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Abstract

Rational new strategies are needed to treat tumors resistant to kinase inhibitors. Mechanistic
studies of resistance provide fertile ground for development of new approaches. Cancer drug
addiction is a paradoxical resistance phenomenon, well-described in MEK-ERK-driven solid
tumors, in which drug-target overexpression promotes resistance but a toxic overdose of signaling
if inhibitor is withdrawn. This can permit prolonged control of tumors through intermittent dosing.
We and others showed previously that cancer drug addiction arises also in the hematologic
malignancy ALK-positive anaplastic large-cell lymphoma (ALCL) resistant to ALK-specific
tyrosine kinase inhibitors (TKIs). This is driven by overexpression of the fusion kinase NPM1-
ALK, but the mechanism by which ALK overactivity drives toxicity upon TKI withdrawal
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remained obscure. Here we reveal the mechanism of ALK-TKI addiction in ALCL. We
interrogated the well-described mechanism of MEK/ERK pathway inhibitor addiction in solid
tumors and found it does not apply to ALCL. Instead, phosphoproteomics and confirmatory
functional studies revealed STAT1 overactivation is the key mechanism of ALK-TKI addiction in
ALCL. Withdrawal of TKI from addicted tumors in vitro and in vivo leads to overwhelming
phospho-STAT1 activation, turning on its tumor-suppressive gene-expression program and turning
off STAT3’s oncogenic program. Moreover, a novel NPM1-ALK-positive ALCL PDX model
showed significant survival benefit from intermittent compared to continuous TKI dosing. In sum,
we reveal for the first time the mechanism of cancer-drug addiction in ALK-positive ALCL and
the benefit of scheduled intermittent dosing in high-risk patient-derived tumors in vivo.

Introduction

Targeted kinase inhibitors provide active treatments for many cancers but uncommonly
promote durable responses due to de novo and acquired resistance.! Refractory disease
driven by overexpression or mutations of the targeted kinase or activation of alternate
signaling pathways inevitably emerge in most clinical scenarios, and affected patients
require new strategies. Cancer drug addiction is a paradoxical resistance phenomenon that
can prolong control of some solid tumors in vivo through intermittent dosing.2#
Specifically, melanomas and lung cancers with MEK/ERK activation downstream of BRAF
or EGFR activation may develop resistance due to overexpression of pathway intermediates,
but this promotes toxic hyperactivation of signaling when inhibitor is not present. In BRAF-
V600E-driven melanomas, prolonged control of patient-derived xenograft tumors in mice
through intermittent dosing prompted an ongoing clinical trial (NCT02583516).°
Mechanisms driving addiction, however, remained obscure until recently when elegant work
by the Peeper group showed that in both melanomas and lung cancers, signaling overdose is
driven by an ERK2-dependent phenotype switch mediated by the transcription factors JUNB
and FRA1.5

We previously reported the first major example of cancer-drug addiction in a hematologic
malignancy, ALK-positive anaplastic large cell lymphoma (ALCL).” ALCL is a T-cell non-
Hodgkin lymphoma affecting adults and children. Approximately 70% of cases are driven
by the anaplastic lymphoma kinase (ALK) due to reciprocal chromosomal translocations
creating a fusion kinase, most commonly NPMI-ALK due to t(2;5) (p23:925).8 ALK-
specific clinical tyrosine kinase inhibitors (TKIs), developed for use in ALK-positive lung
cancer,210 show strong activity as salvage therapy for patients with relapsed or refractory
ALCL,1112 pyt resistance mechanisms are poorly understood. We showed preclinically that
over-expression of NPMI-ALK emerges in ALCL cells resistant to ALK inhibitors but
drives a toxic over-activation of signaling when inhibitor is withdrawn.” Other investigators
have validated and elaborated on this cancer drug addiction phenotype in ALK-positive
ALCL.1314 The mechanism driving toxicity via NPM1-ALK kinase overactivity, however,
remained unclear.

Important questions therefore remain regarding the NPM1-ALK kinase, which both drives
ALK-positive ALCL and may be found also in ALK-positive diffuse large B-cell lymphoma
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(DLBCL).1516 Here we sought to understand how this potently oncogenic fusion kinase can
become a toxic liability to cells at higher expression levels, the degree of overlap if any with
the mechanism described for MEK/ERK overactivation in solid tumors, and whether
mechanisms can inform novel treatments. MEK/ERK activation is one of three main
signaling consequences of ALK kinase domain-containing fusion oncoproteins, along with
AKT/mTOR and JAK/STAT3.17.18 The possibility therefore that MEK/ERK drives the
toxicity of ALK signaling overdose in a manner similar to BRAF and EGFR is logical and
was suggested by others.13 We report here, however, that inhibition of MEK/ERK activation
downstream from ALK consistently fails to rescue cells from the effects of ALK overdose.
We used phosphoproteomics to identify direct phospho-targets of NPM1-ALK uniquely
associated with ALK-driven death. Of these, the tumor suppressive transcription factor
STAT1 emerged as key driver of toxicity, working by activating its tumor-suppressive gene-
expression program and counteracting the STAT3 program upon which ALCL cells normally
depend for survival.1® Importantly, a novel PDX model of ALK-positive ALCL
demonstrates prolonged control of tumors in vivo employing a simple two-week on/off
intermittent-dosing strategy.

Results

Co-selection for resistance and addiction in ALCL by all generations of ALK TKI

All ALK-kinase inhibitors approved or under development show high potency against
NPM1-ALK-driven ALCL cells (Supplementary Figure 1a). To build on our previous
findings that crizotinib and ceritinib generate resistance in ALCL through over-expression of
NPMI-ALK, we carried out resistance selections using additional inhibitors including
alectinib and the potent third-generation inhibitor lorlatinib.2%-21 Selections consistently led
to resistance and addiction in parallel. Karpas-299 and SU-DHL-1 cells selected for ability
to grow in 100 nM lorlatinib show bell-shaped viability in response to all ALK inhibitors
(Figure 1a). These curves are a classic indication of cancer drug-addiction, showing both
viability stimulation up to an optimal concentration and ongoing dependence on the drug
target, indicated by the viability decline above the optimal concentration.?:” Results were
similar for selections in alectinib to 150 nM (Supplementary Figure 1b). Confirming TKI
addiction, resistant subclones proliferate well in inhibitor but fail to do so in their absence,
the reverse phenotype of parental cells (Figure 1b). Microscopic evaluation of drug-addicted
cells undergoing cell death after withdrawal of TKI show cell shrinkage followed by
blebbing and separation of cell fragments into apoptotic bodies by day 4 (Figure 1c,
complete time course including zoomed-in images shown in Supplementary Figure 1c),
consistent with our previous findings that ALK TKI-addicted cells undergo apoptosis after
drug withdrawal.” Resistant clones show increased expression of NPMI-ALK mRNA and
protein compared to their respective parent (Figure 1d—e). All generations of ALK TKI
therefore drive ALK-positive ALCL cells to develop resistance due to NPM1-ALK over
expression, leading to the drug-addiction phenotype.
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ALK’s canonical downstream pathways do not mediate TKI addiction in NPM1-ALK over-
expressing resistant ALCL cells

MEK/ERK overactivation drives cancer drug addiction in resistant BRAF-mutant
melanomas and MAPK-driven NSCLC, mediated by ERK2 activation of a tumor
suppressive gene-expression program.8 We therefore assessed this pathway as the initial
candidate driver of ALK-TKI addiction in ALK-positive ALCL. We tested drugs targeting
MEK/ERK signaling molecules in the cell line K299-CR1000, derived from the ALK-
positive ALCL line Karpas-299 and selected for ability to tolerate crizotinib in vitro up to 1
000 nM.” This well-characterized line requires continuous presence of ALK TKI at optimal
concentration to avoid apoptosis, with both resistance and addiction stemming from NPM1-
ALK overexpression driven by genomic amplification. K299-CR1000 cells washed out of
TKI show bell-shaped viability stimulation in response to ALK TKIs but no hint of viability
stimulation by drugs targeting MEK1/2, ERK1/2 or the ERK2-selective inhibitor ulixeritinib
(Figure 2a). Because of dynamic rewiring of TKI signaling that may arise during MEK
inhibition,22 we confirmed lack of rescue by both MEK inhibitors at multiple time points
(Supplementary Figure 2a). We also assessed proliferation, showing as expected growth of
K299-CR1000 cells in ALK TKI and loss of all live cells from culture upon plating in
vehicle (Figure 2b). MEK/ERK inhibitors promoted no rescue of proliferation, similar to
vehicle. We confirmed the concentrations of MEK inhibitors used resulted in inhibition of
downstream ERK1/2 phosphorylation, despite the lack of rescue from ALK-TKI withdrawal
(Supplementary Figure 2b). Interrogation by MEK/ERK inhibitors therefore revealed no
evidence of rescue from NPM1-ALK over-activation in a well-characterized system of ALK
TKI addiction.

We therefore sought a more comprehensive picture by interrogating additional targets
downstream from NPM1-ALK and employing additional systems of ALK TKI addiction.
We screened a large number of inhibitors for ability to rescue from ALK overdose in K299-
CR1000 cells plus additional resistant ALK-positive ALCL clones with the TKI-addiction
phenotype. These previously characterized lines are derived from Karpas-299, SU-DHL-1,
or SUP-M2 ALK-positive ALCL lines and selected for growth in crizotinib (denoted CR) or
ceritinib (LDK378, denoted LR).” For consistency of analysis, we developed concentration-
weighted area under the curve (WAUC) to assess inhibitors’ ability to rescue cell viability
after TKI washout (Figure 2c). The method quantifies drug effects on viability so results
from multiple inhibitors and replicates can be compared across experiments and cell lines. A
hypothetical inhibitor with no effect positive or negative on viability (Figure 2c, inhibitor 2)
would have wAUC = 1, while those inhibiting viability (inhibitor 1) have wAUC <1. Those
that stimulate viability (inhibitors 3 and 4) have wAUC > 1, with the value weighted to
reflect higher potency (peak stimulation at lower drug concentration). Mean wAUC values
for K299-CR1000 (Figure 2d) were calculated from raw curves (Supplementary Figure 2c,
Figure 2a for MEK/ERK inhibitors) after washout from ALK TKI then plating in serial
dilutions of the indicated inhibitors. In addition to MEK/ERK, we assessed JAK/STAT3 and
PI3K/AKT/mTOR signaling and a variety of additional NPM1-ALK targets: PKM2
(TEPP-46),23 phospholipase C (U73122),24 INK (JNK-IN-8),2526 PKC (Ro-31-822),2° and
GSK3R (GSK-3B-1X).27 All ALK inhibitors rescued viability of the TKI-addicted cells,
with more potent later-generation compounds generally doing so at lower concentration, but
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inhibitors of none of the other targets did. Although the JAK inhibitor AZD1480 did
increase viability, this compound has known off-target activity against ALK itself.28 Since
no other JAK/STAT inhibitor produced any effect, we conclude the effect of this drug was
due to off-target ALK inhibition. Results for additional TKI-addicted resistant lines were
similar (Figure 2e, Supplementary Figure 2d, not all drugs were tested in all lines).
Comprehensive assessment of NPM1-ALK downstream oncogenic targets using a targeted-
inhibitor approach therefore revealed none as a mediator of TKI addiction.

For further confirmation that ALK’s three main downstream oncogenic pathways do not
mediate TKI addiction, we infected parental ALK-positive ALCL cells with alleles
activating them, specifically constitutively active STAT3C,29 an shRNA targeting PTEN, and
constitutively active MEK1-S218D, $222D.30 As expected, additional NPMI-ALK was
strongly disadvantageous, consistent with induction of ALK overdose signaling like
inhibitor withdrawal from drug-addicted cells (Figure 2f). STAT3C, shPTEN, and MEK1-
S218D, S222D, by contrast, behaved like empty vector or kinase-dead (KD) NPM1-ALK,
resulting in no growth disadvantage compared to uninfected cells. Western blotting
confirmed expression and activity of pathway-activating alleles (Supplementary Figure 2e).
In sum, we find NPM1-ALK over-activity does not drive impaired cell fitness through any of
its well established downstream oncogenic signaling pathways, but the effect is clearly
ALK-kinase dependent, shown by the strong, consistent rescue by all ALK TKIs. We
hypothesized NPM1-ALK over-activation toxicity is driven by a direct ALK-kinase
substrate not normally associated with malignant transformation.

Phosphoproteomics yields candidate drivers of NPM1-ALK overdose toxicity

We therefore sought unbiased identification of phosphorylated substrates associated with
ALK-overdose. We employed mass-spectrometry proteome-wide assessment of
phosphorylation to interrogate phospho-proteins in the K299-CR1000 line upon NPM1-
ALK overdose at 12 hours post drug withdrawal, compared to parental cells, with log2 fold
enrichment >1.5 considered significant (Figure 3a).2331 To focus results on phospho-targets
associated specifically with NPM1-ALK overactivity, we compared parental Karpas-299
cells growing without drug (Figure 3b, ALK-on, viable) to drug-addicted K299-CR1000
cells following TKI washout (ALK-on, death) revealing a total of 1,871 upregulated
phosphoproteins of which 1,750 were in both (common ALK targets, Supplementary Table
1). We then compared K299-CR1000 undergoing overdose (ALK-on, death) to parental cells
exposed to ALK TKI (ALK-off, death) and found a total of 213 deregulated targets of which
176 were common to both (common death targets, Supplementary Table 2). This left 21
uniquely deregulated, significantly enriched phospho-targets in the ALK-overdosing cells,
which we considered candidate drivers of toxicity (Figure 3c). Gene ontology (GO)
annotation showed most are in core bioenergetic and synthetic pathways, which could
simply be a consequence of hyper-stimulation by multiple growth and survival pathways
downstream of hyper-activated ALK kinase. Since Figure 2 suggested death is mediated by a
direct NPM1-ALK substrate instead of its downstream pathways, we identified those
candidates whose increased phosphorylation occurs on a tyrosine residue in a consensus
ALK (YXYXXY) phosphorylation motif. 32 Eight proteins showed elevated
phosphorylation in such a motif: RSSA, CBLB, CCD50, NYAP2, PEAK1, MET, BCAP, and
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STAT1 (Figure 3d, Supplementary Figure 3). As indicated, some of these residues are
associated with previously described regulatory functions of these targets.33-38
Phosphoproteomics therefore revealed candidate NPM1-ALK substrates uniquely associated
with overdose toxicity. These data also suggest deregulation of biosynthetic, metabolic, and
catabolic processes occurs as a central derangement in cells experiencing NPM1-ALK over-
stimulation.

STAT1 activation drives NPM1-ALK overdose-mediated cell death

Identification of STAT1-Y701 phosphorylation as a candidate driver was intriguing because
this residue is a known substrate of cytoplasmic NPM1-ALK in ALCL.38 This normally
leads to proteasomal degradation of STAT1 to prevent antagonism of the STAT3
transcriptional program that is the core survival pathway of ALCL.19 Y701 phosphorylation
in other contexts, however, indicates STAT1 activation.3%49 We therefore interrogated the
status of STAT1 and its phosphorylation at Y701 in cells undergoing NPM1-ALK overdose,
revealing massive up-regulation of STAT1 phosphorylation (pSTAT1) following ALK TKI
washout from drug-addicted lines (Figure 4a). Corresponding increase in the apoptotic
transcription factor IRF1, product of a key pSTAT1 target gene,*1-43 suggested strong
activation of the tumor-suppressive pSTAT1 gene-expression program was occurring. We
therefore performed RNA-seq on five ALK TKI-addicted subclones and their parents with
and without TKI. RNA from 5 biological replicates of subclones maintained viably in the
presence of TKI (100 nM ceritinib) or induced to enter NPM1-ALK overdose for 12 hours
through TKI washout. The three parental lines that gave rise to these clones also were
analyzed without inhibitor and after 12 hours in 100 nM ceritinib. We analyzed each death
state compared to its corresponding viable state and performed n-of-1 pathway analysis as
described** (complete GO-annotated heat map of gene-level targets, Supplementary Figure
4a, gene names in Supplementary Table 3). As in the phosphoproteomics, we again observed
activation of biosynthetic and metabolic pathways associated with ALK-overdose (group | in
Supplementary Figure 4a). Analysis specifically of STAT1 and STAT3 target genes*>:46
showed dramatic up-regulation of STAT1 targets in the ALK-overdose death state, while
STAT3 targets were even more strongly lost than in parental lines exposed to ALK TKI
(Figure 4b). We verified these findings by gPCR for specific targets in independent samples
from multiple drug-addicted subclone-parent pairs (Supplementary Figure 4b). Massive
activation of tumor-suppressive pSTAT1-mediated gene expression therefore occurs upon
withdrawal of TKI from drug-addicted ALK-positive resistant clones.

For further assessment, we infected parental Karpas-299, SUP-M2, and L-82 cells with
constitutively active STAT1C (Arg656Cys, Asn658Cys)*’ and assessed GFP co-expression,
compared to NPMI-ALK and vector. STATIC showed potent negative selection similar to
NPMI-ALK (Figure 4c). We also assessed whether STAT knockdown would rescue cells
from TKI withdrawal in addicted cells. We infected K299-CR1000 and SUP-CR500 cells
maintained in ALK TKI with GFP co-expressing shSCR (scrambled) and two different
shSTATI constructs that knocked down STAT1 protein. We withdrew the cells from TKI to
induce ALK overdose and then rescued them by restoring TKI. Both shS7AT1 constructs
show significant enrichment as the cells are taken through cycles of overdose and rescue,
while shSCR was unchanged (Figure 4d). Overall, results predict pPSTAT1 induction by
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interferon-gamma (IFN-y) might be toxic to ALK-positive ALCL tumors, especially in
combination with ALK TKIs. Indeed, IFNy has a significant detrimental effect on the
viability of ALK-positive ALCL tumors and synergized with ALK TKI (Figure 5a,
CompuSyn combination index (ClI) crizotinib+ IFN+y < 1.0 for all three). Addition of IFN+y
resulted in increased pSTAT1 and expression of IRF1 and IRF7 (Figure 5b). Finally, our
findings also predict that enhancement of STAT1 activation during NPM1-ALK overdose
would increase toxicity. We therefore washed out drug-addicted resistant lines from ALK
TKI and plated them in vehicle, IFN-y, or back in TKI (crizotinib). IFN-y significantly
enhanced the death of these cells compared to the baseline death state of vehicle alone
(Figure 5c). STAT1 activation therefore drives cell death during overdose signaling by
NPM1-ALK in drug-addicted lymphoma cells.

Intermittent dosing prolongs control of patient-derived tumors in vivo

We previously showed resistant/addicted ALK-positive ALCL cell-line xenografts require
TKI for growth in vivo and undergo cycles of growth and regression in response to
discontinuous dosing,’ but there have been no previous studies of ALK TKI in ALCL using
PDX models. We therefore employed the novel ALK-positive ALCL PDX DNO3 (obtained
from G. Inghirami, Weill-Cornell Medical College). This PDX was established from
diagnostic tumor sample (inguinal lymph node) from a 53-year-old patient with NPM1-
ALK-positive ALCL. The patient had aggressive stage 4 disease at diagnosis, had
progressive disease in response to frontline combination chemotherapy, and later died after
failure of third-line treatment. We first assessed response to ALK TKI in this model by
engrafting animals and dividing them to treatment with vehicle (n=11) or ceritinib 20 mg/kg
oral daily (n=22). Tumors grew rapidly without treatment (vehicle median overall survival
(OS) 5 days), were initially highly sensitive to ceritinib, but developed resistance (ceritinib
median OS 37 days, Figure 6a). To assess NPM1-ALK and downstream signaling in
resistant tumors, we made lysates from six, two of which we harvested from animals taken
off TKI treatment for seven days prior to harvest. Immunoblotting showed 5/6 resistant
tumors had elevated NPM1-ALK compared to control untreated tumors (Figure 6b). Note
accumulation of over-expressed NPM1-ALK as a high molecular weight perinuclear
aggregate band, which is well-described.”48 In addition, the tumors withdrawn from TKI
prior to harvest demonstrate strong induction of pY701-STAT1. To assess for other
resistance mechanisms in these tumors, we Sanger sequenced a 1692-bp cDNA RT-PCR
product amplified from NPMI-ALK mRNA, including the entire kinase domain region
affected by previously described TKI-resistance mutations (not shown, see methods for PCR
and sequencing primers). This revealed wild-type ALK sequence in the original untreated
tumor and all six resistant tumors shown in in 6b. NPMI-ALK over-expression therefore
arose commonly to drive resistance in vivo in this PDX model of high-risk ALK-positive
ALCL, while the effect on pSTAT1 of drug withdrawal validated our in vitro studies that
TKI withdrawal from NPM1-ALK over-expressing tumors activates STAT1.

Because these two tumors showed signs of tumor regression during the week their host
animals were not receiving TKI, we undertook a more comprehensive evaluation of
intermittent dosing. We also wanted to test the effect of IFN+y during breaks from TKI. We
engrafted resistant tumors from 6a to additional mice and divided them to continuous
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ceritinib from day 1 (n=5), two-week on/off intermittent ceritinib (n=6), and intermittent
ceritinib + IFN~y 3x weekly during ceritinib breaks (n=7) and followed tumor volume (TV)
by ultrasound. Continuously treated animals experienced significant tumor growth beginning
day 20-25 and reached predetermined TV endpoint 1500 mm3 days 36-51 (Figure 6c,
Supplementary Figure 5). Tumors in intermittently treated animals, by contrast, went
through cycles of growth and regression as TKI cycled on and off. Overall survival was
substantially increased in both intermittent groups compared to continuous (p=0.0061 cont.
vs. int., p=0.0003 cont. vs int+ IFNvy, Figure 6d). There was no OS benefit, however, from
use of IFN+y during TKI breaks (p=0.8749 int. vs. int.+ IFN<y). These data therefore
demonstrate prolonged control of aggressive, high-risk ALK-positive ALCL through
intermittent ALK TKI dosing compared to continuous and validate STAT1 activation in vivo
when TKI is withdrawn from NPM1-ALK-overexpressing resistant tumors.

Discussion

Activated STAT1 is well-established as an antagonist of oncogenic STAT3, driving tumor-
suppressive pro-apoptotic gene expression opposing the STAT3 survival program to which
ALK-positive ALCL is addicted.1949:50 |nterestingly, however, STAT1 activation at lower
levels also helps promote ALK-positive ALCL oncogenesis, contributing to expression of
the anti-apoptotic protein MCL1.%1 Wu and colleagues previously showed STAT1 is a direct
phospho-substrate of NPM1-ALK, tending to drive it toward proteasomal degradation in the
cytoplasm.38 Interestingly, pSTAT3 is more favorably imported to the nucleus than pSTAT1
when both are present in the cytoplasm,®2 which might explain the delicate balance between
STAT1 activation and degradation necessary for survival in ALCL’s baseline state. Our data
show this delicate balance is lost in NPM1-ALK-overexpressing cells withdrawn from TKI.
pSTAT1 rises rapidly and dramatically, as does expression of its downstream target, the pro-
apoptotic transcription factor IRF1 (Figure 4a). RNA-seq analysis shows the STAT1
expression program turns on strongly as STAT3’s survival program is lost (Figure 4b). We
therefore discover the reason for TKI addiction in ALCL cells over-expressing NPM1-ALK,
providing the missing mechanism for this well-described phenomenon.’13.14 Strikingly, this
is entirely distinct from the previously described mechanism of cancer drug addiction in
MEK/ERK-driven solid tumors.6:53 We emphasize that this mechanism applies only in the
case of tumors that develop resistance with overexpression the NPM1-ALK drug target and
not those with other resistance mechanisms that maintain baseline NPM1-ALK levels. ALK
kinase-domain mutations were detected in some resistant tumors in one small study of ALK-
positive ALCL patients treated with crizotinib,>* but comprehensive analysis of ALK-TKI
resistance has not been undertaken in this disease. Both ALK kinase-domain mutations and
activation of bypass pathways are well-described in ALK-positive NSCLC.10

Most importantly, we demonstrate in vivo therapeutic implications amenable to rapid
translation to clinical evaluation. Using a high-risk ALK-positive ALCL PDX model, we
find intermittent dosing of ALK TKI promoted significantly improved OS in tumor-bearing
animals (Figure 6d). We also found that NPM1-ALK overexpression occurred in vivo as
tumors became TKI resistant and that resistant tumors withdrawn from TKI had strong
activation of pSTAT1 during regression of growth (Figure 6b). Intermittent dosing is a
therapeutic strategy requiring no new drug development and carrying, if anything, reduced
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side effects compared to standard continuous dosing. Enhancement of STAT1 activation, and
therefore the antitumor effects of TKI withdrawal, through the use of IFN+y was active in
vitro (Figure 5a—c) but did not improve OS in vivo (Fig 6d). Further studies to optimize
IFNy dosing, however, which are underway in our laboratory, could validate this strategy in
the future. Our IFN+y dose (20,000 units s.c.) was calculated as weight-based equivalent to
starting human dosing of Actimmune ®, the clinically approved form of IFNvy, but many
patients tolerate significantly higher dosing than the baseline. Regardless, clinical evaluation
of therapeutic strategies defined in this report can proceed using approved drugs alone.

We do not exclude a role for additional phospho-targets that were uniquely associated with
the NPM1-ALK overactivation death state in our phosphoproteomics data (Figure 3c—d).
Given the overwhelming accumulation of pSTAT1 upon TKI withdrawal (Figure 4a),
corresponding expression changes in both STAT1 and STAT3 target genes (Figure 4b), and
rescue by STAT1 shRNA knockdown (Figure 4d), we believe additional targets likely have
minor roles, if any. Reasons for the particularly high accumulation of pSTAT1 upon NPM1-
ALK overactivation also are not entirely clear from these data. Possibilities include
saturation of proteasomal degradation of pSTAT1 in the cytoplasm and a feed-forward
accumulation of pSTAT1 since STAT1 itself is one of its target genes. Though outside the
scope of this report, these questions are highly appropriate in follow-up. Overall, our
mechanistic studies re-emphasize STAT1’s potent tumor-suppressive function when strongly
activated. Even though high levels of oncogenic pSTAT3 also remained present, its gene-
expression program was thwarted as the pSTAT1 program took over and drove cells to
apoptosis. We hope novel strategies aimed at STAT1 activation to thwart STAT3, which
remains a major clinically undruggable target in cancer therapeutics,® will receive
consideration as a result of these studies.

Materials and Methods

Cell Culture

Cell viability

ALK-positive ALCL patient derived cell lines, Karpas-299, SU-DHL-1, SUP-M2, L-82,
DEL and SR-786 were purchased from DSMZ and verified by STR fingerprinting. Culture
media for Karpas-299, SU-DHL-1, DEL and L-82 was RPMI 1640 supplemented with 10%
Fetal Bovine Serum (FBS), Penicillin/Streptomycin (P/S) and mycoplasma inhibitor
Plasmocin prophylactic (P/P) (ant-mpp). SUP-M2 was cultured in the same media
supplemented with 20% FBS,P/S,P/P. SR-786 was cultured in same media supplemented
with 15% FBS,P/S,P/P. Phoenix cells were cultured in DMEM media supplemented with
10% FBS,P/S,P/P.

Cells were seeded at 3,000 cells per well in a 96-well plate under serial dilutions of drug.
Viability was assessed at 72 hours unless otherwise mentioned using Cell Titer Glo
(Promega G7573) according to manufacturer’s protocol. Luminescence was measured using
BioTek Synergy HT plate reader. IC50s were calculated using nonlinear fit regression
analysis in GraphPad Prism8.
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Protein Extraction and Western Blotting

Inhibitors

Microscopy

RNA-Seq

500,000 cells/ml were seeded and incubated as mentioned. Cells were pelleted and washed
once with ice-cold PBS. Proteins were extracted using RIPA (50 mmol/L Tris-HCL pH 8.0,
150 mmol/L NaCl, 1% NP40, 0.5% sodium deoxycholate, and 0.1% SDS), 7 x protease
inhibitor (Thermo Scientific 1862209), Halt phosphatase inhibitor (Thermo Scientific
1862495) and Triton X-100. Proteins were extracted and quantified using BCA assay
(Thermo 23208). 30 ug of proteins was loaded in each well for western blotting and
developed using autoradiography films (VWR 30101) after incubation with antibodies.
Primary antibodies were all used at a concentration of 1:1000 and secondary antibodies were
used at a concentration of 1:10,000.

The following inhibitors were used: Crizotinib (PF-02341066) (Selleckchem S106),
Ceritinib (LDK378) (Selleckchem S7083), Alectinib (CH5424802) (Selleckchem S2762),
Lorlatinib (PF-6463922) (Selleckchem S7536), Selumetinib (AZD6244) (Selleckchem
$1008), Trametinib (GSK1120212) (Selleckchem S2673), Tofacitinib Citrate (CP-690550)
(Selleckchem S5001), AZD1480 (Selleckchem S2162), Rapamycin (Selleckchem S1039),
LY294002 (Selleckchem S1105), JINK-IN-8 (Selleckchem S4901), Ro-31-8220
(Selleckchem 7207), AZD5363 (Selleckchem S8017), Ipatasertib (Selleckchem S2808),
SCH772984 (Selleckchem S7101), Ulixertinib (Selleckchem S7854). BKM120 and Tepp-46
were kind gifts from Dr. Thomas Craig, NCI, Bethesda, Maryland, USA; recombinant
human interferon-gamma, IFN-y (BioLegend 570208).

Plates were first coated with Cell-Tak (Corning 354240) and allowed to dry. Cells were then
seeded at 100,000 cells/ml and treated with either vehicle or drug. Cells were then live-
imaged every 4 hours at 10x objective (100x magnification) in the light field using the
IncuCyte Zoom (Essen Bioscience). Images were collected and analyzed using the ImageJ
software.

Samples from parental and addicted lines with and without incubation in 100 nM ceritnib
underwent quality control using an Agilent Bioanalyzer and lon-Torrent Next-Gen
sequencing was performed on the samples. Transcript reads were trimmed using the
trimmomatic program the RedHat pipeline was used for downstream analysis. FDR cut off
was at 5% and the p-value used for significance was 0.05. Statistical analysis software R
(version 3.3.1) was used to plot z-scores of the analyzed data as a heatmap using the built-in
package “heatmap”.

Phosphoproteomics

For comparative analysis, the parental cells were treated with drug for 12 hours and the
resistant lines were withdrawn from drug for 12 hours. Protein was extracted from fresh
lysates. After trypsin digestion, the proteins were processed by Metal Oxide Affinity
Chromatography (MOAC) using Titanium dioxide, and the hydrophaobic and hydrophilic
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fractions were eluted, dried and immunoprecipitated for phospho-tyrosine. Enriched
phosphoproteins were identified using mass spectrometry as previously described 27:31. The
significance threshold in the analysis was set at 5%.

PDX in vivo studies

All animal studies were performed under approval of the University of Miami Institutional
Animal Care and Use Committee (IACUC). All mice used in this study were males greater
than 8 weeks of age. We obtained the DNO3 model under material transfer agreement from
Dr. Giorgio Inghirami at Weill-Cornell Medical College. We passaged the tumor in vivo only
in NOD scid gamma (NSG) mice through surgical dorsal tumor implantation, used also to
initiate treatment experiments. We measured TV by ultrasound (Mevo 3100, Visualsonics),
with TV 21500 mm3 a predetermined survival endpoint. No blinding was done for the
studies carried out. Ceritinib treatment was at 20 mg/kg daily by oral gavage. This was the
maximum tolerated dose (MTD) of this drug in this strain in our experience. Human IFNy
was dosed subcutaneously (s.c.) 3 times weekly at 20,000 units/dose.

Sanger sequencing was performed on cDNA amplified from mRNA extracted from treated
tumors plus one of the control tumors shown in Fig. 6b to assess for TKI-resistance
mutations in the ALK kinase domain. First, total RNA was extracted using the Qragen
AllPrep DNA/RNA Mini Kit. PCR amplification of the ALK portion of the NPMI-ALK
fusion transcript was performed using the mRNA specific primers, ALK-forward
5’gtgtaccgccggaagceaccaggage3’ and ALK-reverse 5’gggcccaggctggttcatgcetattc3’ and the
Applied Biosystems 7agman Reverse Transcription kit, which produced a predicted 1692-bp
product for all tumors. We purified this product from agarose gels using the Omega
E.Z.N.A. Gel Extraction Kitand submitted then for Sanger Sequencing using primers
covering the ALK kinase domain from —12-bp to +950-bp. Primers are: ALK-1
5’cggaaaaacatcaccctcat3’, ALK-2 5’ggggagacctcaagtecttc3’ and ALK-3
5’ggtcctttggagtgcetgetad’. Results were compared to the known ALK mRNA sequence open-
reading frame, including visual inspection of sequencing tracings when initial automated
calls were uncertain (a total of four residues across the seven samples).

Area under curve

Synergy

Viability data collected as previously described was run through a R-script that used the
following equation for calculating the weighted area under the curve, taking into context the
potency of the drug:

(w)pAUC = (f(AUC)/drug*peak concentration)/100.

An R script was written and run for each of the replicates run on the viability assay to obtain
a weighted area under the curve and then the mean wAUC was calculated with SEM.

Viability assays were set up as previously described. The data was then analyzed using the
CompuSyn software to calculate a Combination Index (CI) which was then reported. Cl <1
indicates synergy.
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Two-tailed Student’s t-test was carried out for all expression data using the GraphPad
Student’s t- test calculator with p < 0.05 considered statistically significant with a 95%
confidence interval, unless otherwise stated in the figure legend. All experiments reported
are the mean = SEM of three independent replicates. OS analysis employed log-rank
(Mantel-Cox) statistics in Prism 8 software, with p < 0.05 considered significant.

Code availability

All codes were run on the open source programming environment R (version 3.3.1). The
area under the curve was analyzed using the equation mentioned previously and the open-
source package “AUC”. The RNA-Seq was visualized as a heatmap using the open-source
built-in package “heatmap”.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Co-selection for resistance and drug addiction by lorlatinib in ALK-positive ALCL. (a)

Viability response of parental NPM1-ALK-positive ALCL lines SU-DHL-1 and Karpas-299
(left panels) compared to lorlatinib-resistant LoR100 derivative lines (right panels) showing
bell-shaped stimulation by all ALK inhibitors in the derivative lines. Cells were plated 3,000
cells per well in serial dilutions of drug, top concentration 1 uM, for 72 hours and assessed
with a luminescence viability assay normalized to vehicle (DMSO)-treated. Results are
technical quadruplicates +SEM, representative of at least three independent experiments. (b)

Oncogene. Author manuscript; available in PMC 2020 June 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rajan et al.

Page 17

Proliferation of parental and LoR2100 cell lines in 1:1000 DMSO or 50 nM lorlatinib. Cells
were plated at 100,000/mL and counted daily by trypan-blue exclusion. Results are mean
+SEM of three biologic replicates. (c) Live-cell microscopy images taken on Day 4 of
parental and resistant cells treated as in (b). Micrographs from the full time-course are
provided as Supplementary Figure 1c. (d) Relative expression of NPMI1-ALK in parental
and LoR subclones. Tagman qPCR targeting the ALK kinase domain sequence. (€) Western
blot of parental and LoR lines with and without 50 nM lorlatinib showing preserved ALK
activity in the resistant line during drug exposure (4! lanes) and overactivation upon
withdrawal for 16 hours (3" lanes).
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Figure 2.

ALK?’s canonical downstream pathways do not mediate overdose signaling. (a) Viability
assays for drug-addicted clone K299-CR1000 washed out of ALK TKI and re-plated in
serial dilutions of ALK TKIs or MEK/ERK inhibitors. Drug targets are indicated in
parentheses. Viability assays were performed as in Figure 1. Shown are mean of
quadruplicates £SEM. (b) Proliferation assay performed as in Figurelb on K299-CR1000
cells after washout from ALK TKI followed by re-plating in vehicle or the indicated drugs.
Drug concentrations (based on activity against parental cell lines) were 100 nM for
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Selumetinib and Trametinib, 150 nM for SCH72294 and Ulixertinib, 500 nM for crizotinib.
Only re-plating in ALK inhibitor is able to rescue proliferation compared to multiple
MEK/ERK pathway inhibitors. Mean £SEM of three independent replicate experiments. (c)
Workflow illustrating viability curve conversion to weighted area under the curve (WAUC):
Hypothetical inhibitor 2 shows no effect positive or negative at any concentration. By
design, this yields wAUC=1.0 (see methods). Inhibitor 1, sensitive to drug, yields WAUC <
1.0. Inhibitors 3 and 4 stimulate viability and therefore have wAUC > 1.0. The value is
weighted higher by the increased potency (lower concentration for peak effect) of inhibitor
4. (d) Weighted AUC results for drug-addicted K299-CR1000 cells, showing rescue only by
drugs with ALK as primary or, in the case of JAK inhibitor AZD1480, secondary target.
Results are mean of four replicates +SEM. Raw viability curves are Figure 2a for
MEK/ERK inhibitors and Supplementary Figure S1b for other drugs. (€) WAUC results for
four additional ALK-positive ALCL cell line derivatives with the drug-addiction phenotype
as previously described.” CR500: selected for growth in crizotinib to 500 nM, LR150
selected for growth in ceritinib (LDK378) to 150 nM. (f) Parental ALK-positive ALCL cell
lines Karpas-299, L-82, and SUP-M2 were infected with constitutively active STAT3C,
constitutively active MEK1-S2218D, S221D, or shPTENto individually activate oncogenic
downstream pathways from ALK kinase activity. GFP co-expression was tracked compared
to empty vector, NPMI-ALK, and NPMI-ALK-kinase dead (KD). Data shown as mean +
SEM of three independent replicates.
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Figure 3.

Phosphoproteomics yields candidate drivers of NPM1-ALK overdose-driven toxicity. (a)
Overview of sample preparation for phosphoproteomics. (b) Upregulated phospho-proteins
in K299-CR1000 cells withdrawn from TKI (ALK-on death state) were compared to the
corresponding ALK-on live state (Karpas-299 untreated) and the corresponding ALK-off
death state (Karpas-299 TKI treated). (c) This left 21 unique phospho-targets associated
specifically with death induced by overactivation of NPM1-ALK. Breakdown by gene-
ontology (GO) annotation as indicated. (d) Eight of the 21 targets had elevated
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phosphorylation on a tyrosine residue in an ALK consensus phosphorylation sequence, some
of which are associated with known post-translational regulatory effects. Only STAT1 Y701
is a previously described NPM1-ALK phosphorylation target. See Supplementary Figure 3
for targets without changes at ALK consensus motifs.
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Figure 4.
STAT1 activation drives NPM1-ALK overdose-mediated cell death. (a) Immunoblots of

TKIl-addicted K299-CR1000 and SUP-CR500 maintained in TKI (time 0) or at indicated
time points following washout, showing hyperactivation of STAT1 Y701 phosphorylation
and induced expression of its downstream target, the pro-apoptotic transcription factor IRF1.
(b) Gene-level RNA-Seq expression analysis for STAT1 and STAT3 target genes. Parental
cells in drug vs. no-TKI parental viable state (3 left columns), resistant cells withdrawn from
drug vs. TKI-maintained drug-addicted viable state (5 right columns). Supplementary Figure
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4a shows the GO-annotated gene-level heat map, and gene names are in Supplementary
Table 3. (c) Parental ALK-positive cell lines were infected with constitutively active
STATI1C and followed via GFP co-expression compared to NPMI-ALK and empty vector.
(d) We infected resistant/addicted clones K299-CR1000 and SUP-CR500 with shSCR or
two different ShSTAT1 sequences, took them through cycles of TKI withdrawal and rescue,
and reassessed GFP co-expression after each selection. Western blotting confirmed STAT1
knockdown by both constructs in both lines (insets). Data c-d are mean + SEM of three
independent replicates. * p<0.05, ** p<0.005.
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Figure5.
Antitumor activity and STAT1 activation by IFNvy in vitro. (a) Parental ALK-positive cell

lines were treated with vehicle (1:1000 DMSO), 50 nM crizotinib, 10 ng/ml IFNy, or the
combination with viability assessed at 72 hours. (Cl: combination index assessed via
CompusSyn). (b) Western blot showing increased pSTAT1 in response to IFNy alone or in
combination with crizotinib. (c) Resistant subclones K299-CR1000, SCR500, and DCR500
were withdrawn from drug and plated in vehicle (DMSO), 10 ng/ml IFN-y and 300nM
crizotinib. Viability was assessed after 8, 12, 24, 48 and 72 hours.
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TKI resistance and intermittent dosing in an ALK-positive ALCL PDX model. (a) We
implanted NSG mice with tumors from the ALK-positive ALCL PDX model DNO3,
followed them without treatment (n=11) or during daily ceritinib, 20 mg/kg oral gavage
(n=22), and tracked overall survival. Predetermined survival endpoints were tumor volume
(TV) = 1500 mm3, weight loss > 20%, or other signs of morbidity. (b) We immunoblotted
DNO3 tumor lysates from 2 untreated animals (control) and 6 whose tumors grew through
ceritinib treatment (resistant), of which 4 were on treatment at time of tumor harvest and 2
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had been off treatment for 7 days (lanes 7-8) with regression of TV after drug
discontinuation. Numbers indicate actin-normalized relative ALK quantification in ImageJ
2.0 software. (c) We harvested and engrafted TKI-resistant tumors from (a) to additional
mice and divided them to continuous daily ceritinib (n=5), intermittent ceritinib 2 weeks
on/off (n=6), and intermittent +IFN-y 20,000 units subcutaneously 3x weekly during
ceritinib breaks (n=7) and tracked tumor volume by ultrasound. (d) Overall survival of
animals in (c) with predetermined survival endpoints as in (a). (TV was the relevant endpoint
in all cases.) Statistical survival analyses by the log-rank (Mantel-Cox) test with p<0.05
significant.
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