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Children and adults with Philadelphia chromosome-like B cell acute lymphoblastic leukemia (Ph-like B-ALL) experience high
relapse rates despite best-available conventional chemotherapy. Ph-like ALL is driven by genetic alterations that activate
constitutive cytokine receptor and kinase signaling, and early-phase trials are investigating the potential of the addition of
tyrosine kinase inhibitors (TKIs) to chemotherapy to improve clinical outcomes. However, preclinical studies have shown
that JAK or PI3K pathway inhibition is insufficient to eradicate the most common cytokine receptor-like factor 2-rearranged
(CRLF2-rearranged) Ph-like ALL subset. We thus sought to define additional essential signaling pathways required in Ph-like
leukemogenesis for improved therapeutic targeting. Herein, we describe an adaptive signaling plasticity of CRLF2-rearranged
Ph-like ALL following selective TKI pressure, which occurs in the absence of genetic mutations. Interestingly, we observed
that Ph-like ALL cells have activated SRC, ERK, and PI3K signaling consistent with activated B cell receptor (BCR) signaling,
although they do not express cell surface p-heavy chain (pHC). Combinatorial targeting of JAK/STAT, PI3K, and “BCR-like”

Introduction

Philadelphia chromosome-like B cell acute lymphoblastic leuke-
mia (Ph-like B-ALL) occurs in 15% to 40% of older children, ado-
lescents, and adults with B-ALL and is associated with high rates
of relapse and poor long-term survival (1-6). Ph-like ALL is now
known to be driven by more than 70 unique genetic rearrange-
ments or fusions that activate oncogenic kinase signaling. Trans-
location or intrachromosomal deletion involving the cytokine
receptor-like factor 2 gene (CRLF2; encoding the thymic stromal
lymphopoietin receptor [TSLPR]) accounts for approximately
50% of Ph-like ALL cases and is frequently associated with con-
comitant JAK2 or JAKI mutations. The TSLPR is a heterodimeric
cytokine receptor composed of CRLF2 and IL-7R o chain (CD127)
proteins that mimic IL-7 (the cytokine responsible for early B cell
survival) signaling and induce phosphorylation of STAT5 upon
binding to its ligand, thymic stromal lymphopoietin (TSLP) (7, 8).

Authorship note: MC and SKT share senior authorship.

Conflict of interest: AEP receives research funding from Astellas Pharmaceuticals,
Daiichi Sankyo, Novartis, and FujiFilm and is a consultant/advisory board member
for Astellas, Daiichi Sankyo, Novartis, Arog, Pfizer, Takeda, Agios, and AbbVie. MC
receives research funding from Astellas Pharmaceuticals and Incyte Corp. and is a
consultant/advisory board member for Janssen Pharmaceuticals. SKT receives
research funding from Incyte Corp. and Gilead Sciences and is a scientific advisory
board member for Aleta Biotherapeutics.

Copyright: © 2020, American Society for Clinical Investigation.

Submitted: October 21, 2019; Accepted: March 17, 2020; Published: June 2, 2020.
Reference information: J Clin Invest. 2020;130(7):3637-3653.
https://doi.org/10.1172/)C1134424.

signaling with multiple TKIs and/or dexamethasone prevented this signaling plasticity and induced complete cell death,
demonstrating a more optimal and clinically pragmatic therapeutic strategy for CRLF2-rearranged Ph-like ALL.

Identification of these cytokine receptor and kinase alterations
suggests that patients with Ph-like ALL could benefit from tyro-
sine kinase inhibitor-based (TKI-based) therapies (9-18).

We previously identified that combinatorial JAK and PI3K
pathway targeting with the JAK1/JAK2 inhibitor (JAK1/JAK2i) rux-
olitinib and the dual PI3K/mTORi gedatolisib had superior antileu-
kemia activity and partially circumvented compensatory reactiva-
tion of phosphorylated (p) STAT5 and AKT, but was insufficient to
induce complete leukemic cell death (15). Our more recent studies
have shown that CRLF2-rearranged (CRLF2-R) Ph-like ALL cells
are not JAK oncogene addicted and rapidly overcome inhibitory
effects of single-TKI treatment (19). These findings raise the ques-
tion of how Ph-like ALL circumvents JAK pathway inhibition and
highlight the need to elucidate other critical signaling dependen-
cies. The present studies thus aimed to identify mechanisms of
drug resistance to JAK inhibition, elucidate other essential signal-
ing dependencies, identify potential ALL-associated cooperating
genetic lesions, and develop new precision medicine therapeutic
approaches for patients with CRLF2-R Ph-like ALL. We identified
that CRLF2-R Ph-like ALL changes its genetic and phenotypic
identity from cytokine receptor dependence to “B cell receptor-
like” (“BCR-like”) dependence following targeted JAK inhibition.
Genetic deletion or pharmacologic inhibition of activated signal-
ing molecules also resulted in rapid adaptation and cell survival
via compensatory mechanisms. As detailed below, we demon-
strate that JAK, PI3K, and BCR-like signaling are required for
Ph-like ALL leukemogenesis and that inhibition of all 3 pathways
is necessary and sufficient to eradicate disease.

jci.org  Volume130  Number7  July 2020

3637


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/7
https://doi.org/10.1172/JCI134424

3638

RESEARCH ARTICLE

Results

Ph-like ALL is associated with poor clinical outcomes. Our group and
others previously reported that Ph-like ALL is common across the
pediatric-to-adult age spectrum and is associated with high risk of
relapse and poor long-term survival (1-4, 17, 20-22). To confirm
these observations, we performed low-density microarray anal-
ysis, kinase fusion testing, and next-generation sequencing of
diagnostic ALL bone marrow or peripheral blood specimens from
all adults with available de novo B-ALL specimens banked at the
University of Pennsylvania as described (4). Patient age, sex, race/
ethnicity, diagnostic white blood cell (WBC) count, cytogenetic
and molecular testing data, treatment, and clinical outcomes were
tabulated where available (Supplemental Table 1; supplemental
material available online with this article; https://doi.org/10.1172/
JCI134424DS]1). Clinical outcomes of patients with Ph-like ALL
(treated with standard chemotherapy and without TKIs) were
quite poor with rapid rates of relapse and 2-year overall surviv-
al of 29.6% (Figure 1A). Median survival of patients with Ph-like
(n=15) and Ph* (n = 17) ALL was 1.4 years and 2.9 years, respec-
tively. These data further validate the dismal clinical outcomes of
patients with Ph-like ALL treated with conventional chemothera-
py and emphasize need for more optimal treatment strategies.

JAK inhibition is insufficient to kill Ph-like ALL. Ph-like ALL is
characterized by activated cytokine receptor signaling with high
levels of p-STATS5 (4, 10, 15, 23), particularly in the most common
subtype harboring CRLF2 rearrangements and JAK2 mutations.
Protein analysis of multiple Ph-like and non-Ph-like ALL cell lines
and human leukemia cells harvested from patient-derived xeno-
graft (PDX) models confirmed high p-STAT5 expression levels in
Ph-like ALL cells, although p-STATS levels were also expectedly
high in Ph* ALL PDX cases and cell lines (SUP-B15, TOM-1) and in
wild-type FLT3-overexpressing KMT2A-R ALL cell lines (HB11;19
and SEM) (Figure 1B and Supplemental Figure 1A). Importantly, in
vitro JAK inhibition of Ph-like ALL cells with ruxolitinib markedly
decreased p-STATS at initial time points, as seen in earlier stud-
ies (10, 11, 24, 25). Surprisingly, we observed that p-STATS5 levels
returned to baseline by 72 hours of continued drug treatment, sug-
gesting rapid signaling adaptation. More moderate and transient
reduction of AKT/mTOR signaling in ruxolitinib-treated cells was
detected over time (Figure 1B, Supplemental Figure 1B, and Sup-
plemental Figure 2A). To delineate more extensively the potential
signaling and cytotoxic effects of JAK inhibition in Ph-like ALL, we
incubated Ph-like and Ph* ALL cell lines with ruxolitinib in vitro.
While flow cytometry analysis did not detect increases in apopto-
sis or cell death with ruxolitinib exposure (Figure 1C), cell prolif-
eration was moderately affected in Ph-like ALL cells (Figure 1D).
We further confirmed partial but incomplete inhibition of leuke-
mia proliferation in vivo in luciferase-expressing MUTZ5 (human
Ph-like ALL cell line with IGH-CRLF?2 translocation, JAK2R¢836,
and IKZF1 deletion) xenograft models treated with ruxolitinib for
28 days (Figure 1E), demonstrating that single-agent TKI therapy
was insufficient for cure in CRLF2-R Ph-like ALL.

CRLF?2 signaling is not required for survival of Ph-like ALL cells.
Given our observations of incomplete JAK addiction and the need
to define other necessary signaling dependencies in CRLF2-R
Ph-like ALL, we then studied the effects of in vitro JAK inhibi-
tion or stimulation of leukemia cells with TSLP (cytokine ligand
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for the TSLPR encoded by CRLF2) via broad-spectrum phospho-
kinase arrays (Supplemental Figure 1C). TSLP stimulation of
MHH-CALL-4 cells (human CRLF2-R/JAK2-mutant Ph-like
ALL cell line) activated multiple signaling molecules, including
p-STATS5, p-AKT, and p-ERK, and the transcription factor CREB,
asreported in previous studies (26, 27). However, ruxolitinib treat-
ment of MHH-CALL-4 cells in the absence of TSLP stimulation
did not significantly decrease AKT, ERK, or CREB signaling. This
observation suggests that multiple signaling pathways are regulat-
ed independently of JAK2 in CRLF2-R Ph-like ALL (Supplemental
Figure 1C). To evaluate further whether signaling is regulated by
CRLF2in a JAK2-independent mechanism, we then tested MHH-
CALL-4 cells coincubated with TSLP and ruxolitinib at 2 different
time points. Interestingly, dual TSLP and ruxolitinib exposure did
not alter AKT phosphorylation versus ruxolitinib-only-treated
cells (Supplemental Figure 1D), demonstrating CRLF2-indepen-
dent AKT signaling activation. To test further whether CRLF2 acti-
vates AKT or ERK signaling via a JAK2-independent mechanism,
we generated CRLF2-null Ph-like cells. For this, we used Cas9
ribonucleoproteins and guide RNAs targeting CRLF2 for genetic
deletion and validated loss of CRLF2 by flow cytometry (Figure
2A). Interestingly, CRLF2 deletion resulted in complete p-STAT5
dephosphorylation and moderate reduction in p-AKT and p-ERK
levels, while no effects on p-JAK2 were detected (Figure 2B). To
ascertain effects on cell proliferation, we mixed CRLF2-deleted
MUTZ5 cells (human CRLF2-R/JAK2-mutant Ph-like ALL cell
line) with nondeleted cells and assessed CRLF2 expression over
time in vitro (Figure 2C). Nondeleted cell growth did not outcom-
pete that of CRLF2-null cells over time, consistent with prior ShRNA
studies (28). Finally, we transplanted CRLF2-deleted (CRLF2/
TSLPR protein-null) MUTZ5 cells into immunocompromised
NSG mice and monitored the mice by flow cytometric analysis
of venous blood samples for human cell engraftment and leuke-
mia progression. Interestingly, CRLF2-null cells engrafted well in
vivo with little or no outgrowth of native CRLF2* cells observed
(Figure 2D). CRLF2-null cells persisted and were detectable for
several weeks in peripheral blood until mice became terminally
ill and had to be sacrificed. As predicted, flow cytometry-sorted
CRLF2-null MUTZS5 cells harvested from murine spleens (Fig-
ure 2E; nonmanipulated MUTZ5 cells added as gating controls)
demonstrated decreased p-STAT5 compared with sorted CRLF2*
cells by Western blotting with minimal effects upon AKT and ERK
signaling pathways (Figure 2F). These observations were validat-
ed via phospho-flow cytometry analysis of isolated MUTZ5 cells
before cell sorting via separate gating of CRLF2-null and CRLF2*
cell populations (Supplemental Figure 1E). Taken together, CRLF2
genetic deletion recapitulates the effects of pharmacologic JAK
inhibition with ruxolitinib (11), but does not appear necessary
for Ph-like leukemogenesis. These data support a mechanism of
signaling activation independent of CRLF2/TSLPR, which we
explored further in the below experiments.

Murine CRLF2/JAK2-mutant bone marrow model mimics
human Ph-like ALL signaling and sensitivity to JAK inhibition. Long-
term immortalized leukemia cell lines have potential for evolution
of previously unidentified genetic alterations that can alter inter-
pretation of experimental data. To validate our observed signaling
phenomena mechanistically in a genetically “clean” Ph-like ALL
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Figure 1. Poor clinical outcomes and inadequate treatment effects of JAK inhibitor monotherapy in Ph-like ALL. (A) Kaplan-Meier survival analysis of
adult patients with Ph* or Ph-like ALL treated at the University of Pennsylvania for whom outcome data were available (n = 49). (B) Western blot analysis
of indicated proteins in 6 Ph-like ALL PDX cases and 2 Ph* ALL PDX cases. (C) Ph-like ALL cell lines and Ph* ALL cell lines were treated with 1 uM ruxolitinib
for 72 hours (n = 3 independent experiments), and viability was assessed via flow cytometry. (D) B-ALL cell lines were treated with increasing concentra-
tions of ruxolitinib for 72 hours (n = 3 independent experiments). Cell proliferation and viability were measured via XTT assay. (E) One million luciferase-
labeled MUTZ5 cells were injected via tail vein into NSG mice and treated with control or ruxolitinib chow for 28 days. Data are represented as individual
values with mean + SEM bars. Significance for A was calculated by the log-rank (Mantel-Cox) test.

model, we created murine bone marrow-derived CRLF2-over-
expressing JAK2®$36-mutant (mCRLF2-JAK2) cells via 2-step
lentiviral transduction for downstream experimental studies. We
also transduced murine bone marrow cells with PAX5-JAK2 or
EBFI-PDGFRB fusions for use as non-CRLF2-R Ph-like ALL con-
trol models (Figure 3, A and B). CRLF2 overexpression alone was
insufficient to promote IL-7-independent cell growth of murine

bone marrow cells, which, interestingly, instead required cotrans-
duction with the JAK2®$6 common comutation (Figure 3C).
Western blot analysis of murine cell line lysates confirmed that
both CRLF2 overexpression and JAK2 mutation were required for
constitutive phosphorylation of STATS5, AKT, and S6 versus mini-
mal signaling activation observed in CRLF2-only-overexpressing
murine cells without JAK2 mutation (Figure 3D).
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We next tested the sensitivity of the murine Ph-like ALL cell
line models to ruxolitinib in vitro (Figure 3E). The mCRLF2-
JAK2- and PAX5-JAK2-transduced mouse cells were moderately
sensitive to JAK inhibition with ruxolitinib, similar to data from
human Ph-like ALL cell lines (Figure 1D). Control IL-7-dependent
murine pro-B cells also were sensitive to ruxolitinib, potential-
ly via JAKl-mediated effects, while EBFI-PDGFRB-transduced
cells were expectedly insensitive to ruxolitinib. In vitro ruxolitinib
treatment of mCRLF2-JAK2 cells completely inhibited p-STAT5
and partially decreased p-S6 (Figure 3F), consistent with our
observations in human Ph-like ALL cell lines and PDX cells (Fig-
ure 1B and Supplemental Figure 1B), but did not inhibit p-AKT
even with prolonged exposure for 48 hours (Supplemental Figure
2A). Conversely, PAX5-JAK2-transduced murine bone marrow
cells treated with ruxolitinib had marked decrement in p-STAT5
and p-S6 (Figure 3G), similar to our earlier observations in a BCR-
JAK?2 fusion ALL PDX model (NL482A in Figure 1B). These data
are concordant with recent studies reporting greater oncogene
addiction in Ph-like ALL with PAX-JAK2 rearrangement versus
CRLF2 rearrangement (2, 29).

Ph-like ALL cells partially differentiate upon JAK2 inhibition.
During normal development in the bone marrow, B cells differen-
tiate from cytokine receptor dependence to pre-BCR dependence
after successful rearrangement of their VD], gene segments (30,
31). Pre-BCR signaling is known to activate PI3K/AKT signaling
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Figure 2. CRLF2 signaling is not
required for survival of Ph-like ALL
cells. (A) MUTZ5 cells were electro-
porated with nontargeting control or
ribonucleoproteins targeting CRLF2.
CRLF2 deletion was validated via flow
cytometry. (B) Western blot analysis
of CRLF2* and CRLF2-null MUTZ5
cells for the indicated proteins. (C)
CRLF2-deleted (null or KO) MUTZ5
cells mixed with native CRLF2* MUTZ5
control cells were monitored in vitro
over time for outgrowth of CRLF2*
cells (n = 3 independent experiments).
(D) Flow cytometry analysis of human
CRLF2-deleted MUTZ5 cells in periph-
eral blood of engrafted NSG mice at

2 months after injection (n = 3). (E
and F) End-study analysis of flow
cytometry-sorted CRLF2-deleted (-)
and CRLF2* (+) MUTZS cells harvested
from engrafted murine spleens by flow
cytometry with CD19 and CRLF2/
TSLPR surface staining (E) and West-
ern blotting of the indicated proteins
(F). Data are represented as individual
values with mean + SEM bars.
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and other pre-BCR-associated signaling molecules, such as SFKs,
SYK, BTK, BLNK, and ERK (31-34), and pre-BCR activation drives
cell survival in some subtypes of B-ALL (35). We next hypothesized
that JAK2 inhibition could induce CRLF2-R Ph-like ALL differen-
tiation based on prior reports of Ph* ALL cell differentiation with
imatinib exposure (36, 37). To determine whether Ph-like ALL cells
differentiate and switch from a cytokine receptor-dependent to a
pre-BCR-dependent phenotype, we first performed gene expres-
sion analyses and compared publicly available expression data
of the Ph-like ALL cell line MHH-CALL-4 treated with the JAK2i
CHZ868 (12) versus Ph* ALL cell lines treated with imatinib (38)
and identified that both ALL subtypes upregulate genes that are
involved in cell differentiation and pre-BCR signaling upon short-
term TKI exposure (Figure 4A and Supplemental Figure 3A, left).
Similar effects were observed in CRLF2-R Ph-like ALL PDX sam-
ples treated with CHZ868 for 3 days in vivo (Supplemental Figure
3A, right, and ref. 12). The most prominently upregulated genes
in Ph-like ALL cells included BCL6, a transcriptional repressor of
TP53-induced apoptosis during V(D)] recombination; RAGI and
RAG2, encoding enzymes that initiate V(D)] recombination; and
BLNK, an adaptor molecule required for pre-BCR signaling (36).
To validate these data, we treated Ph-like ALL cell lines and
PDX model cells in vitro with ruxolitinib and again observed over-
expression of BCL6, BLNK, RAGI, and RAG2 mRNA (Supplemen-
tal Figure 3, B and C). To evaluate functionally whether Ph-like
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illustrating the transduction procedure to generate murine Ph-like ALL models. (B) Flow cytometry analysis
of CD19, CRLF2/TSLPR, and mCherry staining was performed on murine Ph-like ALL cells to confirm expres-
sion. (C) The left graph shows cell proliferation of the indicated murine cells in the presence of IL-7 and after
IL-7 washout. The right graph shows the corresponding cell viability (n = 3 independent experiments). (D)
Western blot analysis of the indicated target genes in IL-7-dependent pro-B cells, CRLF2* cells, and CRLF2*
JAK2Re8-transduced (MCRLF2-JAK2) cells. (E) Viability analysis was performed on the indicated cell types
with increasing concentrations of ruxolitinib for 72 hours (n = 3 independent experiments). (F and G) West-
ern blot analysis of the indicated proteins in CRLF2/JAK2-transformed (F) and PAX5-JAK2-transformed (G)
murine cells treated with 1 uM DMSO or ruxolitinib for 1 hour. Data are represented as individual values with

mean + SEM bars.

ALL cells shift their genetic identity from JAK/STAT dependence
to pre-BCR dependence, we next performed gene set enrichment
analysis (GSEA). First, we generated a B cell differentiation gene
signature by taking the 500 most upregulated genes in mouse
bone marrow cells after IL-7 withdrawal (Supplemental Table 8)
and applied these to Ph-like ALL cells treated with ruxolitinib or
Ph* ALL cells treated with imatinib (Figure 4, B and C). Interest-
ingly, ruxolitinib-exposed Ph-like ALL cells demonstrated a simi-
lar, albeit less profound, enrichment of B cell differentiation genes
when compared with imatinib-exposed Ph* ALL cell lines.

The defining feature of B cell maturation is induction of RAG
activity, which initiates V(D)] recombination. To investigate

whether ruxolitinib modulates RAG1/2 protein levels and enzy-
matic activity, we retrovirally transduced Ph-like ALL cells with a
RAG enzyme reporter construct (39) and used dasatinib-treated
Ph* ALL cells as a positive control. As expected, RAG enzymatic
activity significantly increased over time in Ph* ALL cells fol-
lowing TKI treatment. However, incubation of Ph-like ALL cells
with ruxolitinib only moderately increased RAG activity (Figure
4D). Further analysis of additional B-ALL subtypes showed that
endogenous RAG enzyme activity appeared highest in Ph-like,
ETV6-RUNXI, and TCF3-PBX1 ALL cell lines (Figure 4E). Ele-
vated RAG enzyme activity has been previously described in ALL
with ETV6-RUNX1 fusions, which may contribute to leukemogen-
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Figure 4. JAK inhibition induces partial differentiation of Ph-like ALL
cells. (A) Meta-analysis of gene expression data comparing MHH-CALL-4
cells treated with the type 2 JAK2 inhibitor CHZ868 with Ph* ALL cells
(BV173, NALM-1, SUP-B15, and TOM-1) treated with imatinib (12, 38). (B
and C) Gene set enrichment analysis (GSEA) plots demonstrate enrichment
of B cell differentiation gene sets in MHH-CALL-4 cells treated with rux-
olitinib 1 uM for 12 hours (n = 3) (B) and Ph* ALL treated with imatinib (38)
(C); statistical analysis is shown. (D) Ph* ALL cell lines and Ph-like ALL cell
lines were lentivirally transduced with a RAG enzyme activity reporter con-
struct. Ph* and Ph-like ALL cells were treated with 100 nM dasatinib and

1 uM ruxolitinib, respectively. RAG enzyme activity was measured at the
indicated times (n = 3 independent experiments). (E) Steady-state RAG
enzyme activity was measured via flow cytometry in B-ALL cell lines (n =

3 independent experiments). (F) Supervised analysis of publicly available
gene expression data from children with CRLF2-R/JAK2-mutant Ph-like
ALL (n=12), ETV6-RUNX1ALL (n = 3), hyperdiploid ALL with trisomy 4
and 10 (n = 4), KMT2A-R ALL (n = 21), and TCF3-PBX1ALL (n = 23) from
the National Cancer Institute TARGET database. Data are represented as
individual values with mean + SEM bars.

esis (40, 41). To validate potential for partial ruxolitinib-induced
cell differentiation, we assessed ruxolitinib-treated and nontreat-
ed MHH-CALL-4 cells for CD43 surface expression (a marker
expressed during early B cell development), but did not detect
decreased expression following JAKi exposure (Supplemental Fig-
ure 3E). Taken together, these data do not support a robust mod-
el of JAKi-induced differentiation in Ph-like ALL cells, although
exposure to ruxolitinib or CHZ868 clearly shifts their gene expres-
sion signature toward a pre-BCR" cellular identity.

Pre-BCR signaling molecules are highly expressed in Ph-like ALL.
Given the unexpected finding of baseline-elevated RAG enzyme
activity in Ph-like ALL cells, we then considered whether these
cells at baseline may have activated pre-BCR signaling. First, we
assessed whether Ph-like ALL cells have constitutive expression
of pre-BCR signaling components via analysis of publicly available
National Cancer Institute TARGET (Therapeutically Applicable
Research to Generate Effective Treatments; http://ocg.cancer.
gov/programs/target/projects/acute-lymphoblastic-leukemia)
gene expression data of high-risk childhood B-ALL specimens
(42). We focused on CRLF2-R Ph-like ALL cases with concom-
itant activating JAK2 point mutations and compared with data
from other ALL subtypes with ETV6-RUNX]1 fusion from t(12;21),
hyperdiploidy with trisomies of chromosomes 4 and 10, KMT2A
rearrangements at chromosome 11q23, or TCF3-PBX1 fusion from
t(1;19) (35). Interestingly, Ph-like ALL samples showed elevated
RNA expression of multiple pre-BCR signaling molecules compa-
rable to levels in TCF3-PBX1 (pre-BCR") ALL, including CD79A
and CD79B, IGLLI, VPREB, BLNK, ZAP70, RAGI, and RAG2 (Fig-
ure 4F). High RAG2 RNA levels were validated in primary adult
Ph-like ALL specimens and PDX model cells and compared with
levels in Ph* ALL cells (Supplemental Figure 3F). We further
assessed the extent to which Ph-like ALL cell lines and patient
samples express pre-BCR protein components. We surprisingly
detected no expression of surface or intracellular p-heavy chain
(uHC) via flow cytometry analysis, suggesting that Ph-like ALL is
arrested at a pro-B instead of pre-B stage (Figure 5A) that normal-
ly expresses very low levels of CD79A and CD79B (43). Ph-like
and Ph* ALL cells also had very high levels of CD79A and CD79B
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proteins, which were comparable to levels detected in pre-BCR*
KOPN-8 and SUP-B15 ALL cell lines (Figure 5B). Prior studies
have reported CD79A- and CD79B-induced phosphorylation of
downstream pre-BCR molecules, such as BTK and ERK, in the
absence of BCR stimulation or the BCR itself (44-47). We thus
assessed additional downstream pre-BCR signaling molecules
and indeed identified that AKT, BTK, and ERK were highly phos-
phorylated in Ph-like ALL PDX cells (Figure 5C). To test whether
CD79A and CD79B heterodimers are expressed on the cell surface
of Ph-like ALL cells, we performed immunofluorescence micros-
copy experiments using the pre-BCR" ALL NALM-6 and Burkitt
lymphoma Ramos cell lines as positive controls (Figure 5D and
Supplemental Figure 4). Interestingly, we visualized mixed popu-
lations of CD79A-only or CD79B-only expression in some Ph-like
ALL cells, while other cells had coexpression of both molecules.
CD79A appeared to be clustered together throughout the cell,
while CD79B was more diffusely expressed near the cell surface.
Conversely, the pre-BCR* B-ALL cell line NALM-6 and the BCR*
lymphoma cell line Ramos showed clear colocalization of CD79A
and CD79B as anticipated. Our data thus demonstrate that critical
components of pre-BCR signaling are present in Ph-like ALL cells
despite the absence of tHC and suggest potential sufficiency to
activate downstream “BCR-like” signaling.

We next focused on defining the extent to which CD79B-
dependent signaling is involved in Ph-like ALL. Surprisingly,
CD79B deletion in MUTZ5 cells via CRISPR guide RNAs resulted
in hyperactivation of ERK signaling, but did not alter PI3K/AKT
pathway phosphoproteins (Figure 5E). To test the effect of contin-
uous CD79B deletion, we expanded CD79B" cells for 3 weeks inin
vitro culture to study long-term effects of CD79B deletion. Inter-
estingly, ruxolitinib treatment of CD79B-deleted versus nondelet-
ed MUTZS5 cells did not induce differential signaling effects, and
increased sensitivity of CD79B-deleted cells to ruxolitinib was not
observed (Figure 5F). However, steady-state p-ERK levels contin-
ued to be elevated in CD79B-deleted MUTZS5 cells over time (Fig-
ure 5G). Taken together, these results show that CD79B is involved
in ERK signaling regulation.

Prior studies have shown that murine Tp537/- Lnk”/~ B-ALL cells
are sensitive to dual inhibition of JAK2 and PI3K$ and may thus
model similar kinase-dependent signaling as in human Ph-like
ALL (48). As the PI3K pathway is another known critical mediator
of BCR signaling (49, 50), we further tested the extent to which
direct PI3K inhibition silences AKT signaling in Ph-like ALL. We
treated Ph-like and Ph* ALL cell lines with ruxolitinib or the iso-
form-selective PI3Kdi idelalisib and analyzed protein lysates by
Western blotting. As anticipated, short-term ruxolitinib exposure
inhibited p-STATS5 in Ph-like but not in Ph* ALL cells and partially
inhibited p-AKT levels as previously observed (11). Only idelalis-
ib completely inhibited AKT signaling (Figure 5H). Interestingly,
longer-term cotreatment of cells with JAKi and PI3K3i for 72 hours
was required to prevent signaling reactivation observed after sin-
gle-agent ruxolitinib exposure (Figure 5I). These data further sug-
gest that JAK2 and BCR-like activation of AKT occur redundantly
and cooperatively in Ph-like ALL.

JAK and PI3K signaling pathways contribute to cell growth and
survival in Ph-like ALL. Earlier studies by our group and others
have descriptively shown that dual inhibition of JAK2 and PI3K or
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Figure 5. Expression of BCR signaling molecules in Ph-like ALL cells.

(A) Flow cytometry analysis of immunoglobulin p-heavy chain (uHC)
expression in B-ALL cell lines (top) and Ph-like patient samples (bottom).
The NALM-6 cell line and a primary pre-BCR* B-ALL patient specimen
(3958) were used as positive controls. (B) Western blot analysis of CD79A
and CD79B expression in B-ALL cell lines and patient samples. (C) Western
blot analysis of BCR signaling molecules in 8 Ph-like ALL PDX speci-

mens and 1 TCF3-HLF ALL PDX case. (D) CD79A (green) and CD79B (red)
expression was assessed via immunofluorescence microscopy in Ph-like
ALL cell lines, pre-BCR*/BCR* ALL positive controls, and a KMT2A-R B-ALL
negative control. Original magnifications: x63 for upper panel, x158 for
lower panel. (E) Western blot analysis of indicated proteins in control (+)
and CD79B-deleted (-) MUTZ5 cells. (F) Sensitivity analysis of CD79B*

and CD79B- MUTZS5 cells to increasing concentrations of ruxolitinib (n = 3
independent experiments per sample). (G) Western blot analysis of CD79B*
and CD79B- MUTZS5 cells 3 weeks after electroporation treated with and
without 1 puM ruxolitinib for 2 hours. (H) Ph* ALL and Ph-like ALL cells were
treated with 1 uM ruxolitinib for 1 hour or 1 pM idelalisib for 1 hour, and
p-STATS and p-AKT levels were measured. (I) MUTZ5 and MHH-CALL-4
cells were treated with 1 pM ruxolitinib or 1 uM idelalisib for 72 hours alone
or in combination, and protein expression of p-STAT5"%% and p-AKT** was
measured using the total proteins as controls. Data are represented as
individual values with mean + SEM bars.

mTOR inhibits leukemia proliferation in vivo in Ph-like ALL PDX
models more effectively than single-agent TKIs, but is still inade-
quate to induce complete cure (15, 16). In the current studies, we
first confirmed the effects of ruxolitinib and idelalisibin CRLF2-R/
JAK2-mutant Ph-like (MHH-CALL-4, MUTZ5) and Ph* (BV173)
ALL cell lines. While single-TKI exposure for 9 days induced
minimal effects on cell proliferation, combined JAK1/2 and PI3K3
inhibition decreased cell proliferation to a greater extent in Ph-like
ALL cells (Figure 6A). In additional viability assays, we observed
reduced proliferation of Ph-like ALL cells treated with ruxolitinib
and idelalisib for 3 or 7 days with minimal effects detected in Ph*
ALL cells (Figure 6B and Supplemental Figure 5A). Incidentally,
we further measured B cell gene expression levels to determine
whether dual signaling pathway inhibition could induce Ph-like
cell differentiation as a possible mechanism of drug resistance
(Supplemental Figure 5B). Interestingly, higher expression levels
of RAGI1, RAG2, BCL6, SYK, and BLNK were detected in cells from
one dual-TKI-treated PDX model (ALL4364). However, RAG
enzymatic activity was not increased in Ph-like cell lines after dual
treatment (Supplemental Figure 5C), indicating a stronger tran-
scriptional response potentially without functional consequences.

We then validated the necessity of PI3K pathway signal-
ing in Ph-like ALL using our mCRLF2-JAK2 cells (shown in Fig-
ure 3) treated with increasing concentrations of ruxolitinib or
idelalisib. We observed moderately diminished cell viability
with TKI monotherapies, while dual JAKi and PI3K3i exposure
markedly decreased viability (Supplemental Figure 2B). We fur-
ther confirmed that the selective PI3Kdi parsaclisib (formerly
INCBO050465 [ref. 51]) similarly inhibited AKT signaling in vitro
in two CRLF2-R (MUTZ5, MHH-CALL-4) and one ETV6-ABLI
(TVAL [ref. 52]) Ph-like ALL cell lines, using ruxolitinib and dasat-
inib (SRC/ABL/BTKi) as positive inhibitor controls. As expected,
ruxolitinib decreased p-STAT5 in MHH-CALL-4 and MUTZ5
cells, but not in TVA1 cells, while dasatinib decreased p-STATS5 in
TVAL1 cells as expected. We further observed significant dephos-
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phorylation of AKT in both CRLF2-R and ABLI-R Ph-like ALL cells
treated with parsaclisib (Figure 6C).

Finally, we assessed the ability of dual JAK and PI3K3 inhibition
to inhibit leukemia proliferation in vivo in CRLF2-R/JAK2-mutant
Ph-like ALL PDX models. As predicted (15), combined ruxolitinib
and parsaclisib had more potent antileukemia activity than TKI
monotherapies in PDX models ALL4364 and JH331 (P < 0.05 for
all), but did not fully eradicate leukemia burden in treated animals
(Figure 6, D and E). Western blotting analysis of splenic lysates
(with >90% human ALL involvement) from control and TKI-treat-
ed mice was also performed to assess in vivo signaling inhibition.
We observed consistently decreased p-STAT5 with ruxolitinib
treatment and minimal p-S6 inhibition in parsaclisib-treated ani-
mals. Dual TKI treatment more strongly inhibited p-S6, but did
not affect p-AKT (Supplemental Figure 5D). Overall, these data
show enhanced but incomplete antileukemia effects of combined
JAK and PI3KS3 inhibition and suggest that additional therapeutic
targeting is necessary to eliminate Ph-like ALL fully.

Complete inhibition of BCR-like signaling is additionally required
to evadicate CRLF2-R Ph-like ALL. We next hypothesized that SFK-
mediated signaling associated with BCR-like signaling could rescue
Ph-like ALL cells treated with JAKi and PI3Ki based on 3 observa-
tions: (a) ruxolitinib treatment of CRLF2-R Ph-like ALL cells did
not decrease p-SRC levels (Supplemental Figure 3D), (b) dasatinib
treatment decreased p-AKT (Figure 6C), and (c) gene expression
and protein analysis showed expression and activation of multiple
pre-BCR signaling molecules (Figure 4F and Figure 5C). To test this
hypothesis, we treated MUTZ5 cells in vitro with combinations of
ruxolitinib, idelalisib, and/or dasatinib to ascertain whether triple
kinase inhibition could more profoundly reduce hyperactive signal-
ing and induce greater cell death. Strikingly, combined JAK, PI3K,
and SRC/ABL inhibition silenced all 3 signaling pathways (Figure
7A) and markedly and preferentially inhibited viability of Ph-like
ALL cell lines (Figure 7B). Strikingly, triple TKI therapy with ruxoli-
tinib, idelalisib, and dasatinib effectively eliminated in vivo leuke-
mia proliferation in a CRLF2-R Ph-like ALL PDX model (Figure 7C).
Importantly, treated animals appeared to tolerate multi-kinase inhi-
bition for several weeks of treatment without significant weight loss
or other signs of toxicity. Finally, as proof of concept, we assessed
the therapeutic potential of targeting the ERK signaling pathway
directly with selumetinib in MHH-CALL-4 cells (in which we dis-
covered a concomitant KRAS mutation; Supplemental Table 5) and
MUTZS5 cells in combination with the JAKi ruxolitinib and the PI3K&i
idelalisib. This triple TKI combination also markedly decreased pro-
liferation (Supplemental Figure 6A) and induced cell death (Sup-
plemental Figure 6B), suggesting an effective alternative potential
multi-TKI approach for CRLF2-R Ph-like ALL. Overall, these results
support our hypothesis that signaling through an oncogenic CRLF2/
JAK?2 axis and signaling through a nononcogenic BCR-like axis work
together to maintain Ph-like ALL cell viability and proliferation.

As triple TKI therapy may not be clinically tolerable long-term
in patients with Ph-like ALL, we also investigated the potential effi-
cacy of alternative combinatorial treatment approaches. A recent
study reported the ability of dexamethasone, a commonly used
ALL chemotherapy drug, to repress critical molecules involved
in BCR signaling and lymphoid development (4). We performed
a supervised meta-analysis of MHH-CALL-4 cells treated with
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Figure 6. Combined JAK and PI3K inhibition induces cell death and halts proliferation. (A) Indicated B-ALL cell lines were treated with DMSO, 1 uM JAKi
ruxolitinib (rux), 1 uM PI3K3i idelalisib (idela), or a combination of ruxolitinib and idelalisib (1 uM each) for 9 days (n = 1 for each cell line). Drugs and cell
culture media were replaced every 3 days. Cell density was counted at indicated time points. (B) Indicated cell lines were subjected to cell viability analysis
via flow cytometry after exposure to DMSO, 1 uM ruxolitinib, 1 uM idelalisib, or a combination of ruxolitinib and idelalisib (1 uM each) for 7 days (n = 3 inde-
pendent experiments). (C) Western blot analysis of p-STAT5Y%** and p-AKT**”% levels in CRLF2-R (MUTZ5, MHH-CALL-4) or ABL1-R (TVA1) Ph-like ALL cells
treated with 1 uM ruxolitinib, 1 uM INCB05465, and/or 100 nM dasatinib. (D and E) Two CRLF2-R Ph-like ALL PDX models (ALL4364 [n = 5 mice] and JH331
[n = 7 mice]) were randomized to treatment with vehicle (control), 1 mg/kg PI3K3i parsaclisib (parsa, formerly INCB0O50465) orally twice daily, 2 g/kg ruxoli-
tinib rodent chow continuously provided, or both inhibitors for the specified times with flow cytometric quantification of human ALL in murine peripheral
blood (line graphs) and in end-study spleens (bar graphs). Data are represented as individual values with mean + SEM bars. *P < 0.05; **P < 0.01; ***P <
0.001 by unpaired t test (B) or ANOVA with Dunnett’s post-test for multiple comparisons (D and E).
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the JAK2i CHZ868, dexamethasone, or both drugs. Interesting-
ly, CHZ868 increased expression of multiple B cell-associated
genes versus vehicle-treated control cells, while dexamethasone
monotherapy had minimal effects. Interestingly, exposure to both
CHZ868 and dexamethasone appeared to prevent the genetic shift
of Ph-like ALL cells toward a pre-BCR* identity (Figure 7D, affected
genes highlighted in red). To validate these findings, we performed
gene set enrichment analysis (GSEA) and confirmed that indeed
dexamethasone blocked the enrichment of genes involved in B cell
differentiation in MHH-CALL-4 cells (Figure 7E) and in CRLF2-R
ALL PDX cells (Supplemental Figure 6C). We thus treated MUTZ5
and MHH-CALL-4 cells in vitro with dexamethasone, ruxoli-
tinib, or both to assess the extent to which steroid chemotherapy
could reverse JAKi-mediated upregulation of B cell differentiation
genes. We observed marked p-STATS inhibition with dexameth-
asone and no appreciable effects on p-AKT or BCL6 via Western
blotting, while single-agent ruxolitinib exposure increased BCL6
expression. Similarly to the GSEA results, JAKi-induced BCL6
upregulation at a protein level was blocked with dexamethasone
cotreatment (Supplemental Figure 6D). Expanded in vitro study
of MUTZS5 cells treated with ruxolitinib, dexamethasone, and/or
idelalisib demonstrated potent triple-pathway (JAK/STAT, PI3K,
and BCR-like) signaling inhibition (Figure 7F) and induced greater
cell death in Ph-like ALL versus non-Ph-like ALL cell lines (Figure
7G). Evaluation of the in vivo therapeutic potential of dual JAK and
PI3K inhibition with dexamethasone in 2 CRLF2-R Ph-like ALL
PDX models demonstrated near-curative effects similar to those
of triple-TKI treatment (Figure 7H and Supplemental Figure 6E).
Combination therapy with 2 TKIs and steroids again appeared tol-
erable in these preclinical models and further suggests the poten-
tial efficacy of this more clinically pragmatic approach.

In summary, data from our studies suggest that the most com-
mon CRLF2-R JAK-mutant subset of Ph-like ALL is driven by a
highly integrated 3-pronged signaling network, which appears
highly adaptable following single-node inhibition and suggests a
lack of oncogene addiction that may ultimately lead to treatment
failure of current single-TKI-based clinical strategies.

Discussion

Ph-like ALL is well established as a common high-risk subtype of
B-ALL (53) associated with significant chemotherapy resistance,
relapse, and poor overall survival across the age spectrum. Ph-like
ALL is driven by a large variety of genetic mutations that lead to
activated kinase signaling, but it is not yet known whether or not
the addition of JAK inhibitors or ABL inhibitors to chemotherapy
under current clinical evaluation (NCT02420717, NCT02723994,
NCTO03117751, NCTO03571321, NCTO01406756; ClinicalTrials.
gov) will improve outcomes for patients with Ph-like ALL. In this
preclinical study, we sought to define more precisely the signaling
dysregulation that occurs in Ph-like ALL cells with a goal of poten-
tially more optimal therapeutic exploitation.

We and others have previously described JAK/STAT and
PI3K pathways as constitutively activated in CRLF2-R Ph-like
ALL cells (4, 11, 20, 21). In our current studies, we surprisingly
observed elevated RNA expression and protein levels of compo-
nents of the pre-BCR signaling complex at similar levels to those
of pre-BCR* ALL despite absence of the pHC in Ph-like ALL. We
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posit that activation of this “BCR-like” signaling via CD79A and
CD79B and SFKs s necessary and sufficient to constitute the third
kinase pathway signaling requirement of Ph-like leukemogenesis
and maintenance. Previous studies have shown that transform-
ing oncogenes can directly activate multiple signaling molecules
and mimic cytokine receptor and/or pre-BCR signaling to pro-
mote cell proliferation and survival (54). One of the most studied
fusion oncogenes is BCR-ABLI, found in Ph* ALL and chronic
myeloid leukemia, which induces cytokine receptor signaling via
STATS and PI3K and pre-BCR signaling via SYK, BTK, and ERK
(54-59). Our studies show that these same signaling pathways are
constitutively activated in CRLF2-R Ph-like ALL, albeit via differ-
ent mechanisms. Although TKI treatment (imatinib, dasatinib,
other ABL inhibitors) of Ph* ALL cells results in dephosphoryla-
tion of all 3 signaling pathways and robust leukemic cell death,
inhibition of JAK2 or genetic deletion of CRLF2 in Ph-like ALL
primarily decreases STATS signaling (often temporarily) and only
moderately inhibits leukemic cell proliferation. While Ph* ALLis a
classic example of oncogene addiction, our studies show that the
similarly kinase-activated CRLF2-R Ph-like ALL is instead driven
by a network of signaling molecules, many of which are activated
independently of the major oncogenic CRLF2 rearrangement and
appear highly adaptable to targeted kinase inhibition.

To investigate further potential mechanisms of AKT, BTK,
and ERK signaling activation, we focused on the initial observa-
tion that CD79B RNA and protein levels in Ph-like ALL were high-
ly expressed and at similar levels to those of pre-BCR* ALL cells.
However, analysis of the pre-BCR itself showed that Ph-like ALL
cells are negative for hHC expression. Activation of downstream
pre-BCR signaling by homodimerization of CD79B and coexpres-
sion of CD19 in the absence of pHC has been described (47), but
is not typical of B cell signaling. In our studies, pharmacologic
inhibition or genetic disruption of one of the 3 JAK/STAT, PI3K,
or BCR-like components in Ph-like ALL cells led to rapid adap-
tation of signaling networks, establishing the dynamic ability of
these cells to overcome targeted monotherapy and highlighting
appreciable potential for rapid single-drug resistance. We thus
hypothesized that BCR-like signaling in Ph-like ALL is activated
by spontaneous association of cell surface proteins involved in
normal BCR signaling. Previous studies in pre-BCR* B-ALL sug-
gest that CD79A and CD79B can cross-link and activate signaling
in the absence of external factors (60), potentially via short-lived,
homotypic pre-BCR interactions that provide survival signals (61).
Demonstration of the exact complex and its mechanism of inter-
action with downstream signaling was beyond the scope of this
study. Interestingly, however, we also detected decreased PTPN6
levels following prolonged JAK inhibition with ruxolitinib in some
CRLF2-R Ph-like ALL cells (Supplemental Figure 3D), which sug-
gests that a critical regulatory event in Ph-like ALL involves dis-
ruption of the phosphatase network that typically keeps JAK2 and
BCR-like signaling in check. It is plausible that PTPN6 could be
involved in induction of drug resistance in Ph-like ALL, although
further studies are needed.

Our unexpected observation of ERK hyperactivation after
CRISPR-mediated deletion of CD79B and insufficient inactiva-
tion of PI3K and ERK signaling after CRLF2 deletion may have
broader therapeutic implications for patients with Ph-like ALL.
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Figure 7. Triple targeting of kinase signaling is required to induce Ph-like
ALL cell death. (A) MUTZ5 cells were treated with 1 uM ruxolitinib (rux), 1
uM idelalisib (idela), and/or 1 uM SRC/ABLi dasatinib (das) in the indicated
combinations for 1.5 hours before protein analysis. (B) Flow cytometric cell
viability analysis of B-ALL cell lines treated with 1 uM ruxolitinib, 1 uM ide-
lalisib, and/or 1 uM dasatinib for 7 days (n = 3 independent experiments).
(C) A CRLF2-R Ph-like ALL PDX model (ALL4364) was treated with vehicle
(control), 2 g/kg ruxolitinib chow continuously provided, 1 mg/kg parsaclis-
ib orally twice daily, 10 mg/kg dasatinib orally twice daily, or multiple inhib-
itors for 14 days, with flow cytometric (FC) quantification of human ALL
cells in end-study murine spleens (n = 5 mice per group). (D) Supervised
meta-analysis of gene expression data of MHH-CALL-4 cells treated with
500 nM JAK2i CHZ868, 120 nM dexamethasone, or both drugs for 12 hours
(12). (E) Top: GSEA plots for B cell differentiation gene sets in CHZ868- ver-
sus vehicle-treated MHH-CALL-4 cells. Bottom: Cotreatment of CHZ868
with dexamethasone. (F) MUTZ5 cells were treated with 1 uM ruxolitinib,
1uM idelalisib, and/or 10 nM dexamethasone for 1.5 hours before Western
blot analysis. (G) FC cell viability analysis of B-ALL cell lines treated with 1
UM ruxolitinib, 1 uM idelalisib, and/or 10 nM dexamethasone for 72 hours
(n = 3 independent experiments) in the indicated combinations. (H) A
CRLF2-R Ph-like ALL PDX model (JH331) was treated with vehicle, 2 g/kg
ruxolitinib chow, 1 mg/kg parsaclisib (parsa) orally twice daily, 1 mg/kg
dexamethasone (dex) i.p. once daily, or multiple drugs for 14 days, with FC
quantification of human ALL cells in murine end-study spleens. Data are
represented as individual values with mean + SEM bars. *P < 0.05; **P <
0.01; ***P < 0.001; ****P < 0.0001 by unpaired t test (B and G) or ANOVA
with Dunnett’s post-test for multiple comparisons (C and H).

Several CD19-targeting or CD22-targeting antibody-based or cel-
lular immunotherapies have been approved by the US Food and
Drug Administration or are under current clinical trial evaluation
in children and adults with refractory B-ALL, and antigen-loss
relapse has emerged as a major mechanism of immunotherapeu-
tic resistance (62), including in patients with relapsed Ph-like ALL.
A soon-to-open phase I clinical trial will assess the safety and pre-
liminary efficacy of TSLPR-redirected chimeric antigen receptor T
cells (63) in patients with relapsed/refractory CRLF2* leukemias,
and it is plausible that similar CRLF2- ALL relapses (analogous
to data shown in Figure 2) will be observed over time in treated
patients. Our preclinical genetic studies demonstrating intracellu-
lar kinase signaling activation in CRLF2-deleted Ph-like ALL cells
recapitulate and validate effects of pharmacologic inhibition with
ruxolitinib treatment of Ph-like ALL cells, demonstrating that inhi-
bition of JAK2, PI3K, and SFK/BCR-like signaling is required to
successfully kill CRLF2-R Ph-like ALL. As aforementioned, long-
term triple kinase inhibition will likely not be clinically tolerable in
patients, and we thus focused in subsequent experiments on iden-
tifying an alternative TKI-based strategy in combination with che-
motherapy that could confer similar potent antileukemia activity.
A previous study by Pufall and colleagues showed that dexametha-
sone represses genes involved in B cell development (e.g., ITGA4,
IL7R, BCL6) and BCR signaling molecules (e.g., CD79B, BTK, FYN,
PI3KCD) and that PI3K inhibition can resensitize Ph-like ALL cells
to dexamethasone by interrupting a double-negative feedback loop
(4). Our new data further extend this observation, as we demon-
strate that dexamethasone strongly represses ruxolitinib-induced
changesin B cell development and BCR signaling genes. Strikingly,
dexamethasone together with ruxolitinib and idelalisib fully inhib-
ited STATS5, PI3K, and ERK signaling and eliminated Ph-like ALL
cells in vitro and in vivo in comparison with drug monotherapies or
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pairings, validating the clinical potential of dual TKIs in combina-
tion with routine ALL chemotherapy. It is thus plausible that such
combinatorial approaches could effectively decrease relapse risk,
increase cure rates, and perhaps even be used in combination with
CRLF2-targeting immunotherapies to decrease potential immuno-
therapeutic resistance.

In summary, we describe a robust signaling network in
CRLF2-R Ph-like ALL that combines oncogene-driven activation
of cytokine receptor signaling via the TSLPR and JAK/STAT path-
way with BCR-like signaling activation of PI3K and MAPK path-
ways. In contrast to Ph* ALL, this Ph-like network appears to be
highly redundant, as modulation of any single component mini-
mally inhibits cell survival and is rapidly compensated by upregu-
lation of other required “legs” of the system. We maintain that the
apparent necessity of this highly robust signaling network and its
swift “rewiring” observed with TKI monotherapy exposure could
predict a priori potential failure of current clinical strategies that
are assessing the efficacy of single-agent ruxolitinib or dasatinib
with chemotherapy in patients with Ph-like ALL. Instead, our in
vitro and in vivo results suggest that triple TKI therapy targeting
JAK/STAT, PI3K, and SFK/BCR-like signaling will be required for
complete eradication of Ph-like ALL, which may be alternatively
clinically achievable via combination of 2 signaling inhibitors with
the commonly used anti-ALL chemotherapy dexamethasone (Fig-
ure 8). These results demonstrate a novel mechanistic approach
to kinase inhibition for Ph-like ALL that merits further evaluation
and may inform development of the next generation of precision
medicine trials for patients with Ph-like ALL with a goal of reduc-
ing relapse risk and improving long-term survival.

Methods

Primary human ALL specimens and cell lines. Diagnostic bone marrow
specimens from children and adults with Ph-like ALL were obtained via
informed consent on Institutional Review Board-approved research pro-
tocols of the Children’s Hospital of Philadelphia (CHOP) and University
of Pennsylvania (UPenn) in accordance with the Declaration of Helsinki
(Supplemental Tables 1 and 2) as previously described (4, 15). Human
Ph-like and non-Ph-like ALL cell lines (Supplemental Table 2) were pur-
chased from the DSMZ biorepository (Braunschweig, Germany), vali-
dated by short tandem repeat analysis, and confirmed as Mycoplasma-
free every 6 months. The Ph-like TVA1 cell line was initially created as
a childhood Ph-like ALL patient-derived xenograft (PDX) model in
immunocompromised mice and subsequently immortalized via in vitro
culture (52). Archer fusionplex testing and next-generation sequencing
of some cell lines and PDX models were performed at the CHOP Divi-
sion of Genomic Diagnostics clinical core facility as previously described
(64). The Ph-like kinase-activated gene expression signature was con-
firmed by a validated clinical low-density microarray analysis in relevant
ALL cell lines and PDX models as previously described (6, 20, 65).
Human ALL cells harvested from murine spleens of some PDX
models were cultured on OP9 stroma in Minimum Essential Medium
(MEMGa; Life Technologies) with GlutaMAX containing 20% FBS, 100
IU/mL penicillin, 100 pg/mL streptomycin, and 1 mM sodium pyru-
vate. Cell lines were cultured in RPMI medium (Life Technologies)
with GlutaMAX containing 10% or 20% FBS, 100 IU/mL penicillin,
and 100 pg/mL streptomycin (hereafter referred to as “B cell medi-
um”) at 37°C in a humidified incubator with 5% CO, and maintained
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Figure 8. “Optimally lethal” combination therapeutic strategies for Ph-like ALL.

in culture for fewer than 3 months to minimize infectious contamina-
tion and genetic drift.

Murine Ph-like ALL cell line models. Bone marrow cells were har-
vested from 6-week-old C57BL/6] mice via flushing of femora and
tibiae with a large-gauge needle and PBS. Bone marrow cells were fil-
tered using a 70-um cell strainer, and erythrocytes were depleted with
ACK lysis buffer (Gibco). After additional PBS washing, bone marrow
cells were cultured in IMDM (Gibco) with GlutaMAX supplement-
ed with 20% FBS, 100 IU/mL penicillin, 100 pg/mL streptomycin,
50 pmol/L B-mercaptoethanol (Gibco), and 10 ng/mL recombinant
mouse IL-7 (PeproTech). To generate the murine Ph-like ALL models,
we then retrovirally transduced murine bone marrow cells with CRLF2,
ETV6-PDGFRB, or PAX5-JAK2 constructs 3 days later. CRLF2* B-ALL
cells were selected using blasticidin and additionally transduced with a
JAK2R6836 construct to generate a murine CRLF2-JAKR¢83¢ Ph-like ALL
(mCRLF2-JAK?2) cell line model. After transformation, mCRLF2-JAK2
cells were cultured in vitro without IL-7. Cell lines were cultured no lon-
ger than 3months to avoid accumulation of additional mutations and
infectious contamination and confirmed to be Mycoplasma-free.

TKIs and chemotherapy. The following TKIs were used for in vitro
and/or in vivo studies: JAK1/JAK2i ruxolitinib-infused rodent chow 2
g/kg (a gift from Matthew Stubbs and Bruce Ruggeri, Incyte Corp.),
PI3K3i parsaclisib (formerly INCB050465; Incyte), PI3Kai idelalisib
(SelleckChem), SRC/ABLI dasatinib (LC Labs), MEKi selumetinib (LC
Labs), and ruxolitinib (SelleckChem) for in vitro use. Clinical-grade
dexamethasone (Mylan) was purchased from the CHOP investigation-
al pharmacy (Supplemental Table 3).

PDX modeling and in vivo preclinical drug trials. All PDX model
establishment and experimental animal studies were conducted on
Institutional Animal Care and Use Committee-approved research pro-
tocols at CHOP and UPenn in accordance with NIH and American Vet-
erinary Association Guidelines for the Euthanasia of Animals. Briefly,
Ph-like and non-Ph-like ALL PDX models in 6- to 8-week-old male and
female NOD/SCID/IL-2ry™" (NSG) mice were created via i.v. injection
of primary human ALL cells as previously described with serial trans-
plantation of harvested human leukemia cells from murine spleens
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into secondary or tertiary recipient NSG mice for experimental stud-
ies described herein (4, 14, 15, 66). After flow cytometric confirmation
of more than 1% CD45*CD19* (and CD10* and TSLPR* for CRLF2-R
Ph-like) human ALL in peripheral blood of well-engrafted mice, ani-
mals were randomized to treatment with indicated combinations of (a)
oral (p.o.) or intraperitoneal (i.p.) gavage vehicle and control chow, (b)
ruxolitinib 2 g/kg rodent chow p.o. continuously provided, (c) parsa-
clisib 1 mg/kg p.o. twice daily, (d) dexamethasone 1 mg/kg p.o. once
daily, and/or (e) dasatinib 10 mg/kg i.p. once daily for up to 14-21 days
depending on rate of leukemia progression in control animals requiring
study termination at a predetermined endpoint (4, 15, 19).

Flow cytometry analysis. Human and mouse leukemia samples
were stained with cell surface antibodies (Supplemental Table 4)
according to the manufacturer’s instructions using Fc block and
respective isotype controls. Annexin V, propidium iodide, 7-amino-
actinomycin D, or DAPI (BD Biosciences) was used for apoptosis anal-
yses. Flow cytometry was performed using FACSVerse or LSRII flow
cytometers (BD Biosciences) with data analysis in Cytobank or Flow-
Jo (Tree Star) and graphical display and statistical analysis in Prism
(GraphPad) (see Statistics below).

Western blotting. All cells were lysed in CelLytic buffer (Milli-
poreSigma) supplemented with 1% HALT (protease inhibitor and
phosphatase inhibitor cocktail; Thermo Fisher Scientific). Protein
samples were loaded on NUPAGE 4%-12% Bis-Tris gradient gels (Invi-
trogen) and transferred on PVDF membranes (Millipore). For detec-
tion of mouse and human proteins, primary antibodies were used in
combination with anti-rabbit or anti-mouse HRP-linked secondary
antibodies (Cell Signaling Technology) and Amersham ECL Western
blotting detection reagent (GE Life Sciences) (Supplemental Table 4).

Phosphoarray. MHH-CALL-4 cells (human Ph-like ALL cell line
with IGH-CRLF?2 translocation, JAK2'6®%", and KRAS"**}; Supplemental
Table 5) were treated in vitro with human thymic stromal lymphopoietin
(TSLP) 25 nM for 30 minutes; ruxolitinib 1 uM for 1, 4, 25, or 48 hours; or
DMSO (control), and subjected to protein isolation as described above.
Phosphoprotein expression was detected using a human phospho-kinase
array kit according to the manufacturer’s protocol (R&D Systems).
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Immunoprecipitation studies. ALL cells were lysed in cell lysis buf-
fer (Cell Signaling Technology) and PMSF and precleared by incuba-
tion with protein A-agarose (Invitrogen) for 10 minutes. Cells were
then incubated with human CD19 antibody (Cell Signaling Technol-
ogy) (Supplemental Table 4) and protein A-agarose at 4°C overnight.
Immunoprecipitates were washed 5 times the next day in cell lysis buf-
fer before loading onto NuPAGE 4%-12% Bis-Tris gradient gels and
transferring to PVDF membranes. Development and detection follow-
ing immunoprecipitation were performed by Western blot as above.

Cell proliferation and viability assays. One hundred thousand
human ALL cells were seeded in a volume of 100 pL B cell medium per
well (as described above) on Optilux 96-well plates (BD Biosciences).
The JAKi ruxolitinib, the PI3K3i idelalisib, or the PI3K3i parsaclisib was
diluted in medium and added at the indicated concentration in a total
culture volume of 150 pL. After culturing for 72 hours, cell prolifera-
tion and viability were measured by XTT (Cell Signaling Technology)
according to the manufacturer’s instructions with fluorescence read at
450 nm. Fold changes were calculated using baseline values of untreat-
ed cells as areference (set to 100%) and displayed graphically in Prism.

Retroviral and lentiviral transduction. Transfections of 293FT cells
with retroviral and lentiviral constructs were performed using Lipo-
fectamine 2000 with Opti-MEM media (both from Invitrogen). Viral
supernatants were produced by cotransfection of 293FT cells with
the viral gag-pol and packaging vectors together with the Cas9 or sg-
RNA constructs (Supplemental Table 6). Cultivation was performed
in high-glucose DMEM (Invitrogen) with GlutaMAX containing 10%
FBS, 100 IU/mL penicillin, 100 pg/mL streptomycin, 25 mM HEPES,
1 mM sodium pyruvate, and 0.1 mM nonessential amino acids. Reg-
ular media were replaced after 16 hours by growth media containing
3 mM caffeine. After 24 hours, the viral supernatant was harvested
and filtered through a 0.45-um filter. Retroviral transductions were
performed by loading of the viral supernatant on 50 pg/mL retronec-
tin-coated (Takara) nontissue 6-well plates before centrifugation
(2000 g, 90 minutes at 32°C) 2 times. Subsequently, 1 x 10° to 2 x 10°
cells were loaded and transduced per well by centrifugation at 600 g
for 30 minutes and maintained for 72 hours at 37°C with 5% CO, before
transfer into culture flasks. Lentiviral transductions were performed by
loading of viral supernatant on 50 pg/mL retronectin-coated nontis-
sue 6-well plates with 1 x 10° to 2 x 106 cells. Cells were centrifuged
for 30 minutes at 600 g and maintained for 16 hours at 37°C with 5%
CO, before replacement of media with fresh RPMI and GlutaMAX con-
taining 20% FBS, 100 IU/mL penicillin, and 100 pg/mL streptomycin.
Cells were then cultured at 37°C with 5% CO, before analysis.

CRISPR-mediated gene deletion. Stably transduced Cas9-express-
ing ALL cell lines or PDX specimens were generated via lentiviral
Cas9 transduction and targeting guide RNAs following the protocol
above and using chemically synthesized single guide RNAs purchased
predesigned from Integrated DNA Technologies. Recombinant Cas9
(TrueCut Cas9 Protein v2, Thermo Fisher Scientific) was mixed
with guide RNA (2.5 pg/5 pg guide RNA to Cas9 protein) to produce
RNA-ribonucleoprotein complexes. Electroporation was performed
using pulse code EO-117 on a Lonza 4D electroporation system. Non-
targeting (NT) guide RNAs were used as controls.

Quantitative real-time PCR. Total RNA from leukemia cells was
extracted using RNeasy isolation kit (Qiagen). cDNA was generated
using the gScript cDNA SuperMix (Quanta). Quantitative real-time
PCR was performed with Power SYBR Green Master Mix (Applied
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Biosystems) and 7500 Real-time PCR System (Applied Biosystems)
according to standard PCR conditions. Primers for quantitative real-
time PCR are listed in Supplemental Table 7.

Microarray target preparation and hybridization. Microarray services
were provided by the UPenn Molecular Profiling Facility, including
quality control tests of the total RNA samples by Agilent Bioanalyzer
and NanoDrop spectrophotometry. All protocols were conducted as
described in the Affymetrix WT Plus reagent kit manual and the Affy-
metrix GeneChip Expression Analysis technical manual. Briefly, 250
ng of total RNA was converted to first-strand cDNA using reverse tran-
scriptase primed by poly(T) and random oligomers incorporating the
T7 promoter sequence. Second-strand cDNA synthesis was followed
by in vitro transcription with T7 RNA polymerase for linear amplifica-
tion of each transcript. The resulting cRNA was converted to cDNA,
fragmented, assessed by the Bioanalyzer, and biotinylated by terminal
transferase end labeling. Five-and-a-half micrograms of labeled cDNA
was added to Affymetrix hybridization cocktails, heated at 99°C for
5 minutes, and hybridized for 16 hours at 45°C to Clariom D Human
Arrays using the GeneChip Hybridization Oven 645. The microarrays
were then washed at low (6x SSPE) and high (100 mM MES, 0.1 M NaCl)
stringency and stained with streptavidin-phycoerythrin. Fluorescence
was amplified by addition of biotinylated anti-streptavidin and an addi-
tional aliquot of streptavidin-phycoerythrin stain. A GeneChip 3000 7G
scanner was used to collect fluorescence signal. Affymetrix Command
Console and Expression Console were used to quantitate expression
levels for targeted genes; default values provided by Affymetrix were
applied to all analysis parameters. Microarray data are available from
the NCBI’s Gene Expression Omnibus database (GEO GSE132486).

Immunofluorescence studies. Coverslips were coated overnight with
100 pg/mL poly-L-lysine solution (MilliporeSigma) at 4°C and washed
twice with PBS before addition of cells. For each condition, 300,000
cells were plated on a single coverslip and allowed to spread in the
incubator for 40 minutes at 37°C in 5% CO,. After visual confirmation
of attachment, cells were washed in PBS and fixed in 3% paraformal-
dehyde/PBS. After quenching with 50 mM NH,Cl, cells were treated
with Fe block (clone 2.4G2), permeabilized with 0.3% Triton X-100/
PBS, and blocked with PBS/0.01% saponin/0.25% fish skin gelatin.
Cells were labeled with primary mouse anti-CD79A and rabbit anti-
CD79B antibodies (Supplemental Table 4) and secondary donkey
anti-mouse-Alexa Fluor 488 or goat anti-rabbit-Alexa Fluor 568 anti-
bodies for 1 hour at room temperature. Following antibody labeling,
coverslips were mounted onto holding plates and kept immersed in
PBS forimmediate imaging. Imaging was performed on a PerkinElmer
Ultraview spinning disk confocal system using a x63 Plan Apo, 1.4NA
objective mounted on an Axiovert 200 M microscope platform (Carl
Zeiss) equipped with an Orca ER CCD camera (Hamamatsu). Images
were acquired using Volocity 6.3 imaging software (PerkinElmer) and
analyzed using Image] software (NIH).

Statistics. Data display and statistical analyses were performed
using Prism 7 (GraphPad). Significance values for in vitro and in vivo
studies were calculated using unpaired 2-tailed Student’s ¢ test (2
groups) or ANOVA with Dunnett’s or Tukey’s post-test for multiple
comparisons (3 or more groups) to determine statistical significance.
Survival analysis distribution between 2 groups for clinical patient
samples (Figure 1A) was determined by the log-rank test. A P value
of less than 0.05 was considered significant. All values are expressed
asmean * SEM.
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Study approval. Viably cryopreserved leukemia cells from chil-
dren, adolescents, and young adults with de novo Ph-like ALL were
obtained from the Children’s Oncology Group (Monrovia, California,
USA) for xenotransplantation studies as previously described (12, 14,
32). Additional specimens from children and adults with Ph-like ALL
and other ALL subtypes were obtained from the Children’s Hospital
of Philadelphia (CHOP, protocol 7767) and University of Pennsylva-
nia (protocol 703158) leukemia biorepositories under approved CHOP
and University of Pennsylvania institutional research protocols after
obtainment of written informed consent in accordance with the Dec-
laration of Helsinki. Animal studies were conducted with approval
from the Institutional Animal Care and Use Committee at the Chil-
dren’s Hospital of Philadelphia (protocol 232).
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