BCR-ABL1 V299L, and V299L/E255K cell lines (corresponding to the initial,
intermediate and terminal stage of clonal evolution) (Fig 7A).

We can schematically visualize the EC50s as they are mapped onto a fitness landscape,
consisting of these three clonal stages. Of the positive controls, there are molecules such as
bosutinib (Fig 7B) and imatinib (Fig 7C) where there is an escalating fitness with
progressive stages of clonal evolution. In contrast, there are other drugs such as vandetanib
and foretinib where intermediate and/or terminal stages consist of valleys instead of peaks in
the fitness landscape — an illustration of collateral sensitivity. The other possibility is a valley
for the intermediate and a peak for the terminal, as was observed for axitinib (Fig 7F) and
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crizotinib (Fig 7G). Interestingly, axitinib was recently reported to exhibit efficacy against
BCR-ABL1 T315I (as well as V299L), through an on-target ABL1 inhibition (Pemovska et
al., 2015). Studies here suggest that the V299L/E255K compound abrogates such efficacy
for axitinib. These are among several small molecules that appeared to exhibit these distinct
fitness landscapes, with effects ranging from persistent to temporal collateral resistance or
sensitivity.

DISCUSSION

Our view of tumor clonal evolution as a dynamic process led us to propose the existence of
additional vulnerabilities and evolutionary tradeoffs for exploitation — en route toward
terminal drug resistance. Notably, using combined /n vitro drug resistance selection and
pharmacological profile experiments, we have uncovered a temporal collateral sensitivity
phenomenon using a preclinical murine model of Ph+ ALL. Sequencing analysis in
partnership with kinetic mathematical modeling revealed that this was driven by a selection
of a pre-existing BCR-ABL1 V299L and subsequently BCR-ABL1 V299L compounds-
containing stable clonal subpopulations. As such, this is quite distinct from temporal
network rewiring mechanisms of drug synergy/sensitization. Our RNA-seq, phenotypic,
signaling, binding, and docking analyses indicate that the sensitization to non-classical
BCR-ABL.1 inhibitors crizotinib, foretinib, vandetanib, and cabozantinib was driven by an
on-target ABL1 inhibition in the presence of the V299L mutation. Clinically, V299L
mutations have been observed in CML and Ph+ ALL patients, and occurs upon dasatinib or
bosutinib treatment failure (at 5-7%) (Jabbour et al., 2012; Ravandi et al., 2010). V299L
compound mutations are also clinically observed following sequential BCR-ABL1 TKI
treatments (Zabriskie et al., 2014), and in one study of CML patients, V299L was the second
most common component of compound mutations (at 20%) (Khorashad et al., 2013).

The mechanism of action for this collateral sensitivity was surprising: a gained on-target
ABL1 inhibition realized by new interaction forged through the initial ABL1 mutation. The
selectivity toward a specific kinase mutant vis-a-vis WT is not unprecedented. Recently
axitinib has been shown to be active against BCR-ABL1 T315I (and other BCR-ABL1
mutants, including V299L) (Pemovska et al., 2015). Here axitinib binds to the active site of
ABL1 in a distinct conformation different from its known target VEGFR2. In contrast, pan-
Aurora inhibitor danusertib binds to ABL1 T315I in similar conformation, with 1le315
mimicking Leu210 in Aurora A (Modugno et al., 2007). Our findings and these studies
suggest existing compounds may exhibit selectivity toward kinase mutants over WT that in
some cases due to the mutation changing to an ‘on-target mimetic’. This highlights
opportunities for potential experimental and /n silico screens of existing small molecules for
mutant selectivity and possibly provide alternatives to existing drugs with known adverse
side effects (e.g. ponatinib and nilotinib with vascular occlusive events (Valent et al., 2015)).

Capturing the time window for temporal collateral sensitivity can be challenging. However,
for Ph+ ALL or CML, biopsies and quantitative analysis of BCR-ABL1 transcript levels are
routinely utilized for monitoring disease progression. This provides the opportunity to
strategize the timing for incorporation of non-classical BCR-ABL1 inhibitors for patients. In
solid tumors and other hematopoietic cancers, utility of circulating tumor cells or DNA
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(albeit at limited resolution) may be used as additional modalities. Nevertheless, challenges
remain for the identification and improved sensitivity of biomarker identification.

Ultimately, optimal clinical management will also require the incorporation and
consideration of current standard of care. In the case for Ph+ ALL, current regimens include
fractionated chemotherapy combinations, such as Hyper-CVVAD with addition of a BCR-
ABL1 inhibitor, and most often followed by stem cell transplantation. However,
incorporation of TKIs into chemotherapy regimens has not dramatically improved remission
duration (Ottmann and Pfeifer, 2009), suggesting a need for additional understanding on the
effects of chemotherapy and TKIls and/or clinical management for this aggressive disease.

Our modeling presented here provides a conceptual understanding of temporal collateral
sensitivity and estimations of pre-existing populations. Additional experimental and
mathematical modeling will be useful to examine different drug scheduling strategies. For
example, alternating treatment may be of value if cycling between classical BCR-ABL1
inhibitors and collaterally sensitive drugs may impede the continual evolution toward
compound mutants. However, if a large wild-type fraction still persists after the initial log
fold tumor reduction, a more practical strategy would involve concurrent treatments with
inclusion of classical BCR-ABL1 inhibitors (or hyper-fractionation of the alternating
regimen) for the effective management of disease. Mathematical modeling of these scenarios
along with incorporation of various factors (e.g. pharmacokinetics, clonal interference/
cooperation, microenvironments, etc.) and applications from control theory (Swan, 1990)
and adaptive drug design (Gatenby et al., 2009) will inform scheduling implications in the
context of temporal and/or persistent collateral sensitivity trade-offs.

Undoubtedly different parental cell lines and patients prior to diagnosis will exhibit different
propensities toward resistance. This study reveals that there can potentially be a treatment
window to exploit temporal collateral sensitivity at predictable clonal evolutionary
trajectories. Furthermore, this work highlights an approach for combining extensive drug
resistance selection experiments with pharmacological profiles to identify novel
vulnerabilities during the course of tumor clonal evolution. In particular, this approach has
broad applications for studies beyond tyrosine kinase inhibitors. For instance, multiple
rounds of chemotherapy selection can result in distinct step-wise progression via multiple
mutations. The pharmacological profiles would not only identify these functional clonal
evolutionary states that would otherwise be difficult solely based on genome sequencing, but
also the identification of specific vulnerabilities at such stages. It is worth noting that this
mechanism does not have to be restricted to on-target mutations, but is also a potential
consequence of dysregulation in compensatory pathways. Our Ph+ ALL model exhibits
strong evolutionary constraints toward on-target point mutations as mechanism of resistance.
Different cancer types and drug classes (including chemotherapy) will undoubtedly have
distinct mechanisms. Nevertheless, similarity in evolutionary constraints — including
prevalence of on-target kinase domain mutations in ALK (in non-small-cell lung cancer) or
cKIT (in gastrointestinal stromal tumor) and known compensatory pathways (e.g. in EGFR,
IGFR1, cMET, etc) presents opportunities to survey more densely their clonal evolutionary
trajectories and potential intermittent vulnerabilities.
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EXPERIMENTAL AND COMPUTATIONAL PROCEDURES

Cell lines and chemicals

Murine derived Ph+ALL cell line containing BCR-ABL1 p185 (Williams et al., 2006, 2007)
was cultured in RPMI medium supplemented with 10% FBS, 4 mM L-glutamine, 5 uM -
mercaptoethanol. The murine Ba/F3 parental cell line, received from the Druker lab,
cultured in RPMI medium supplemented with 10% FBS and 10 ng/mL recombinant murine
IL3 (R&D Systems). Mutant Ba/F3 expressing BCR-ABL1 wild-type or BCR-ABL1 V299L
were generated as previously described (Shah et al., 2002). Mutant Ba/F3 were cultured in
RPMI medium supplemented with 10% FBS. All cell lines were tested and shown to be free
of Mycoplasma using PCR-based (ATCC) and biochemical-based (Lonza) methods. All
drugs were obtained from LC Laboratories or Selleck Chemicals.

Drug resistance selection

Cells were plated at 0.5 million cells/mL and treated at desired drug concentrations. Cells
were monitored each day. Upon outgrowth (i.e. cell density reaching 4-5 million cells/mL),
cells were 1) frozen down, 2) allowed to recover in no-drug medium, or 3) plated again at
0.5 million cells/mL and treated at the next drug dose. For cells in drug-selection condition,
medium was changed every week. For cells recovering in no-drug medium, genomic DNA
was extracted for PCR amplification and Sanger sequencing of the ABL1 kinase domain,
and dose responses were performed. The stability of the cell line in no-drug medium was
confirmed through both Sanger sequencing and dose responses, performed periodically up to
2 months post-recovery.

Statistical analyses

Statistical analyses were performed using Prism v5 (GraphPad) and R v3.2.0. Comparisons
in tumor burden reduction were assessed using Mann-Whitney test. RNA-seq differential
expression analyses were performed using DEseq package in R. Survival of mice was
analyzed with Kaplan-Meier method with significance assessed using log-rank test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Predefined fitness landscapes can be visualized with a z-axis corresponding to a fitness of
the population under a given environmental condition, and x- and y- corresponding to a two-
dimensional coordinate of the genotype of each subpopulation. The actual genotype can be

in a high-dimensional space, but is explicitly represented here in two-dimensions. The
fitness landscape for drug A is composed of two Gaussian peaks for intermediate and

terminal stage. In contrast, at the location of the intermediate peak, the corresponding fitness

landscape for drug B contains a valley. Initial population is a homogeneous population
starting at a low fitness, as indicated by the white asterisk. See also Figure S1.
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Figure 2. A pharmacological screen of each distinct evolutionary stage to identify persistent and
temporal collateral resistance and sensitivity

(A). Schematic of experimental setup for drug resistance selection experiment (see Methods
for details). Briefly, a murine derived Ph+ acute lymphoblastic leukemia cell line is treated
at 1C90 1x drug concentration. Upon recovery and outgrowth, the population is dose
escalated to 2x the previous drug concentration. The derived cell line, mimicking a specific
stage of the clonal evolution, was allowed to recover and profiled based on viability assays
across a panel of targeted and chemotherapeutics. Each selection experiment terminates
upon either no outgrowth at the given drug concentration or until 1IC90 16x. (B) Preliminary
drug selection experiment with DMSO control and three independent dasatinib selection at
IC90 1x concentration, illustrating collateral sensitivity and resistance. (C) A complete
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overview of the drug selection experiments for vehicle, dasatinib, and bosutinib, showing
diverse collateral resistance and sensitivity patterns. The black triangles illustrate each
independent series of dose escalating concentrations, and hence also an indicator of time.
The heatmap shows the log2 transform of the ratio of the EC50s for each drug of given cell
line relative to parental cell line. Cell lines with DMSO control grown in parallel had similar
EC50s as the parental. The kinase domain of ABL1 was also Sanger sequenced, the
subpanel to the right of heatmap illustrates complete concurrence between the sensitization
to crizotinib, foretinib, cabozantinib, and vandetanib and single mutational V299L in ABL1.
(D) A representative Sanger sequencing of ABL1 VV299L. (E) Dose responses of BCR-
ABL1 inhibitors and collaterally sensitive inhibitors crizotinib, foretinib, cabozantinib, and
vandetanib in Ba/F3 isogenic parental, BCR-ABL1 WT, and BCR-ABL1 V299L cell lines.
The sensitization was consistently observed and suggests that V299L is a causative
determinant for the sensitization phenotype. See also Figure S2 and S3.
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Figure 3. Mathematical models of tumor kinetics predicts pre-existing subpopulations and
treatment window

(A-B) Representative stochastic birth/death model simulation results with Monte Carlo
sampling of parameters for the first round of selection with dasatinib at IC90 1x
concentration. The total population size is shown in (A) and the corresponding
subpopulation fractions shown in (B). Simulation results were constrained to those fitting
experimental observations (in terms of total population size and tumor composition) at day 0
and 9. Stochastic model predictions at ten evenly distributed time points (connected by line)
are shown in plots. (C-D) Distribution of pre-existing subpopulation percentages of BCR-
ABL1 V299L (C) and V299L compound (D) for those simulation results that fit our
experimental observations. The histogram includes all parameter combinations with at least
one simulation run (out of the 50 per parameter combination) that fit the data. The only way
to explain our observed Kinetics was with the pre-existence of BCR-ABL1 V299L. (E)
Sensitivity analyses based on Monte Carlo sampling and stochastic birth/death model
showing the effects of each parameter on final tumor population size and tumor
composition, as measured by Kendall correlation. Blue and red indicate positive and
negative correlation, respectively. The major determinant of final subpopulation sizes was
the pre-existing subpopulation sizes. Birth/death rates and background mutation rates had
minimal effects. (F-G) Representative ODE simulation Kinetics of long-term drug resistance
selection with dose escalating concentrations of dasatinib. The dose schedule is shown in (F)
and corresponding subpopulation fractions in (G). (H-1) Given the dose escalation
simulations, we also predicted the EC50s for the overall population at each time point over
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the course of dasatinib selection. This provides an approximate treatment window for which
we can observe temporal collateral sensitivity to drugs such as foretinib. The predicted EC50
for the overall population was based on a weighted sum of the known EC50s for individual
subpopulations. See also Figure S4.
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Figure 4. Sensitivity of BCR-ABL 1 V299L actsthrough on-target inhibition of BCR-ABL 1
(A). Representative cell cycle profiles taken at 12 hours post treatment /n vitro for Ph+ ALL

cell lines derived from drug selection experiments, either with BCR-ABL1 WT or V299L.
Treatments with ABL1 inhibitors led to a G1 arrest, albeit at higher concentrations for
V299L cell lines due to resistance. While no G1 arrest was observe upon treatment with
crizotinib, foretinib, cabozantinib, and vandetanib in the BCR-ABL1 WT cell line, G1 arrest
was observed in the presence of BCR-ABL1 V299L. (B) Representative flow cytometry
analysis of phospho-Stat5 (a measure of ABL1 activity) and cleaved-PARP (a measure of
apoptosis). Similar to the cell cycle profile phenotypes, we observed an inhibition of pStats
in the presence of V299L upon treatment with the collaterally sensitives, supporting an on-
target ABL1 inhibition as the mechanism of action. (C) /n vitro kinase assay at 10 pM ATP

-
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with recombinant active ABL1 WT or V299L against vandetanib, showing a preferential
inhibition of kinase assay against ABL1 V299L relative to WT. Results for other small
molecules are shown in Supp Fig S6A. Data are shown as mean + s.d. from three
independent experiments. (D-E) Models of vandetanib docked to ABL1 WT and VV299L.
Vandetanib and bosutinib are shown in blue and orange, respectively. V299L causes steric
hindrance to nitrile group of bosutinib, whereas it provides additional van der Waals contact
to quinazoline group of vandetanib. See also Figure S5, S6, and S7.
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Figure 5. Non-canonical BCR-ABL 1 inhibitors demonstratesin vivo efficacy
(A) Representative /in vivo bioluminescence of mice at and during time of treatment. Derived

cell lines with either BCR-ABL1 WT or V299L was tail-vein injected into
immunocompetent recipient mice. Initial imaging was performed at day 10 post
transplantation. Mice were subsequently treated once daily with vehicle, 10 mg/kg dasatinib,
50 mg/kg imatinib, 50 mg/kg vandetanib, or 50 mg/kg foretinib. (B) Fold change in total
whole-mouse bioluminescence signal between post and pre- treatment. Mice bearing BCR-
ABL1 V299L ALLs showed significant tumor burden reduction upon treatment with
foretinib or vandetanib. Statistical significance determined by Mann-Whitney test. * P<
0.05 and ** £< 0.01. (C-D) Spleen from the same cohort of mice was also imaged and
weighted (4 days and 8 days post initial treatment for BCR-ABL1 WT and V299L,
respectively). Treatment of BCR-ABL1 VV299L /n vivo with foretinib and vandetanib
showed strong reduction in spleen size. Scale bar indicates 1 cm. Statistical significance
determined by Mann-Whitney test. ** £< 0.01. (E) Kaplan-Meier overall survival of
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immunocompetent recipient mice transplanted with BCR-ABL1 WT or V299L. Treatment
of mice with foretinib or vandetanib led to significant extension in overall survival. Data
presented was compiled from two independent injection experiments. Statistical significance
determined with log-rank rest. *** < 0.001.

Cell. Author manuscript; available in PMC 2017 March 24.



1duosnuey Joyiny

Zhao et al.

1duosnuepy Joyiny 1duosnuely Joyiny

1duosnue Joyiny

A B NS N
. © ST PP oL
B S SIS S
leukenia cells ' ST F
_ DMSO [ ] -
drug Aat 1x IC90 l unique V299L
sl .
) u
Sa— | V299L
drug B at 1x IC90 l bosutinib | L248V
foretinib
— o =
drugBat2xIC90 cabozantinib | L387M_frac
vandetanib | -
L | L248V
" dasatinib — crizotinib V299L/F317L
dasatinib —cabozantinib V299L/D276G
dasatinib — foretinib V299L/Q252H
unique initial L248v
i mutational status foretinib — dasatinib E255K
SEETEE———— F317L
L248vV
L248V._frac
cabozantinib — dasatinib V299L frac
T3151
F317L
L248vV
vandentanib — dasatinib V299L
F317L
||
-6 0 6

10g2[EC50 / EC50 (DMSO)]

Figure 6. Sequential drug switching changes clonal trajectories. (A) Experimental setup of
sequential drug selection

Parental ALL cell lines were initially selected with drug A at IC90 1x the concentration.
Upon outgrowth, drug B was used at dose escalating concentrations for continued resistance
selection. (B) Pharmacological profile depicting collateral resistance and/or sensitivity for
recovered cells upon initial selection with drug A. Heatmap shows the log2 transform of the
ratio in EC50s between given representative cell line with unique ABL1 mutation and the
DMSO control cell line (similar as the parental). (C) Pharmacological profile for
representative cell lines with initial uniqgue ABL1 mutations following drug A — drug B
selection. The sequence of drugs used for selection can diversify resulting resistant ABL1
mutations.

Cell. Author manuscript; available in PMC 2017 March 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhao et al.

>

fitness

|ogz[EC50V299L/E255K/EC50parentaI]

Page 26
bosutinib
B o o
o & V299L/E255K
S
&
: B o bosutinib :
6 axitinib imatinib ®
5 @
[ .
5 & e o @ 5.
5 ° crizotinib e ¢® 2
g 2 cabozantinib
s HO
@ o
i ®
£ 4 foretinib by
E L PP | i
2 5 e 9o @ C . imatinib
4 @ Q\Qe "
5 vandetanib &‘\o w V299L/E255K
-6
T
-8
2
8 4 € 5 4 3 2 A 0 1 2 3 4 5 6 7 8 B
@ Positive controls l0g2[EC50V299L | EC50Parental o
@ Positive controls (BCR-ABL1 inhibitors) intermediate vs. parental
vandetanib E foretinib F axitinib G crizotinib
4 V299L/E255K 4 V299L/E255K o o
& Qé\ﬂ V299L/E255K &Qx‘?‘,, V299L/E255K
(\0
& .

fitness

0
V299L ¢ V299L

ge B B
Notype geno[ype

Figure 7. Small molecule screen reveals compounds with diver se fitness landscapes
(A) High-throughput small molecule screen with 391 compounds against parental, BCR-

ABL1 V299L, BCR-ABL1 V299L/E255K derived ALL cell lines, as a model of the initial,
intermediate, and terminal stages of clonal evolution. Plot shows the log2 ratio in EC50
between VV299L and parental (for x-axis) and between VV299L and VV299I/E255K (for y-
axis). Data points colored in orange are BCR-ABL1 inhibitor positive controls, and in red
are other positive controls. (B—G) Conceptual fitness landscapes with predefined positions
for the three clonal stages. Height of the peak/valleys determined based on actual EC50
values for given drug and cell line.
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