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Abstract

(Patho-)physiological activation of the IL7-receptor (IL7R) signaling contributes to steroid resistance in pediatric T-cell
acute lymphoblastic leukemia (T-ALL). Here, we show that activating IL7R pathway mutations and physiological IL7R
signaling activate MAPK-ERK signaling, which provokes steroid resistance by phosphorylation of BIM. By mass
spectrometry, we demonstrate that phosphorylated BIM is impaired in binding to BCL2, BCLXL and MCLI, shifting the
apoptotic balance toward survival. Treatment with MEK inhibitors abolishes this inactivating phosphorylation of BIM and
restores its interaction with anti-apoptotic BCL2-protein family members. Importantly, the MEK inhibitor selumetinib
synergizes with steroids in both IL7-dependent and IL7-independent steroid resistant pediatric T-ALL PDX samples. Despite
the anti-MAPK-ERK activity of ruxolitinib in IL7-induced signaling and JAK1 mutant cells, ruxolitinib only synergizes with
steroid treatment in IL7-dependent steroid resistant PDX samples but not in [L7-independent steroid resistant PDX samples.
Our study highlights the central role for MAPK-ERK signaling in steroid resistance in T-ALL patients, and demonstrates the
broader application of MEK inhibitors over ruxolitinib to resensitize steroid-resistant T-ALL cells. These findings strongly
support the enrollment of T-ALL patients in the current phase I/Il SeluDex trial (NCT03705507) and contributes to the
optimization and stratification of newly designed T-ALL treatment regimens.

Introduction
Supplementary information The online version contains
supplementary material available at https://doi.org/10.1038/s41375- . . . .
021-01291-5. T-cell acute lymphoblastic leukemia (T-ALL) is a high-
risk hematological malignancy of early developing
>4 Jules P. P. Meijerink T-cells and represents 15% of children that present with
J-meijerink @prinsesmaximacentrum.nl ALL. T-ALL patients comprised nearly 40% of patients
! Princess Méxima Center for Pediatric Oncology, Utrecht, the that were treated in the high-risk treatment arm of the
Netherlands Dutch Childhood Oncology Group (DCOG) ALL-10

2 Biomolecular Mass Spectrometry and Proteomics, Bijvoet Center protocol [1]. To date, cure-rates of 75-80% are
of Biomolecular Research and Utrecht Institute for Pharmaceutical ~ achieved [2—4], indicating that therapy still fails in one

Sciences, Utrecht University, Utrecht, the Netherlands out of 4-5 children with T-ALL. T-ALL patients that
3 Netherlands Translational Research Center B.V., Oss, the suffer from relapse have a dismal outcome due to
Netherlands acquired resistance to a wide range of chemotherapeutics.
*  Institute of Cancer Genetics, Columbia University Medical Center, Synthetic glucocorticoids (also denoted as steroids)
New York, NY, USA including prednisolone and dexamethasone are corner-
3 Children’s Research Center, University Children’s Hospital stone drugs in the treatment of both T-ALL and B-cell
Zurich, Zurich, Switzerland precursor-ALL (BCP-ALL). Resistance to steroids is a
® KU Leuven Center for Human Genetics & VIB Center for Cancer ~ frequent problem in T-ALL that historically predicts for
Biology, Leuven, Belgium poor outcome and is used for risk-stratification in many
7 Newcastle University, Newcastle upon Tyne, UK treatment protocols including the DCOG ALL-11
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protocol [3, 5, 6]. The gene coding for the pro-apoptotic
molecule BIM [7]-a BH3-only member of the BCL-2
protein family—is an important direct transcriptional target
of the glucocorticoid receptor (NR3C1). Upon steroid
treatment, BIM is upregulated to mediate steroid-induced
death of lymphoid cells [8—12]. In contrast, anti-apoptotic
BCL2 is downregulated in lymphoblasts treated with
steroids [8]. Upregulation of BIM changes the dynamic
balance between pro- and anti-apoptotic BCL-2 family
members, resulting in the release and activation of the
pro-apoptotic effector molecules BAK and BAX, which
triggers apoptosis [13—15]. Various mechanisms have
been described that may impair the activation or function
of BIM, hence resulting in steroid resistance. These
mechanisms rely on the activation of specific kinases
(e.g., AKT, ERK, p38 or JNK) that can either impair the
transcription of BIM, or alter its function, cellular loca-
lization and/or proteasomal degradation [10, 11, 16-24].
Aberrant activation of the interleukin-7 (IL7) signaling
pathway is frequently observed in T-ALL [25-27]. Phy-
siological activation of the pathway is induced when IL7
binds to its cognate receptor, which results in the acti-
vation of downstream JAK-STAT and PI3K-AKT path-
ways. We previously demonstrated that mutations in the
IL7R signaling pathway are associated with steroid
resistance and inferior relapse-free survival [28]. Muta-
tions in the IL7Ra chain or downstream signaling mole-
cules activate the JAK-STAT and PI3K-AKT signaling
pathways in a ligand-independent manner [28]. In con-
trast to physiological IL7R signaling in normal T-cells,
IL7R-signaling mutations also strongly activate MAPK-
ERK signaling, albeit its significance is currently
unknown. Physiological IL7R signaling in T-ALL cells
from patients can also raise steroid resistance, further
providing evidence for crosstalk between the IL7- and
steroid-induced signaling pathways independent of the
presence of specific activation mutations [29]. To date,
this so-called ‘IL7-dependent steroid resistant’ phenotype
is attributed to STATS activation and subsequent upre-
gulation of BCL2 [30]. BCL2 upregulation also occurs as
a result of IL7-induced PI3K-AKT pathway activation in
T-ALL [25]. However, the activation of the MAPK-ERK
pathway in IL7-induced signaling in T-ALL has not been
studied yet, and its contribution to steroid resistance
remains poorly understood. This study reveals that the
MAPK-ERK pathway is aberrantly activated downstream
of mutant- and physiological IL7R-signaling. As a result,
steroid-induced pro-apoptotic BIM is inactivated through
phosphorylation, which changes the apoptotic threshold
and drives MAPK-ERK induced steroid resistance. Our
results demonstrate the broader efficacy of MEK inhibi-
tors over the JAK1/2-inhibitor ruxolitinib to resensitize
steroid-resistant T-ALL cells.

Materials and methods
Functional screening of SUPT-1 cell lines

JAKI, IL7R, and NRAS mutant or wild-type molecules
were stably expressed through lentiviral transduction of
SUPT-1 cells. Viability during cytotoxicity screens was
determined after 4 days by methylthiazolyldiphenyl-
tetrazolium bromide (MTT, Sigma Aldrich). Details con-
cerning lentiviral transduction and purification of cell lines,
cytotoxicity screens and RTQ-PCR can be found in the
supplementary materials and methods.

Functional screening of PDX cells

Cytotoxicity screens of PDX samples was performed as
previously described [28] in the presence or absence of
25 ng/ml IL7 (R&D Systems). PDX cells were plated at a
concentration of 1 x 10° cells/ml, and viability after 4 days
was measured by ATPlite 1Step (Perkin Elmer, Groningen,
The Netherlands).

Co-immuno-precipitation and mass spectrometry

Dynabeads (Thermo Fisher Scientific) were linked to the
immunoprecipitation antibody of interest, briefly incubated
and subsequently crosslinked to BS? (2.5 mM) to avoid co-
elution of the antibody. After overnight incubation each
sample was eluted with Laemmli sample buffer (without
dithiothreitol) and heated for 10’ at 50 °C. Antibodies used
for immunoprecipitation of target proteins: BIM (#2933;
Cell Signaling), MCL1 (#AHOO0102; Thermo Fisher Sci-
entific) and BCL2 (#551051; BD PharmingenTM). For mass
spectrometry, proteins were digested by trypsin (Promega)
and peptides were analyzed by LC-MS/MS using an Agilent
1290 system coupled to a Q-exactive HF-X (Thermo Fisher
Scientific). iBAQ quantification was performed, represent-
ing protein abundance in each sample. Details concerning
protein isolation in non-IP experiments, the western-blotting
procedure and mass spectrometry procedures and analysis
can be found in the supplementary materials and methods.

Results

Steroid resistant IL7R and JAK1 mutants activate
the MAPK-ERK signaling pathway

To explore the mechanisms driving IL7R-signaling medi-
ated steroid resistance, we generated doxycycline-inducible
SUPT-1 cell lines that express wild-type or mutant IL7R or
downstream signaling components. Whereas expression of
wild-type IL7R (IL7R™T) or the non-cysteine mutant
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Fig. 1 IL7R signaling mutations and physiological IL7-signaling
activates MAPK-ERK signaling in T-ALL. A Cell toxicity screen-
ing of doxycycline-induced SUPT-1 parental (gray), IL7R™ ' (green)
and IL7RY?OPSL (blue) mutant cells. As negative control for the
mutant cell lines, the average survival of both cell lines is illustrated in
the -DOX condition (dark gray). Cells were treated with prednisolone
(range 0.00822-250 pg/ml) for 4 days. B Cell toxicity screening of
doxycycline-induced IL7RFILT240-24RFCPH (g peen [ 7RLT243-244LMCPT
(blue) and IL7RPIL240-242Q8PSC (orange) cysteine-mutant cells. As
negative control for the mutant cell lines, the average survival of both
cell lines is illustrated in the -DOX condition (dark gray). Cells were
treated with prednisolone (range 0.00822-250 pg/ml) for 4 days. C

IL7Ra¥?3CPSEdid not affect the sensitive steroid
response of SUPT-1 cells, expression of cysteine
mutant  [L7RoPILLT240-244RECPH 1 7 ( PIL240-242Q8PSC

IL7RoT43-24IMEPT - girongly  raised cellular resistance

(Fig. 1A, B). We observed activation of the downstream
MAPK-ERK signaling in these three steroid resistant lines
expressing mutant IL7Ra isoforms in contrast to the wild-
type and the non-cysteine IL7Ra mutant lines (Fig. 1C).
Notably, MAPK-ERK activation has not been observed in
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Western blot of JAK1 (DDK-tagged), IL7R and NRAS overexpressing
cells to study downstream MAPK-ERK pathway activation. D Cell
toxicity screening of 46 T-ALL PDX samples in IL7 treated and
untreated condition. Area Under the Curve (AUC) values represent
steroid response (range 3.16-31.6 uM prednisolone). The ‘IL7-
responsive’ group was defined by an >1.5 fold increase in pre-
dnisolone AUC in the IL7 treated condition. Starred samples represent
extreme resistant samples with AUC >400, since an AUC of 400
represent the maximum AUC in a 4-log dynamic concentration range
of prednisolone. E Western blot of selected T-ALL PDX samples to
study downstream MAPK-ERK pathway activation in response to IL7.
*off-target band.

physiological IL7 signaling in normal T-cells [31]. Vali-
dation of MAPK-ERK activation in other steroid sensitive
JAKI™T) or steroid resistant (JAK1R?# JAK1T0A
NRASYT or NRASGIZD) derivate SUPT-1 lines demon-
strated strong MAPK-ERK activation in all steroid
resistant lines [28]. As the inducibility of all doxycycline-
inducible cell lines exceeded 85% (data not shown), dif-
ferences in MAPK-ERK signaling among various cell lines
reflect quantitative differences. Of note, MAPK-ERK
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pathway activation seemed linked to changes in the appar-
ent molecular weight of the pro-apoptotic BIM-EL and
BIM-L isoforms (Fig. 1C). Changes in the apparent mole-
cular weight of the pro-apoptotic BIM-S isoform was not
observed.

IL7 can induce steroid resistance and MAPK-ERK
activation in T-ALL PDX cells

Our observed relationship between mutant IL7R signaling,
MAPK-ERK pathway activation and steroid response sug-
gests that MAPK-ERK signaling may represent a major
determinant for steroid resistance, including steroid resis-
tance that is induced by physiological IL7 signaling. We
therefore examined the steroid response of 46 patient-
derived xenografts (PDX) samples (including nine matched
diagnostic-relapse PDX pairs) in the absence and presence
of IL7. Steroid sensitivity was measured as Area Under the
Curve (AUC) to quantify cytotoxic responses over a 4-log
dynamic range of prednisolone concentrations. The steroid
sensitivity of 34 PDX samples was not affected by addition
of IL7. However, 12 samples demonstrated an AUC
increase of more than 1.5-fold in the presence of IL7
compared to cells cultured in the absence of IL7 (Fig. 1D,
Supplementary Fig. 1la). This indicates that ligand-
dependent IL7R activation can induce steroid resistance in
26% of our T-ALL PDX cohort. We then studied whether
IL7-induced signaling can activate the MAPK-ERK path-
way alike IL7R signaling mutations. For this, we selected
three PDX samples that became more resistant to steroids
following IL7 exposure (denoted as IL7-dependent steroid
resistant samples), and two steroid resistant PDX samples
for which the steroid sensitivity was not affected by IL7
(denoted as IL7-independent steroid resistant samples)
(Supplementary Fig. 1b, c). Interestingly, we observed
increased ERK phosphorylation after 30 min of IL7 expo-
sure in IL7-dependent and IL7-indendent steroid resistant
PDX samples (Fig. 1E, Supplementary Fig. 1d). In some of
these samples, higher molecular weight isoforms of BIM-L
and BIM-EL were observed in relation to (IL7-induced)
MAPK-ERK signaling. In addition to mutant IL7R signal-
ing, we reveal that physiological IL7 signaling also acti-
vates the MAPK-ERK pathway in T-ALL. MAPK-ERK
signaling may therefore represent a major cause for IL7-
induced steroid resistance.

MAPK-ERK signaling drives phosphorylation of BIM
isoforms

The presence of higher molecular weight BIM-EL
and BIM-L isoforms in MAPK-ERK activated and
steroid resistant cell lines and T-ALL PDX samples sug-
gest a common post-translational modification of BIM

downstream of activated MAPK-ERK signaling. To study
if this modification was due to protein phosphorylation,
we treated whole cell lysates of doxycycline-induced
SUPT-1 JAKI®7>*H cells ex-vivo with lambda phospha-
tase in the presence of limiting concentrations of phos-
phatase inhibitors. Induction of JAKI®?* resulted in
high phosphorylation of ERK and higher molecular weight
forms for BIM-EL and BIM-L, which were reduced to
single and lower molecular isoforms upon phosphatase
treatment similar to non-induced control cells (Fig. 2A,
only BIM-EL isoform is displayed). Therefore, we con-
clude that these higher molecular weight BIM isoforms
were due to phosphorylation. To investigate whether BIM
is phosphorylated downstream of activated MAPK-ERK
signaling, we performed an in-vitro phosphorylation assay
with human active (MEK-activated) recombinant ERK1
and human recombinant BIM-L (Fig. 2B). Only in the
presence of ERK1 and 100 uM ATP, BIM was phos-
phorylated, concluding that ERK is directly responsible
for the phosphorylation of pro-apoptotic BIM. We vali-
dated this result by treating wild-type and mutant JAKI
SUPT-1 cells with the MEK-inhibitor CI1040 (Fig. 2C). In
both JAK mutated lines, phosphorylation of ERK and
BIM-EL and BIM-L isoforms were effectively blocked
upon CI1040 treatment. Similar findings were observed
for three cysteine-mutant IL7Ra lines following CI1040
treatment, while BIM remained unphosphorylated in wild-
type IL7Ra cells irrespective of MEK inhibitor treatment
(Supplementary Fig. 2a). Both clinically relevant MEK
inhibitors selumetinib and trametinib also effectively
blocked BIM phosphorylation in a dose-dependent manner
at concentrations that did not induce cytotoxicity (Fig. 2D,
E, Supplementary Fig. 2b—d). Therefore, we conclude that
phosphorylation of BIM follows MAPK-ERK pathway
activation and can be effectively blocked by MEK
inhibitors.

The transcriptional steroid response is intact in
SUPT-1 steroid resistant lines

BIM, among other genes, represents an important tran-
scriptional target gene of the glucocorticoid receptor
(NR3C1) [8-10, 12, 18, 21, 32]. Failure to upregulate BIM
has been linked to steroid resistance in pediatric ALL
patients and ALL PDX samples [8, 17, 18, 33]. To establish
whether transcriptional activation of BIM is impaired as a
potential steroid resistance mechanism downstream of
mutant [L7R signaling, we measured BIM expression in the
presence and absence of steroid treatment in SUPT-1 cells
with and without expression of mutant JAKI or IL7Ra
molecules (Fig. 3A, B). In the absence of doxycycline,
where cells do not express mutant molecules (i.e., steroid
sensitive phenotype), all cell lines underwent a 4- to 10-fold

SPRINGER NATURE
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Fig. 2 Pro-apoptotic BIM is phosphorylated downstream of acti-
vated MAPK-ERK signaling. A Western blot of JAK1®>*H over-
expressing cells (+DOX) treated with lambda phosphatase during cell
lysis. A standard phosphatase inhibitor (PI) cocktail used for cell lysis
was diluted 0-128 times to study the effect of lambda phosphatase in
absence of phosphatase inhibitors. A lambda phosphatase untreated
sample with standard PI cocktail levels (last lane, PI dilution ‘NA’)
was used as a control. B In-vitro phosphorylation assay between

increase in BIM expression following overnight exposure to
prednisolone. Doxycycline-induced expression of mutant
(and steroid resistant) JAK1 or IL7Ra molecules also
resulted in a robust upregulation of BIM following steroid
treatment. This was also confirmed at the protein level,
where steroid treatment led to increased BIM levels inde-
pendently of MAPK-ERK signaling (Fig. 3C). This indi-
cates that the transcriptional response of NR3C1 upon
steroid exposure remains intact in steroid resistant IL7R and
JAK1 mutant lines, which hints that phosphorylation of
BIM may drive MAPK-ERK-dependent steroid resistance.
Notably, MCL1 levels also increased following pre-
dnisolone exposure in all lines tested, indicating that MCLI
might represent a novel and direct transcriptional target
gene of NR3C1 (Fig. 3C).
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recombinant ERK1 and BIM-L in a 1:3 kinase: substrate weight ratio.
The kinase reaction was performed in the presence and absence of
100 uM ATP (lane 1, 3 and 4). C Western blot of wild-type and mutant
JAKI cells that were induced (second lane in each individual blot) and
treated with 2 uM of MEK inhibitor CI1040 (third lane in each indi-
vidual blot). D and E Protein phosphorylation of ERK and BIM at
increasing concentration of MEK inhibitor selumetinib (range
0-100 uM) in JAK1™'A and NRASY!?P overexpressing cells.

Phosphorylation of BIM impairs its binding to anti-
apoptotic BCL-2 family members

BIM can bind to anti-apoptotic family members including
BCL2, BCLW, BCLXL and MCL1 to antagonize their pro-
survival activities [7, 34-37]. We hypothesized that phos-
phorylation of BIM is causative for MAPK-ERK dependent
steroid resistance in T-ALL by directly impairing the
binding of BIM to anti-apoptotic family members. We
therefore performed a qualitative unbiased mass spectro-
metry analysis of BIM-immunoprecipitation eluates from
non-induced and doxycycline-induced NRASC!?P cells. As
a result, we identified 23 proteins that consistently bound to
unphosphorylated BIM in three replicate experiments
(Supplementary Table 1). Between eluates, we observed
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variation in BIM protein abundancy (quantified by the BIM
iBAQ value; Supplementary Fig. 3a, Supplementary
Table 1). This variation could easily be explained by dif-
ferences in immunoprecipitation efficiency, but could also
be caused by potential proteasomal degradation of phos-
phorylated BIM [11, 22, 23]. By treating NRAS®"?P over-
expressing cells with the proteasomal inhibitor bortezomib,
we indeed observed moderate increased BIM protein levels,
whereas MCL1 stabilization confirmed effective inhibition
of the proteasome (Supplementary Fig. 3b). To correct our
analysis for technical differences and proteasomal degra-
dation, we normalized the iBAQ value of each individual
protein to the BIM iBAQ value within each sample (Sup-
plementary Table 1). Since the BIM gene is a direct target
gene of the glucocorticoid receptor, mass spectrometry and
subsequent normalization was also performed on BIM-
immunoprecipitation eluates of prednisolone-treated
NRASY!?P cells. This qualitative mass spectrometry
approach demonstrated that five out of 23 proteins con-
sistently decreased direct protein-protein interaction with
BIM upon its phosphorylation (Fig. 4A, Supplementary
Table 1). With the exception of Aurora Kinase A
(AURKA), the other four proteins represent BCL-2-family
members, that is BCLXL, BCL2, MCL1 and BMF.

To validate the finding that phosphorylation impairs the
capability of BIM to bind anti-apoptotic BCL-2 family
members, we performed BIM-immunoprecipitation in

steroid-sensitive JAKIWVT) and steroid-resistant
JAKITMA T JAKIR?*H and the NRASC!?P) cell lines
(Fig. 4B-C, Supplementary Fig. 4a, b). As expected, (non-
phosphorylated) BIM effectively binds MCL1, BCL2 and
BCLXL in all these lines under non-induced, steroid-
sensitive conditions. Moreover, steroid-dependent BIM
upregulation further enhanced capturing of MCL1, BCL2
and BCLXL proteins (lane 5 and 6). Following
doxycycline-induced expression of mutant JAK1 or NRAS
molecules and subsequent BIM phosphorylation, BIM
decreased its binding to all three anti-apoptotic molecules
(compare lanes 7 and 8 to 5 and 6, respectively). Reciprocal
immunoprecipitation experiments for BCL2 or MCL1 using
the NRAS®!?P line also confirmed reduced binding to BIM
isoforms following BIM phosphorylation (Supplementary
Fig. 4c, d). We therefore conclude that phosphorylation of
BIM impairs its interaction with anti-apoptotic BCL-2
family members, which drives steroid resistance. Following
inhibition of the proteasome, which slightly elevated BIM
protein levels, we did not observe enhanced binding of BIM
to BCL2 (Supplementary Fig. 4e). This confirms that
phosphorylation of BIM results in loss-of-binding to anti-
apoptotic molecules, rather than indirectly due to protea-
somal degradation. Unfortunately, we were unable to
identify the BIM phospho-motif responsible for this loss-of-
binding effect, since phosphorylation at known Ser55,
Ser69, Thr56 and Thr112 was not observed in our SUPT-1
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Fig. 4 Phosphorylation of BIM directly impairs its binding to anti-
apoptotic proteins, which is prevented by pharmacological inhi-
bition of MAPK-ERK signaling. A Protein abundancy of five pro-
teins identified by qualitative mass spectrometry that lost binding to
BIM upon BIM phosphorylation in prednisolone untreated and treated
conditions. Relative protein abundancy was determined by the ratio of
protein abundancy in each individual sample (protein iBAQ) versus
total BIM protein abundancy in each individual sample (BIM iBAQ).
Bars represent the average of the replicates (n=3) in NRASS!?P
SUPT-1 cells. The comparison between —dox —prednisolone versus
+dox —prednisolone and —dox +prednisolone versus +dox -pre-
dnisolone illustrate the loss-of -binding of these five proteins. Samples
were induced by doxycycline and/or treated with 250 pug/ml

cell lines with activated MAPK-ERK signaling (data not
shown).

To explore therapeutic options for this MAPK-ERK-
induced steroid resistance mechanism, we studied to what
extend JAK or MEK inhibitors are able to prevent phos-
phorylation of BIM and to restore its binding to anti-
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prednisolone for 24 h before BIM immunoprecipitation. B-C BIM-
immunoprecipitation of wild-type JAK1 and JAK17°A! mutant cells.
Lane 1-4: total lysate of induced and non-induced cells incubated
overnight in the absence or presence of 250 ug/ml prednisolone.
Lane 5-6: BIM-immunoprecipitation of corresponding samples,
studying differences in the binding of BIM to anti-apoptotic
BCL2 family members (MCL1, BCL2 and BCLXL). D-E BIM-
immunoprecipitation of JAKI™4 and NRAS®?® mutant cells.
In addition to doxycycline-induction and prednisolone treatment
(250 pg/ml prednisolone), samples were treated with either 2 uM
ruxolitinib or 10 uM selumetinib. Corresponding total lysate blots are
presented in Supplementary Fig. 4a, b.

apoptotic family members. For this, BIM was precipitated
in lysates from doxycycline-induced JAKI™"'A and
NRAS!?P Jines that were treated with the JAK 1/2-inhibitor
ruxolitinib or the MEK inhibitor selumetinib. Treatment
with either ruxolitinib or selumetinib abolished MAPK-
ERK and consequential phosphorylation of BIM in JAK1
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Fig. 5 MEK-inhibitors synergize with steroid treatment in IL7-
dependent and IL7-independent steroid-resistant T-ALL. A Cell
toxicity screening of 46 T-ALL PDX samples for ruxolitinib (JAK-
inhibitor), selumetinib, trametinib or binimetinib (MEK inhibitors) in
IL7 untreated condition. Cell viability is illustrated by AUC, whereas
an AUC of 400 represent the maximum AUC in a 4-log dynamic
concentration range of each specific inhibitor. B Correlation between
IL7-enhanced cell viability and altered drug sensitivity in the presence
of IL7 in six ‘IL7-dependent steroid resistant’” PDX samples. ‘IL7-
dependent steroid resistant’” PDX samples were defined by an increase
in prednisolone AUC by >1.5 fold in the presence of IL7 with a
minimal AUC of 175 in the presence of IL7. Y-axis represent delta
AUC, defined by the ratio between the AUC of the specific drug in the

mutant cells, whereas the effect of selumetinib was inde-
pendent on active JAK1 signaling (Supplementary Fig. 5a;
lanes 5 and 6). As expected, selumetinib but not ruxolitinib
abolished MAPK-ERK activation and subsequent phos-
phorylation of BIM in doxycycline-induced NRAS®'?P
cells (Supplementary Fig. 5b; lanes 5 and 6). Restoration of
non-phosphorylated BIM in both lines restored its binding
to MCL1, BCL2 and BCLXL (Fig. 4D, E, lanes 4, 5 and 6).
Treatment with selumetinib or ruxolitinib also prevented
phosphorylation of BIM upon IL7 exposure in the T-ALL
PDX sample Z1808 (Supplementary Fig. 5¢). We therefore
conclude that the adverse effects of MAPK-ERK pathway
activation downstream of active IL7R/JAK signaling can be
blocked by both JAK and MEK inhibitors, while MAPK-
ERK activation by mutations downstream of the IL7R or
JAK molecules can only be blocked by MEK inhibitors.

MEK-ERK inhibition enhances steroid
responsiveness

To elaborate on the clinical application of these targeted
compounds in T-ALL, we first tested the cytotoxic efficacy

IL7-DEPENDENT STEROID
RESISTANT PDX cELLs

presence and absence of IL7. X-axis represent the magnitude of IL7-
enhanced viability in each individual sample relative to viability in the
absence of IL7 (Supplementary Fig. 5a). Linear regression (R?) and P
values conclude a significant correlation between IL7-enhanced via-
bility and ruxolitinib sensitivity. C The combination Index (CI) of T-
ALL PDX samples, treated with prednisolone and ruxolitinib (blue) or
selumetinib (red) treatment in the absence (light colored) or presence
(dark colored) of IL7. The synergy value of each sample illustrated is
an average ClI score, calculated over the complete therapeutic window
of the combination treatment (Supplementary Fig. 6a, b). Synergy was
defined by a CI between 0.3 and 0.8, whereas strong synergy was
defined by a CI<0.3. PDX COG17 was highlighted by the purple
dots, whereas PDX Z1808 was highlighted by the green dots.

of ruxolitinib or MEK inhibitors selumetinib, trametinib and
binimetinib in 46 T-ALL PDX samples. In the absence of
IL7, none of the PDX samples tested responded to single
ruxolitinib treatment, while the majority of these samples
demonstrated a robust response to all three MEK inhibitors
(Fig. 5A). Since ruxolitinib seems effective in PDX-models
when tested in-vivo [29, 38], we hypothesized that its
therapeutic effect may be dependent on IL7-enhanced sur-
vival and/or proliferation pathways. We therefore studied
the relationship between IL7-dependent viability and rux-
olitinib sensitivity in six IL7-dependent steroid resistant
PDX samples (Supplementary Fig. 6a). These PDX cells
were more viable when cultured in the presence of IL7
(Supplementary Table 2), and became sensitive to rux-
olitinib treatment (Supplementary Fig. 6a). Importantly, we
observed a significant correlation (p =0.0039) between
increased ruxolitinib sensitivity and the level of IL7-
enhanced viability (Fig. 5B, Supplementary Fig. 6a). This
was not observed for six IL7-independent steroid resistant
PDX samples that remained insensitive to ruxolitinib even
in the presence of IL7 (Supplementary Table 2, Supple-
mentary Fig. 6b). Therefore, we conclude that the
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Fig. 6 Schematic overview of
MAPK-ERK-induced steroid
resistance. Cysteine IL7Ra
mutations, JAK1 mutations, and
physiological IL7 signaling can JAK1
activate the MAPK-ERK 1

NO TREATMENT

signaling pathway in T-ALL. In
addition, the MAPK-ERK
pathway can be activated by
RAS mutations or unknown
(i.e., non-IL7) signaling
pathways. Activated ERK
phosphorylates the pro-apoptotic
molecule BIM, which normally
binds to anti-apoptotic Bcl-2
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therapeutic effect of ruxolitinib is dependent on IL7-
enhanced cell viability. This may limit the therapeutic
application of ruxolitinib, since only a minority of T-ALLs
exploit IL7-signaling to provoke steroid resistance
(Fig. 1D). Cellular sensitivity toward selumetinib was
independent on IL7-enhanced viability (Fig. 5B, Supple-
mentary Fig. 6a).

We then investigated whether pharmacological inhibition
of MAPK-ERK signaling could synergize with pre-
dnisolone in steroid-resistant T-ALL cells. For this, we
combined prednisolone treatment with selumetinib or rux-
olitinib in the six IL7-independent steroid-resistant PDX
samples and the six IL7-dependent steroid resistant PDX
samples (Fig. 5C, supplementary Fig. 7a, b, supplementary
Table 3). Combination treatment with prednisolone and
selumetinib was highly synergistic in both IL7-dependent
and IL7-independent steroid resistant samples. This high-
lights that MAPK-ERK signaling is a central driver in both
IL7-dependent and IL7-independent steroid resistance
mechanisms in T-ALL. Selumetinib was also synergistic in
PDX cells under steroid-sensitive conditions (e.g., IL7-
dependent cells that were tested in the absence of IL7). In
addition to all IL7-dependent steroid resistant samples, only
one IL7-independent steroid resistant sample demonstrated
synergy between prednisolone and ruxolitinib in the pre-
sence of IL7 (PDX COGI17R, purple dots, Fig. 5C). Inter-
estingly, synergy between prednisolone and ruxolitinib was
also observed in one IL7-dependent steroid resistant sample
in the absence of IL7 (PDX Z1808, green dots, Fig. 5C).
For both samples in their respective conditions, we did
observe STATS activation and subsequent BCL2 upregu-
lation (Supplementary Fig. 1b). However, both samples also
heavily benefitted from combined prednisolone and selu-
metinib treatment (— or + IL7 lanes for PDX COG17R, +
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IL7 lane for PDX Z1808). Therefore, these results highlight
that MEK inhibitors are superior over the JAK1/2-inhibitor
ruxolitinib, since MEK-inhibitors can resensitize steroid-
resistant T-ALL patients that are insensitive to ruxolitinib
treatment.

Discussion

In the last two decades, major improvements have been
made in the treatment of pediatric T-ALL. Certain genetic
aberrations, like recurrent IL7R pathway mutations, are
related to drug resistance and inferior outcome [28, 39, 40].
Here, we demonstrate that both ligand- and mutation-
induced IL7R signaling activates the MAPK-ERK pathway
in cell lines and pediatric T-ALL PDX samples. Activated
MEK-ERK phosphorylates pro-apoptotic BIM, which
impairs its binding to anti-apoptotic proteins, resulting in
steroid resistance. We demonstrate that MEK inhibitors
effectively abolish this resistance mechanism and synergize
with steroid treatment (Fig. 6). These data highlight an
opportunity for treatment with MEK inhibitors in MAPK-
ERK activated T-ALL during steroid therapy. Moreover,
treatment with MEK inhibitors could prevent selection of
cells that harbor MAPK-ERK-activating mutations during
steroid treatment. The latter specifically accounts for IL7Ra,
JAKI and NRAS mutations [28], especially since /L7Ra and
NRAS mutations have been identified as predictors for
extremely poor outcome for relapsed T-ALL patients [41].
Interestingly, we observed synergy between MEK inhibitor
selumetinib and prednisolone in both IL7-dependent and
IL7-independent PDX samples. This implies that the
application of MEK inhibitors in T-ALL is not limited to
specific T-ALL patient subgroups or certain genetic
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aberrations, but that the MAPK-ERK pathway may be a
central convergence point that is activated downstream of
multiple important signaling pathways in T-ALL.

MAPK-ERK activation induces phosphorylation of
BIM-EL and BIM-L isoforms. BIM-EL consists of exons
2-6, with exon 3 containing at least three serine residues
(Ser-59, Ser-69 and Ser-77) that are known sites for phos-
phorylation by ERK [11, 22, 42]. Although BIM-L lacks
exon 3, we observed that this isoform is also subjected to
phosphorylation that can be abolished by MEK inhibitor
treatment. Phosphorylation of the pro-apoptotic BIM-S
isoform, which only consists of exons 5 and 6, was not
observed in our models. Therefore, we predict that one or
multiple residues on BIM exon 4 can also be subjected to
ERK-dependent phosphorylation as also observed in other
studies [22, 42, 43].

We identified AURKA as a BIM-interacting protein,
which lost interaction upon BIM phosphorylation. It has
been reported that AURKA—in contrast to ERK—specifi-
cally phosphorylates BIM-EL during mitosis [44, 45]. Our
mass spectrometry data however demonstrated that the
interaction between unphosphorylated BIM and AURKA
already drastically decreases upon steroid treatment. This
decreased interaction might be caused by the down-
regulation of AURKA as a result of steroid treatment, as is
observed in a BCP-ALL xenograft model [46]. Down-
regulation of AURKA in steroid-treated leukemia implies
that AURKA does not actively contribute to steroid resis-
tance, which would exclude AURKA inhibitors as ther-
apeutic agents to reverse steroid resistance.

In addition to MAPK-ERK signaling, activation of the
IL7R also leads to activation of the PI3K-AKT and JAK-
STAT pathways, highlighting the complexity of IL7R sig-
naling. Like MEK inhibitors, JAK and AKT inhibitors also
seem promising to restore steroid sensitivity [28, 38]. Early
T-cell progenitor (ETP) ALL patient cells are intrinsically
more resistant to steroid treatment than non-ETP-ALL cells,
frequently bear JAK-STAT activating mutations and are
responsive to JAK1/2-inhibitor ruxolitinib [38]. Moreover,
combination treatment of ruxolitinib and dexamethasone
enhances steroid-induced cell death in IL7-dependent ster-
oid resistant T-ALL cells due to IL7-induced JAK-STAT
activation [29]. We confirm these findings and demonstrate
that IL7-dependent steroid resistant T-ALL cells can benefit
from synergistic effects of ruxolitinib on steroid-induced
cytotoxicity in the presence of IL7. Moreover, we demon-
strate that ruxolitinib also effectively blocks active MAPK-
ERK signaling in IL7-dependent T-ALL PDX cells and
JAK1 mutant T-ALL cells. The synergistic effect between
JAK1/2-inhibition and steroids may therefore (in part)
depend on the consequential inhibition of downstream
MAPK-ERK signaling [38, 47].

With the exception of sample Z1808 that displays high
STATS pathway activation in the absence of IL7 (i.e., IL7-
induced signaling), we did not observe synergy between
ruxolitinib and steroids in the remaining five IL7-dependent
steroid resistant PDX samples in the absence of IL7. Our
data suggests that the effect of ruxolitinib is limited to
leukemic cells that utilize IL7-induced signaling to boost
cell viability. In in-vivo PDX models that depend on active
proliferation of leukemia cells, treatment with JAKI1/2
inhibitors have been demonstrated to be effective and
synergistic when combined with steroids. This effect might
depend on the presence of stromal cells as main source for
IL7 production. Our data however suggests the majority of
non-proliferating cells will not respond to ruxolitinib treat-
ment: (quiescent) leukemia cells in low-IL7-containing
niches in patients may therefore not benefit from combined
ruxolitinib and steroid treatment, limiting the curative
application of ruxolitinib. This may be exemplified by the
limited effect of ruxolitinib treatment in myeloproliferative
neoplasms—a disease characterized by dominant muta-
tional driven JAK-STAT pathway activation—since mole-
cular remission upon ruxolitinib treatment is usually not
achieved in these patients [48]. A similar dependency on
IL7-enhanced viability is not a prerequisite for the syner-
gistic effects of MEK inhibitors on steroid-induced cyto-
toxicity, and selumetinib was effective in all T-ALL PDX
samples regardless of IL7-induced signaling. As the
MAPK-ERK pathway is often activated downstream of
active JAK-signaling, MEK inhibitors may provide a
valuable alternative for ruxolitinib in JAK-STAT-activated
neoplasms. Therefore, our data indicates that care should
be taken implementing ruxolitinib in clinical practice for
T-ALL.

In addition to our findings in T-ALL, the presence of
RAS mutations in BCP-ALL at diagnosis predict for
resistance to chemotherapeutic treatment and early relapse
[49]. RAS mutations are enriched in relapsed BCP-ALL,
frequently arising from minor subclones already present at
diagnosis. MEK inhibitors also provide strong synergy with
dexamethasone treatment in RAS-mutated BCP-ALL by
enhancing functional BIM levels [50]. In addition, inhibi-
tion of the MAPK-ERK signaling cascade in ALL may
enhance steroid sensitivity via the upregulation of p53 [51].
Results from these and other studies formed the basis of the
phase /Il SeluDex trial (CT03705507) for mutant N/
KRAS- (or FLT3, PTPN11 or cCBL) relapsed/refractory
BCP-ALL and T-ALL patients [28, 50]. Our data indicates
that JAKI and IL7Ra mutations could be included in the
‘RAS-activating mutations panel’ in the current SeluDex
trial. As the MAPK-ERK pathway may represent a central
junction for more signaling pathways than (mutant) IL7R-
signaling, the effect of combined MEK inhibitor and steroid
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treatment seems beneficial for a large group of T-ALL
patients.

In conclusion, MAPK-ERK pathway inhibitors—and in
particular MEK inhibitors—potentiate steroid-induced cell
death by preventing the inactivation of (steroid-induced)
pro-apoptotic BIM. Our data highlight the importance of
MAPK-ERK signaling in T-ALL, since the synergistic
effect of MEK inhibitors with steroids is not limited to IL7-
induced signaling or the presence of specific activating
(mutational) events. By expanding the inclusion criteria for
the current SeluDex trial, the clinical effect of MEK inhi-
bitors may be studied for more relapsed/refractory T-ALL
patients to substantiate the potential use of combined MEK
inhibitor and steroid therapy in future (first-line) treatment
regimens.
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