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Introduction
T cell acute lymphoblastic leukemia (T-ALL) is a genetically het-
erogeneous disease characterized by a range of alterations involv-
ing transcription factors, cell-cycle regulators, and signal trans-
duction effectors (1). Unlike B cell ALL (B-ALL), in which genetic
factors are widely used to inform risk stratification and subse-
quent intensification of therapy (2), few genetic lesions in T-ALL
have independent prognostic significance (1). As a result, efforts
to implement risk-adapted therapeutic strategies have been limit-
ed by a lack of genetic biomarkers, highlighting the need for func-
tional studies aimed instead at elucidating recurrent patterns of
drug response and resistance across the spectrum of T-ALL.
Although outcomes for children with T-ALL have improved
dramatically over the past several decades, children with relapsed
T-ALL continue to face poor survival rates (3), suggesting that nov-
el strategies are needed to improve the upfront efficacy of therapy
in order to induce deeper remissions and decrease the likelihood
of disease relapse. Glucocorticoids (GCs) are a central component
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Glucocorticoids (GCs) are a central component of therapy for patients with T cell acute lymphoblastic leukemia (T-ALL),
and although resistance to GCs is a strong negative prognostic indicator in T-ALL, the mechanisms of GC resistance remain
poorly understood. Using diagnostic samples from patients enrolled in the frontline Children’s Oncology Group (COG)
T-ALL clinical trial AALL1231, we demonstrated that one-third of primary T-ALLs were resistant to GCs when cells were
cultured in the presence of IL-7, a cytokine that is critical for normal T cell function and that plays a well-established role in
leukemogenesis. We demonstrated that in these T-ALLs and in distinct populations of normal developing thymocytes, GCs
paradoxically induced their own resistance by promoting upregulation of IL-7 receptor (IL-7R) expression. In the presence of
IL-7, this augmented downstream signal transduction, resulting in increased STATS5 transcriptional output and upregulation
of the prosurvival protein BCL-2. Taken together, we showed that IL-7 mediates an intrinsic and physiologic mechanism

of GC resistance in normal thymocyte development that is retained during leukemogenesis in a subset of T-ALLs and is
reversible with targeted inhibition of the IL-7R/JAK/STAT5/BCL-2 axis.

of T-ALL therapy, and the initial response to GC therapy is an
important predictor of long-term outcomes (4). For example, on
the ALL-Berlin-Frankfurt-Minster (ALL-BFM) 95 trial, patients
were stratified into groups of those who had a prednisone good
response (PGR) and those who had a prednisone poor response
(PPR) following 7 days of prednisone monotherapy. Patients with
a PGR had an 8-year event-free survival rate of 81.3%, as opposed
to only 55.1% for patients with a PPR (5). These data demonstrate
that intrinsic differences in GC sensitivity exist at the time of
disease diagnosis and that these differences can have long-term
prognostic significance. Despite decades of clinical use, a com-
prehensive understanding of the mechanistic basis for differential
intrinsic GC sensitivity is lacking. GCs act by binding to a cyto-
plasmic GC receptor (GR), which promotes translocation of the
GR to the nucleus, where it binds to target gene loci and induces a
transcriptional program that results in apoptosis in lymphoid cells
(6). Unlike other agents used in the treatment of T-ALL, GCs are
unique in that they also exist as endogenous hormones that play
critical roles in normal T cell physiology. For example, endoge-
nous GC activity has been shown to interact with T cell receptor
(TCR) signaling to shape the developing T cell repertoire (7, 8)
and to promote T cell homeostasis in the periphery following an
immune response (9). Given these frequent encounters with GCs
in normal physiology and the fact that GCs are potent inducers of
apoptosis in both normal and transformed lymphoid cells, we rea-
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soned that T cells must possess intrinsic mechanisms that allow
them to resist GC-induced apoptosis under certain developmen-
tal and environmental conditions. Furthermore, we hypothesized
that these mechanisms may be retained during leukemogenesis
and exploited to confer resistance to GC therapy in T-ALL.

One critical endogenous factor in the T-ALL microenviron-
ment is the cytokine IL-7. In addition to promoting the survival and
differentiation of developing thymocytes (10), the IL-7 receptor/
JAK/STAT5S (IL-7R/JAK/STAT5) signaling pathway contributes to
T-ALL pathogenesis and disease maintenance (11-13). We previous-
ly demonstrated that over half of primary treatment-naive T-ALL
patient samples were intrinsically resistant to the glucocorticoid
dexamethasone (DEX) when cultured in the presence of IL-7. Of
these DEX-resistant samples, half could be sensitized to DEX with
inhibition of JAK signaling (14). Interestingly, the majority of samples
with JAK/STAT5-mediated DEX resistance lacked activating muta-
tions in components of the IL-7R/JAK/STATS5 pathway. In the pres-
ent study, we analyzed a larger cohort of fresh diagnostic samples
obtained from pediatric patients enrolled in the frontline Children’s
Oncology Group (COG) T-ALL clinical trial AALL1231, with the goal
of establishing the mechanistic basis for this DEX resistance pheno-
type. In this cohort, we demonstrated that one-third of primary diag-
nostic samples were resistant to DEX specifically when cultured in
the presence of IL-7. Furthermore, we found that subsets of normal
developing thymocytes also had this IL-7-induced DEX resistance
phenotype. Through functional analyses, we elucidated a mecha-
nism by which GCs paradoxically induced their own resistance by
augmenting the prosurvival activity of the IL-7R/JAK/STATS5 path-
way in distinct subsets of developing thymocytes and T-ALLs cells.
Taken together, these data suggest that IL-7 facilitates GC resistance
in developing thymocyte populations and that subsets of T-ALL cells
retain this capacity to utilize IL-7 as a means of resisting GC-induced
apoptosis. These findings have significant therapeutic implications,
as they suggest that inhibition of the IL-7R/JAK/STATS5 pathway or
its transcriptional targets may enhance GC efficacy in patients who
have a poor initial response to GC therapy.

Results

JAK signaling mediates DEX resistance in a subset of T-ALLs. In a
large independent cohort consisting of 73 samples from patients
enrolled in COG AALL1231, we validated our previous finding that
in vitro DEX sensitivity was highly variable across T-ALLs (Figure
1A) (14). Importantly, these differences in DEX sensitivity were
not dose dependent but persisted at saturating concentrations of
DEX (Supplemental Figure 1A; supplemental material available
online with this article; https://doi.org/10.1172/JCI130189DS1).
Using the definition “DEX-resistant” as samples that retained
greater than 50% cell viability following DEX exposure, we found
that 63% of primary diagnostic samples were intrinsically DEX
resistant when cultured in the presence of IL-7 (Figure 1A). Bind-
ing of IL-7 to the IL-7R results in the recruitment of JAK1 and JAK3,
which subsequently become phosphorylated to create docking
sites for STAT5 (15). Consistent with our previous findings (14),
inhibition of JAK signaling with the JAK1/2 inhibitor ruxolitinib
(RUX) was sufficient to overcome DEX resistance in 54% of these
DEX-resistant samples (P < 0.0001 for DEX versus DEX plus RUX
and for RUX versus DEX plus RUX) (Figure 1B).
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To facilitate further studies aimed at investigating the mecha-
nistic basis for DEX resistance mediated by JAK signaling, we next
evaluated the human T-ALL cell line CCRF-CEM for its utility as
a model system in which to study the DEX resistance phenotype
observed in these patients’ primary T-ALL samples. This analy-
sis revealed a dose-dependent reduction in DEX sensitivity with
increasing concentrations of IL-7 (Figure 1C and Supplemental
Figure 1B). Consistent with the primary samples, RUX was suffi-
cient to completely restore DEX sensitivity in CCRF-CEM cells in
the presence of IL-7 (Figure 1D). Furthermore, Bliss independence
analysis indicated a synergistic interaction between DEX and
RUX (Figure 1E). To ensure that this sensitization effect was due
specifically to JAK1 inhibition by RUX and not to off-target effects,
we also used the JAK3 inhibitor tofacitinib, which should similar-
ly inhibit IL-7R signaling, and the JAK2 inhibitor CHZ868, which
should not inhibit IL-7R signaling. In this analysis, tofacitinib
phenocopied the effects of RUX to overcome IL-7-induced DEX
resistance, whereas CHZ868 had no effect on cell viability (Sup-
plemental Figure 1C), suggesting that on-target inhibition of JAK1
or JAK3 is sufficient to abrogate IL-7-induced DEX resistance.

DEX exposure augments IL-7R/JAK/STAT5 pathway activity.
To confirm that IL-7 induces DEX resistance in CCRF-CEM cells
via signaling through IL-7R, we first used CRISPR/Cas9 genome
editing to generate clonal populations of scrambled control and
IL-7Ro-KO CCRF-CEM cells (Supplemental Figure 2A). In the
KO clones, loss of IL-7R expression was sufficient to restore DEX
sensitivity in the presence of IL-7 (Figure 2A). We next asked
whether IL-7R signaling interferes with GR activation and/or
function. First, to determine whether exposure to IL-7 alters the
availability of the GR for DEX binding, we assessed GR protein
expression in CCRF-CEM cells treated with DEX with or without
IL-7. Under these conditions, we found that DEX exposure effec-
tively induced comparable levels of GR expression regardless of
the presence of IL-7 (Supplemental Figure 2B). Furthermore, upon
exposure to DEX in the absence or presence of IL-7, GR effectively
translocated to the nucleus and became phosphorylated on Ser211
(Supplemental Figure 2C), a modification that has been shown to
correlate with the capacity to activate or repress transcription (16).
Finally, to determine whether IL-7 interferes with induction of the
GR transcriptional program, we performed RNA-Seq on 4 scram-
bled control CCRF-CEM cell clones exposed to vehicle control or
DEX with or without IL-7 for 4 hours to identify primary GR tar-
get genes. Under these conditions, IL-7 did not interfere with GR-
mediated transcript induction or repression (Supplemental Figure
2D and Supplemental Table 1). Taken together, these data suggest
that GR activity remains intact in the presence of IL-7.

In some mature T cell populations, GCs have been shown to
induce expression of IL-7Ra (17-20). Specifically, ChIP studies in
both murine (21) and human (22) lymphocytes have demonstrat-
ed that the GR is recruited to a GR-binding motif in a noncoding
sequence upstream of the IL-7Ra promoter, and deletion of this
region is sufficient to abrogate GR-induced upregulation of IL-7Ra.
(17), suggesting that IL-7Ra upregulation occurs as a direct tran-
scriptional effect of activated GR. To determine whether DEX
modulates IL-7Ra expression in CCRF-CEM cells, we measured
IL7RA transcript levels before and after DEX exposure and found
a time-dependent increase in IL7RA transcript expression (Figure
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Figure 1. JAK/STAT inhibition overcomes DEX resistance in a subset of primary T-ALL samples and in the T-ALL cell line CCRF-CEM. (A) Viability relative
to vehicle control of cells from 73 primary diagnostic T-ALL samples exposed to 2.5 uM DEX for 48 hours in the presence of 25 ng/mL IL-7. The red line
indicates the 50% viability cutoff used to define DEX resistance. (B) Viability of cells from the 46 DEX-resistant primary diagnostic T-ALL samples in A
exposed to 2.5 uM DEX and/or 0.5 puM RUX for 48 hours in the presence of 25 ng/mL IL-7, relative to vehicle control cells. ****P < 0.0001, by 1-way ANOVA
with Tukey’s method for multiple comparisons adjustment. (C) Viability of CCRF-CEM cells exposed for 72 hours to DEX in the absence or presence of
increasing concentrations of IL-7. The experiment was performed in technical triplicate. (D) Viability of CCRF-CEM cells exposed to DEX in the presence of
25 ng/mL IL-7 in the absence or presence of increasing concentrations of RUX. The experiment was performed in technical triplicate. The “No IL-7” (black
line) and the 25 ng/mL IL-7 (red line) conditions were replotted from Figure 1C. (E) Heatmap of Bliss independence scores calculated as the average of
technical triplicates for the combination of DEX and RUX in CCRF-CEM cells cultured in the presence of 25 ng/mL IL-7 for 72 hours, in which positive values,
indicated in red, are indicative of a synergistic interaction. All CCRF-CEM cell data are representative of 3 independent experiments.

2B) that occurred in the absence and presence of IL-7 (Supplemen-
tal Figure 2E). DEX exposure also increased IL-7Ra protein expres-
sion at the cell surface relative to expression levels in untreated
cells (P < 0.0001). This increase was inhibited in the presence of
the translation inhibitor cycloheximide (CHX), suggesting that the
increase in cell-surface IL-7Ra reflects de novo protein synthesis
rather than relocalization of existing protein (Figure 2C). Given
our finding that inhibition of JAK signaling is sufficient to sensi-
tize cells to DEX in the presence of IL-7, we next asked whether
the increase in cell-surface IL-7R expression is associated with
an increased capacity for JAK signaling downstream of the IL-7R.
We first exposed CCRF-CEM cells to DEX for 24 hours and then
stimulated them with IL-7 and measured the induction of phos-
phorylated STAT5S (p-STATS5) as a downstream effector of JAK
signaling (Supplemental Figure 2F). Under these conditions, DEX
exposure resulted in significantly more robust p-STAT5 induc-
tion in response to IL-7 stimulation relative to untreated cells (P =
0.0002). Furthermore, pretreating these cells with RUX for 1 hour
prior to IL-7 stimulation was sufficient to abrogate the increased
JAK/STATS signaling following DEX exposure (Figure 2D and
Supplemental Figure 2G). Importantly, IL-7 stimulation, either
with or without DEX pretreatment, did not induce phosphoryla-
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tion of other STAT proteins that are activated downstream of other
vy chain cytokine receptors (Supplemental Figure 2H). Given this
specific increase in STATS activation upon IL-7 stimulation follow-
ing DEX exposure, we then asked whether the increase in IL-7Ra.
expression was associated with a sustained increase in STAT5
transcriptional activity. To test this, we performed transient trans-
fection of CCRF-CEM cells with a STAT5-luciferase reporter
construct and assessed STAT5-induced luciferase activity in cells
exposed to DEX in the presence or absence of IL-7 for 36 hours.
This analysis revealed a significant induction of STATS5 transcrip-
tional activity in cells exposed to the combination of DEX and IL-7
relative to either DEX or IL-7 alone (P < 0.0001 versus both DEX
alone and IL-7 alone). Furthermore, the addition of RUX was suf-
ficient to overcome this increase in transcriptional activity (Figure
2E). To further confirm this increase in STATS5 transcriptional out-
put, we performed RNA-Seq on scrambled control CCRF-CEM
cell clones treated with DEX, with or without IL-7, for 4 hours.
Using gene set enrichment analysis (GSEA) with gene sets derived
from published STATS ChIP-Seq data in human CD4"* T cells (23),
we found enrichment for transcriptional targets of STAT5A and
STAT5B (P < 0.0001; FDR <0.0001); STAT5A alone (P = 0.002;
FDR = 0.001); and STAT5B alone (P < 0.0001; FDR = 0.001) in

:
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Figure 2. DEX exposure augments IL-7R expression and downstream JAK/STAT signaling. (A) Viability of scrambled control (S1and S2) and IL-7Ra KO
(11 and 12) CCRF-CEM cell clones exposed for 72 hours to DEX in the absence (solid lines) or presence (dotted lines) of 25 ng/mL IL-7. The experiment was
performed in technical triplicate. (B) Fold change relative to the 16-hour time point of the ACt of IL7RA transcript levels relative to GAPDH as determined
by qPCR, performed in technical triplicate in CCRF-CEM cells exposed to 1 uM DEX and 100 ng/mL IL-7 for the indicated duration. (C) MFI of IL-7Ra in
CCRF-CEM cells treated with or without 1 uM DEX and/or 10 pg/mL CHX in technical triplicate for 24 hours. Inset shows representative histograms of
IL-7Ra in CCRF-CEM cells treated with or without 1 uM DEX and/or 10 pg/mL CHX for 24 hours. (D) MFI of p-STATS in CCRF-CEM cells treated with or
without 1 uM DEX for 24 hours in the absence of IL-7 followed by a 1-hour exposure to vehicle control or RUX prior to a 15-minute stimulation with 100
ng/mL IL-7 in technical triplicate. Significance is relative to the DEX-treated condition in the absence of IL-7 stimulation. (E) Relative luminescence of
CCRF-CEM cells transfected with the STATS reporter construct and treated with or without 1 uM DEX, 100 ng/mL IL-7, and 500 nM RUX in technical trip-
licate for 36 hours prior to lysis and measurement of luciferase activity. (F) GSEA plots of STATS gene expression signatures comparing scramble control
clones (n = 4) treated with 100 ng/mL IL-7 versus the combination of 1 uM DEX and 100 ng/mL IL-7 for 16 hours. **P < 0.01 and ****P < 0.0001, by 1-way
ANOVA with Tukey's method for multiple comparisons adjustment (B-E). With the exception of the RNA-Seq experiment, all data are representative of
3 independent experiments.

BCL-2 is a critical mediator of IL-7-induced DEX resistance.
On the basis of these findings, we hypothesized that STAT5 may
be an important downstream mediator of DEX resistance in the
presence of IL-7. To directly interrogate the role of STATS5 in this

cells exposed to DEX plus IL-7 relative to IL-7 alone (Figure 2F and
Supplemental Table 2), further supporting the finding that, in the
presence of IL-7, DEX exposure augments activation of the STATS
transcriptional program.
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context, we used CRISPR/Cas9 genome editing to generate clon-
al populations of STAT5A-KO, STAT5B-KO, and STAT5A/B dou-
ble-KO CCRF-CEM cells (Figure 3A). Importantly, deletion of 1
or both STATS5 isoforms did not affect GR expression relative to
expression in scrambled control clones (Supplemental Figure 3A).
Exposure of STAT5-KO cells to DEX in the presence or absence
of IL-7 revealed that deletion of STAT5B, but not STAT5A, was
sufficient to significantly attenuate DEX resistance in the pres-
ence of IL-7 (Figure 3B and Supplemental Figure 3B). These data
suggest that transcriptional targets of STAT5B represent candi-
date DEX resistance genes. To identify these candidate genes, we
performed RNA-Seq on scrambled control and STAT5A/B-KO
CCRF-CEM cell clones treated with DEX with or without IL-7 for
16 hours. Using these data, we found that deletion of STAT5A/B
did not affect the capacity for DEX-induced upregulation of IL7RA
(Supplemental Figure 3C), further confirming that IL-7R upregu-
lation is a GR-dependent but STAT5-independent transcriptional
event. Using differential expression analysis, we identified the top
differentially expressed genes between scrambled control cells
treated with DEX alone or with a combination of DEX and IL-7
(Supplemental Table 3). We then compared this gene list with that
of the core enrichment genes from the STAT5B gene set (Figure 2F
and Supplemental Table 2) to identify STAT5B target genes that
are differentially expressed in cells exposed to DEX relative to the
combination of DEX and IL-7. This analysis identified the anti-
apoptotic family member BCL2 (log fold change = 1.48 for DEX
plus IL-7 relative to DEX alone) and the Rho guanine nucleotide
exchange factor ARHGEF3 (log fold change = 1.64) as 2 candidate
mediators of DEX resistance in the presence of IL-7 (Figure 3C).
Consistent with their presence on both of these gene lists, target-
ed analysis of the RNA-Seq data revealed that these genes were
induced by the combination of DEX and IL-7 relative to treatment
with DEX or IL-7 alone only in the scrambled control clones but
not in the STAT5A/B-KO clones (Figure 3, D and E).

Given the antiapoptotic function of BCL-2 and the importance
of downregulation of BCL-2 for DEX-induced apoptosis in T-ALL
cells (24), we focused subsequent analyses on BCL-2 expression
and function. Interestingly, we found that other antiapoptotic
BCL-2 family members were not regulated in a similar manner in
response to DEX and IL-7 (Supplemental Figure 3D), indicating a
BCL-2-specific effect. To determine whether the induction of BCL-2
expression upon exposure to DEX and IL-7 is mediated specifical-
ly by STATSB, we assessed BCL-2 protein expression in scrambled
control and STATS5 single- and double-KO CCRF-CEM cell clones.
This analysis revealed upregulation of BCL-2 with the combina-
tion of DEX and IL-7 in scrambled control and STAT5A single-KO
clones, but not in the STAT5B single-KO or STAT5A/B double-KO
clones, consistent with a central role for STAT5B in the regulation of
BCL-2 expression (Figure 3F and Supplemental Figure 3E).

Given that this increased STAT5S transcriptional activity
depends first on the upregulation of IL-7Ra as a primary transcrip-
tional target of the GR, we reasoned that STAT5-mediated upreg-
ulation of BCL-2 must occur as a secondary transcriptional effect
following exposure to DEX and IL-7. To test this, we performed
quantitative PCR (qQPCR) to measure the changes in expression
over time of BCL2 and primary GR target genes in CCRF-CEM
cells cultured in the presence of DEX and IL-7. This analysis
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revealed that although primary GR transcriptional targets were
upregulated as early as 2 hours after DEX treatment, BCL2 was
not significantly upregulated until the 8-hour time point (Supple-
mental Figure 3F). To further confirm that BCL2 was upregulated
as a secondary transcriptional target, we exposed CCRF-CEM
cells to DEX with or without IL-7 in the presence or absence of
CHX and measured transcript and protein expression of BCL2
and the primary GR transcriptional target BCL2L11 (BIM) (24).
We found that CHX was sufficient to inhibit the upregulation of
BIM and BCL-2 protein expression, indicating effective inhibition
of translation and de novo protein synthesis (Supplemental Fig-
ure 3G). BCL2L11 transcript expression was induced by DEX in
both the absence and presence of CHX, consistent with this being
a primary transcriptional target of the GR, the upregulation of
which was not dependent on intermediary de novo protein syn-
thesis. In contrast, BCL2 transcript expression was upregulated
only in the absence of CHX, suggesting a dependence on de novo
protein synthesis, which is consistent with this being a secondary
transcriptional event (Figure 3G).

To establish the functional significance of BCL-2 upregula-
tion, we first performed BH3 profiling with the BCL-2 inhibitor
ABT-199 in CCRF-CEM cells treated with DEX with or without
IL-7. Under these conditions, DEX alone produced a significant
increase in apoptotic priming (P = 0.0007). This effect was attenu-
ated in the presence of IL-7 (P = 0.64), suggesting that the increase
in BCL-2 expression with the combination of DEX and IL-7 was
sufficient to oppose the induction of the apoptotic program (Figure
4A). To determine whether ABT-199 may have a therapeutic role
in enhancing DEX sensitivity in the presence of IL-7, we exposed
CCRF-CEM cells to DEX in the presence of IL-7 and increasing
concentrations of ABT-199. This analysis demonstrated that ABT-
199 potently sensitized cells to DEX in the presence of IL-7 in a
synergistic manner (Figure 4, B and C). In addition, we used a
series of sShRNAs to knock down BCL-2 expression in CCRF-CEM
cells and found that loss of BCL-2 expression increased sensitivity
to DEX in the presence of IL-7 in a manner that correlated with the
degree of BCL-2 knockdown (Supplemental Figure 4A and Figure
4, D and E). To assess the importance of high BCL-2 expression
in a patient cohort for which clinical outcome data were available,
we next analyzed published gene expression data from 265 diag-
nostic T-ALL samples obtained from patients enrolled in the prior
COG T-ALL trial AALLO434 (1). Consistent with our in vitro find-
ings, we found that patients who were minimal residual disease
(MRD) positive at the end of induction therapy had significantly
higher BCL-2 expression levels relative to those in patients who
were MRD negative (P = 0.0009 for patients with MRD <1% and
P < 0.0001 for patients with MRD >1%) (Figure 4F), suggesting
a relationship between high BCL-2 expression and relative GC
resistance. In contrast, sShRNA-mediated knockdown of the oth-
er candidate resistance gene, ARHGEF3, had no effect that would
overcome IL-7-induced DEX resistance (Supplemental Figure 4, B
and C), and ARHGEF3 expression did not differ according to MRD
status in the AALL0434 patient cohort (Supplemental Figure 4D).
Taken together, these data support a model (Figure 4G) in which
DEX (a), through upregulation of IL-7Ra expression (b), paradoxi-
cally induces its own resistance by augmenting JAK/STATS5 signal-
ing (c) and activation of STAT5B target genes (d), including BCL2.
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Figure 3. STATSB, but not STAT5A, mediates the upregulation of BCL-2 expression in cells exposed to the combination of DEX and IL-7. (A) Evaluation of
STATSA and STATSB expression by Western blotting in independent scrambled control (S1-S4) and STATS single-KO (A1-A4 or B1-B4) and double-KO (AB1-
AB4) CCRF-CEM cell clones (n = 4 per genotype). (B) Viability of independent scrambled control and STAT5-KO CCRF-CEM cell clones (n = 4 per genotype)
treated with 100 nM DEX with or without 25 ng/mL IL-7 for 72 hours. (C) Venn diagram depicting the overlap between the top differentially expressed
genes among scrambled control CCRF-CEM cell clones (n = 4) treated with DEX versus DEX plus IL-7 and STAT5B target genes. (D and E) Fold change in

the fragments per kilobase per million mapped reads (FPKM) values for (D) BCL2 transcript and (E) ARHGEF3 transcript levels as determined by RNA-Seq
analysis of scrambled control cells (7 = 4) and STAT5A/B double-KO (n = 4) CCRF-CEM cell clones treated in the absence or presence of 100 ng/mL IL-7 and/
or1uM DEX for 16 hours. (F) AMFI of BCL-2 protein expression in scrambled control (n = 4) and STAT5-KO (n = 4) CCRF-CEM cell clones treated with 100 ng/
mL IL-7 and 1 uM DEX relative to 100 ng/mL IL-7 alone for 48 hours. (G) BCL2L11 and BCL2 transcript expression in CCRF-CEM cells cultured in the absence
or presence of 1 uM DEX, 100 ng/mL IL-7, and/or 10 pg/mL CHX for 16 hours as determined by gPCR performed in technical triplicate. *P < 0.05, **P < 0.01,
and ****P < 0.0001, by paired t test (B), 2-sample t test (D and E), or 1-way ANOVA with Tukey’s method for multiple comparisons adjustment (F and G).
With the exception of the RNA-Seq experiment, all data are representative of 3 independent experiments.

;

This upregulation of BCL-2 in turn is sufficient to antagonize the
proapoptotic effects of DEX.

IL-7 induces DEX resistance in subsets of developing thymocytes.
We next sought to determine why IL-7-mediated DEX resistance
was found only in a subset of patients’ primary T-ALL samples. In
our previous patient cohort, we demonstrated that 64% of sam-

ples with IL-7-mediated DEX resistance did not have activating
mutations in the IL-7R/JAK/STATS5 pathway (14), suggesting that
this phenotype is not dictated by the mutational status of a T-ALL
sample. Given these findings, an alternative hypothesis is that
IL-7-mediated DEX resistance might reflect a physiologic mecha-
nism of GC resistance that occurs in normal populations of devel-
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Figure 4. BCL-2 mediates IL-7-induced DEX resistance. (A) Percentage of priming of CCRF-CEM cells treated in the absence or presence of 1 uM DEX and/
or 100 ng/mL IL-7 in technical triplicate for 16 hours followed by BH3 profiling with 0.5 uM ABT-199 for 90 minutes. (B) Viability of CCRF-CEM cells treated
with DEX in the absence or presence of 25 ng/mL IL-7 and increasing concentrations of ABT-199 for 72 hours in technical triplicate. The no IL-7 (black line)
and the 25 ng/mL IL-7 (red line) conditions were replotted from Figure 1C. (C) Heatmap of Bliss independence scores calculated as the average of technical
triplicates for the combination of DEX and ABT-199 in the presence of 25 ng/mL IL-7. (D) MFI of BCL-2 protein expression assessed in technical triplicate in
untransduced CCRF-CEM cells and CCRF-CEM cells transduced with a nontargeting shRNA control (shControl) or a BCL2-targeting ShRNA (shBCL2-1-5).
Statistical significance is relative to the untransduced cells. (E) Viability of untransduced or shRNA-transduced CCRF-CEM cells treated with DEX in the
absence or presence of 25 ng/mL IL-7 in technical triplicate for 72 hours. (F) FPKM values for BCL2 transcript levels according to published RNA-Seq data
from diagnostic samples from patients enrolled in the COG AALLO434 trial, stratified on the basis of day-29 bone marrow MRD. (G) Schematic of the pro-
posed model for the mechanism by which DEX paradoxically induces steroid resistance in T-ALL cells in the presence of IL-7. In the presence of DEX (right),
the GR induces an increase in IL-7R expression (i), leading to an increase in IL-7R at the cell surface (ii). This in turn leads to an increase in STATS transcrip-
tional activity (iii) that ultimately results in the upregulation of BCL-2 (iv). GRE, glucocorticoid response element. *P < 0.05, **P < 0.01, ***P < 0.001, and
****¥pP < 0.0001, by 1-way ANOVA with Tukey's method for multiple comparisons adjustment (A, D, and F). All CCRF-CEM cell data are representative of 3
independent experiments.
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oping thymocytes, as both GC sensitivity and IL-7R expression
are known to vary throughout development (10, 25). To test this
hypothesis, we evaluated normal murine thymocytes to determine
whether IL-7R/JAK/STATS signaling modulates DEX sensitivity.
We first exposed mice to DEX in vivo and assessed the relative
sensitivity of the major thymocyte subpopulations. In this analysis,
DEX induced a significant reduction in overall thymic cellularity
(P=0.02; Supplemental Figure 5A) and resulted in a dramatic shift
in distribution of the major thymocyte subpopulations. Consistent
with previous reports (25), we found that DEX induced a signif-
icant reduction in the proportion of CD4/CD8 double-positive
(DP) thymocytes (P < 0.0001), with a compensatory increase in
the percentage of the earlier double-negative (DN) thymocytes (P
=0.005) and later single-positive (SP) thymocytes (P < 0.0001 for
both CD4 and CD8 SP thymocytes) (Figure 5A and Supplemental
Figure 5, B and C). Importantly, we recapitulated the findings by
other investigators (26) that GR expression is paradoxically lowest
at the DP stage of development, despite the fact that these cells are
highly DEX sensitive, suggesting that GR expression is insufficient
to explain this pattern of differential sensitivity (Supplemental
Figure 5D). To determine whether this differential DEX sensitivity
reflects differences in the apoptotic potential of these thymocyte
subpopulations in their basal state, we performed BH3 profiling
on freshly harvested thymocytes. We found that DP thymocytes
had significantly higher apoptotic potential relative to DN or SP
thymocytes (P=0.002, P=0.0004, and P = 0.01 versus DN, CD4
SP, and CD8 SP thymocytes, respectively) (Figure 5B), consistent
with the pattern of DEX sensitivity observed in vivo.

We next evaluated basal IL-7Ra expression and signaling
capacity across the major thymocyte subpopulations. Consistent
with previous reports (10), we detected a reduction in IL-7Ra
expression and in IL-7-induced p-STATS5 in the DP thymocytes
relative to the DN and SP thymocytes (Figure 5, C and D). Given
these findings and the pattern of DEX sensitivity we observed
in vivo, we hypothesized that the presence of IL-7 in the in vivo
microenvironment might activate JAK/STAT5 signaling in DN
and SP thymocytes, which could in turn confer protection against
the GC surges that occur during a physiologic stress response (27)
and against pharmacologic concentrations of GCs. To test this
hypothesis, we first exposed thymocytes to vehicle or DEX ex
vivo in the absence or presence of increasing concentrations of
IL-7. DN and SP thymocytes demonstrated profound DEX resis-
tance specifically in the presence of IL-7, whereas DP thymocytes
remained highly sensitive to DEX regardless of IL-7 (Figure 5E),
consistent with their reduced IL-7Ra expression (Figure 5C). To
determine whether the mechanism of JAK/STAT5-mediated
DEX resistance that we elucidated in CCRF-CEM cells is applica-
ble in these thymocyte subpopulations, we exposed thymocytes
to DEX ex vivo and assessed cell-surface IL-7Ro expression and
BCL-2 expression. Consistent with the observed pattern of DEX
resistance in the presence of IL-7, DN and SP thymocytes sig-
nificantly upregulated the expression of both IL-7R (P < 0.0001
for DN, CD4 SP and CD8 SP thymocytes) (Figure 5F) and BCL-2
(P=0.01, P=0.0005, and P = 0.001 for DN, CD4 SP, and CD8 SP
thymocytes, respectively) (Figure 5G) following exposure to DEX
in the presence of IL-7. Finally, to determine whether this mech-
anism is applicable in vivo under normal physiologic conditions,

The Journal of Clinical Investigation

we treated mice with DEX and assessed BCL-2 protein expression
in the major thymocyte subpopulations. We found that DN and
CD4 SP thymocytes, but not DP thymocytes, significantly upreg-
ulated BCL-2 expression in response to DEX (P = 0.007 and P =
0.004 for DN and CD4 SP thymocytes, respectively) (Figure 5H).
Finally, to determine whether human thymocytes demonstrate a
similar pattern of IL-7Ra expression and IL-7-induced DEX resis-
tance throughout development, we performed ex vivo analysis
of healthy human thymocytes. Similar to the pattern observed in
murine thymocytes, DN and SP thymocytes had the most signifi-
cant increase in cell-surface IL-7Ra expression following exposure
to DEX (Supplemental Figure 5E) and had the most profound IL-7-
induced DEX resistance (Supplemental Figure 5F).

Developmental stage correlates with IL-7-induced DEX resis-
tance in T-ALL. To further address the hypothesis that IL-7R/
JAK/STAT5-mediated DEX resistance may be retained from nor-
mal thymocyte development in a subset of T-ALLs, we performed
RNA-Seq on 76 primary diagnostic T-ALL samples from patients
enrolled in COG AALL1231. Using a gene set derived from a com-
parison of early versus late developing thymocytes (28), we per-
formed unbiased hierarchical clustering of these patient samples
to classify samples as developmentally “early” or “late” (Figure
6A). We next performed detailed in vitro analysis of 15 of the ear-
ly T-ALL samples and 12 of the late T-ALL samples isolated from
patient-derived xenografts (PDXs). Additional information about
these samples is presented in Supplemental Table 4. We detect-
ed no differences in basal GR expression between these 2 groups
(Supplemental Figure 6A). Upon analysis of cell-surface IL-7Ra
expression, we found that the early samples tended to have high-
er basal IL-7Ra expression and a more robust induction of IL-7Ro.
upon exposure to DEX (Figure 6B). This higher basal IL-7Ra
expression was also associated with an increased response to IL-7
stimulation, as measured by p-STATS5 (Supplemental Figure 6B).
Consistent with this finding, only the early sample group showed
a significant increase in DEX resistance in the presence of IL-7
(P =0.0007 and P = 0.69 for early and late samples, respective-
ly) (Figure 6C). To determine whether this resistance phenotype
was associated with activating mutations in the IL-7R/JAK/STAT
pathway, we performed variant calling using the RNA-Seq data
and found no enrichment for IL-7R pathway mutations in the ear-
ly samples (Supplemental Figure 6C and Supplemental Table 5),
consistent with our previous analysis (14). Similar to the findings
in CCRF-CEM cells, these early samples showed an increase in
BCL-2 protein expression in the presence of IL-7, which was fur-
ther augmented upon concomitant exposure to DEX and atten-
uated with the addition of RUX (Figure 6D). Moreover, both
RUX and ABT-199 significantly sensitized early T-ALL samples
to DEX in the presence of IL-7 (P < 0.0001 and P = 0.0005 for
the addition of RUX or ABT-199, respectively, to DEX plus IL-7)
(Figure 6E). To evaluate the utility of RUX for overcoming DEX
resistance in vivo in a preclinical model, we transplanted mice
with early T-ALL T24 and treated them with DEX with or with-
out RUX, using survival as the primary endpoint. As we observed
in vitro (Supplemental Figure 6D), the combination of DEX and
RUX showed increased in vivo efficacy relative to either agent
alone (P = 0.003 for RUX versus DEX plus RUX and P = 0.02 for
DEX versus DEX plus RUX) (Figure 6F).
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Figure 5. IL-7 induces DEX resistance in subpopulations of normal developing thymocytes. (A) Percentage of thymocyte subpopulations in thymi isolated
from mice treated with vehicle control (n = 3) or DEX (n = 3) at 2 mg/kg/day for 3 days. (B) Percentage of priming of thymocytes in the basal state following
BHS3 profiling with 1 uM synthetic BIM peptide in technical triplicate for 90 minutes. (C) Histograms of the basal expression of IL-7Ra. in the major murine
thymocyte subpopulations. (D) Histograms of p-STATS in the major murine thymocyte subpopulations in the basal state (white histograms) and following a
15-minute stimulation with 100 ng/mL IL-7 (colored histograms). (E) Viability of murine thymocyte subpopulations following ex vivo treatment for 24 hours
with DEX in the absence or presence of increasing concentrations of IL-7. (F) MFI of IL-7Ra. in murine thymocytes treated ex vivo in the presence of 100 pg/

mL IL-7 with or without 1 uM DEX in technical triplicate for 24 hours. DP cells could not be analyzed (NA) because of a lack of viable cells remaining after DEX
exposure. (G) MFI of BCL-2 in murine thymocytes treated ex vivo in the presence of 100 pg/mL IL-7 with or without 1 uM DEX in technical triplicate for 24 hours.
DP cells could not be analyzed (NA) because of a lack of viable cells remaining after DEX exposure. (H) MFI of BCL-2 in thymocytes isolated from mice treated
with vehicle control (n = 3) or DEX (n = 3) at a dose of 2 mg/kg/day for 3 days. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by 2-sample t test (A, F,
G, and H) or 1-way ANOVA with Tukey's method for multiple comparisons adjustment (B). All data are representative of 3 independent experiments.
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Figure 6. T-ALLs reflecting early stages of T cell development demonstrate DEX resistance in the presence of IL-7. (A) Heatmap depicting the clustering
of 76 primary T-ALL samples by the expression of genes that are upregulated in early developing thymocytes relative to later developing thymocytes. (B)
MFI of cell-surface IL-7Ro. in 15 early and 12 late T-ALL PDX samples following exposure to 1 uM DEX for 24 hours in technical triplicate. (C) Viability relative
to vehicle control of 15 early and 12 late T-ALL PDX samples treated with 1 uM DEX in the absence or presence of 25 ng/mL IL-7 for 48 hours in technical
triplicate. (D) MFI of BCL-2 protein expression in 10 early T-ALL PDX samples following exposure to 100 ng/mL IL-7 with or without 1 uM DEX and/or 500 nM
RUX for 16 hours in technical triplicate. Some samples were not analyzed because of limited cell numbers. (E) Viability relative to vehicle control of 15 early
T-ALL samples exposed to 25 ng/mL IL-7 with or without 1 uM DEX and/or 500 nM RUX or 1 uM ABT-199 for 48 hours in technical triplicate. (F) Kaplan-
Meier survival analysis of mice transplanted with early T-ALL T24 and treated with vehicle control (n = 5), DEX (n = 5), RUX (n = 5), or a combination of

DEX and RUX (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by paired t test (B and C), 1-way ANOVA with Tukey's method for multiple

comparisons adjustment (D and E), or a log-rank test (F).

Discussion

The poor survival rates observed in children with relapsed T-ALL
(3) suggest a need for strategies to enhance the efficacy of upfront
therapy as a means of improving cure rates by decreasing the like-
lihood of disease relapse. Although many studies have focused on
understanding mechanisms of acquired drug resistance that arise

during T-ALL treatment (29), the goal of our current study was
instead to elucidate mechanisms of intrinsic drug resistance that
dictate the initial response to therapy. In particular, the prognostic
significance of the initial GC response in T-ALL (4) suggests aneed
for a deeper understanding of the mechanisms governing intrinsic
differences in GC sensitivity. In the present study, our functional
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analysis of a large number of patients’ diagnostic samples revealed
recurrent patterns of intrinsic GC resistance across this otherwise
genetically heterogeneous patient population. We confirm in this
validation cohort that over half of the diagnostic T-ALL samples
analyzed exhibited intrinsic DEX resistance in vitro, which has in
turn been shown to correlate with clinical outcomes (30). Further-
more, we show that within this subset, half of the samples were
resistant to DEX specifically in the presence of IL-7.

Our data support a model in which GCs paradoxically induce
their own resistance by upregulating IL-7Ra expression. In the
presence of IL-7, this leads to increased downstream signal trans-
duction and STATS5 transcriptional output. This ultimately results
in the upregulation of BCL-2, which is sufficient to counteract the
proapoptotic effect of DEX. Given the prevalence of this pheno-
type, our data suggest that a significant percentage of patients
with T-ALL may benefit from the upfront addition of JAK or BCL-2
inhibitors as a means of improving the efficacy of GC therapy.
Furthermore, we demonstrate the synergistic potential of combin-
ing DEX with these agents and propose that combination thera-
py may allow for a reduction in DEX dosing, thereby minimizing
the numerous acute and chronic toxicities associated with steroid
exposure (31) while simultaneously maximizing efficacy. In addi-
tion, our data demonstrate that STAT5B was primarily responsible
for the upregulation of BCL-2 expression in this context, consis-
tent with previous reports demonstrating that knockdown of STA-
T5A is insufficient to modulate IL-7-mediated regulation of BCL-2
expression (11). Interestingly, this is also consistent with the find-
ing that activating mutations in STAT5B, but not STAT5A, com-
monly occurin T-ALL (1). These data support further investigation
of the use of ABT-199 as a rational therapeutic strategy to enhance
the efficacy of DEX in patients with STAT5B-mutated T-ALL.

In addition to mediating GC resistance in over one-third of
diagnostic T-ALL samples, we demonstrate that IL-7 similarly
induced GC resistance in those populations of normal thymo-
cytes in which IL-7R signaling is important for survival and pro-
liferation (10). Developing thymocytes are continuously exposed
to endogenous GCs, but we and others (25) have demonstrated
that susceptibility to GC-induced apoptosis is variable over the
course of thymocyte development. These data suggest that nor-
mal thymocyte populations must possess intrinsic mechanisms
of GC resistance at distinct stages of development and/or under
certain environmental conditions. In particular, we found that
IL-7-induced DEX resistance occurred in DN thymocytes and
was enriched in T-ALL samples with an “early thymocyte” gene
expression signature. Importantly, these early thymocytes go
on to generate fully rearranged TCRs, which are later tested for
functionality and autoreactivity in the subsequent DP stage, a key
process in the generation of mature functional T cells (10). Tele-
ologically, susceptibility to GC-induced apoptosis would be mal-
adaptive early in development, as it would limit the availability
of cells for this selection process. Our data therefore suggest that
IL-7-induced GC resistance may protect these early thymocyte
populations from apoptosis in the presence of endogenous GCs.
Furthermore, we demonstrate that this mechanism of intrinsic
resistance was retained in T-ALL cells resembling early thymo-
cytes, where it may be exploited to enable resistance to pharma-
cologic concentrations of GCs.
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Taken together, our data provide a strong rationale for the idea
that differential sensitivity to GC therapy at the time of disease
diagnosis reflects developmentally programmed mechanisms of
intrinsic GC resistance that are retained during the process of leuke-
mogenesis. This work highlights the need for further studies aimed
at elucidating additional mechanisms of GC resistance at distinct
stages of thymocyte development as a means of understanding the
factors that contribute to intrinsic GC resistance in T-ALL.

Methods

Patient samples and PDXs. Diagnostic blood samples were obtained
from patients enrolled in the COG trial AALL1231. Immunopheno-
typing was performed and reviewed by immunophenotyping experts
in the COG. To establish PDXs, cells were injected into NOD/SCID/
II2rg™™1/Szj (NSG) mice obtained from The Jackson Laboratory.
Engraftment was monitored using flow cytometric analysis of periph-
eral blood with antibodies against human CD45 (BD Biosciences;
560973) and CD7 (BioLegend; 343105).

CCRF-CEM cells. CCRF-CEM cells were purchased from the UCSF
Cell Culture Facility (ATCC CCL-119). Cells were authenticated via
short tandem repeat DNA profiling and were routinely tested for myco-
plasma contamination using the PlasmoTest Detection Kit (InvivoGen).

Preclinical trial. Five male NSG mice (5 weeks of age) per treat-
ment arm were randomized to receive vehicle control, DEX, RUX, or
a combination of DEX and RUX once the peripheral blood blast count
reached 1%. RUX was administered in chow form (Incyte) continuous-
ly over the trial duration. DEX (Fresenius Kabi and Children’s Hospital
of Philadelphia Pharmacy) was administered by i.p. injection at a dose
of 7.5 mg/kg/day. Mice were euthanized when they became moribund.

In vivo DEX treatment in C57BL/6x129Sv/Jae mice and isolation
of human and murine thymocytes. Six- to eight-week-old male F1 C57BL/
6x129Sv/Jae mice were obtained from the UCSF Laboratory Animal
Resource Center (LARC) breeding core. Mice were treated with 2 mg/
kg DEX sodium phosphate (NDC 63323-516-10; UCSF pharmacy)
or vehicle control (PBS) once daily for 3 days. Healthy human thymo-
cytes were obtained from children undergoing cardiothoracic surgery
at UCSF. Antibodies against murine CD4 (BioLegend; 100425) and CD8
(BioLegend; 100707) or human CD4 (BioLegend; 317420) or CD8 (Bio-
Legend; 344706) were used to identify thymocyte subpopulations.

In vitro viability assays. In vitro viability assays were performed
by exposing cells to vehicle control or DEX (MilliporeSigma; D4902),
ruxolitinib (Selleckchem; S1378), tofacitinib (Selleckchem; S5001),
CHZ868 (MedKoo; 407137), or ABT-199 (ApexBio; A8194) for 72
hours (CCRF-CEM cells), 48 hours (PDX cells), or 24 hours (thymo-
cytes) with or without recombinant human or murine IL-7 (Peprotech;
200-07 and 217-17). Cells were then stained with Hoechst 33258
(Molecular Probes; H3569) and analyzed by flow cytometry.

CRISPR/Cas9 genome editing of CCRF/CEM cells. Cas9 protein con-
taining a nuclear localization signal (Cas9-NLS) was purchased from
the QB3 MacroLab at the University of California, Berkeley. Trans-ac-
tivating CRISPR RNA (tracrRNA) and sgRNAs were purchased
from Dharmacon. sgRNA sequences targeting IL-7Ra, STAT5A, and
STATS5B were obtained from the Brunello sgRNA library (32) and were
as follows: IL-7Ra, 5-AAAGAGCAATATATGTGTGA-3'; STATSA,
5'-ACATTCTGTACAATGAACAG-3'; and STAT5B, 5'-GTTCATTG-
TACAATATATGG-3'. The scrambled control cells were generated
using a nontargeting sgRNA (5'-GGTTCTTGACTACCGTAATT-3').
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Ribonucleoproteins were prepared according to established meth-
ods (33). Electroporation was performed using the Amaxa Cell Line
Nucleofector Kit C (Lonza; VACA-1004) and an Amaxa Nucleofector
IT Device with the electroporation code X-001. Editing was assessed
by PCR amplification using the following primers: IL-7Ro, forward
5-TGAACATGCCTCCACTCACC-3', IL-7Ra, reverse 5'-CACACCT-
GGGTTTGAAGATCC-3'; STAT5A, forward 5-TGGGGATAGTTCCT-
GAGGCT-3', STAT5A, reverse 5'-TGCCACCTCTTACACTTGCC-3;
and STATS5B, forward 5'-TGTGCCCCTTAGGATGAAGC-3', STAT5B,
reverse 5'-AATCACAGGAGGCACTGTTCC-3'. The amplicons were
Sanger sequenced and the sequencing traces analyzed using TIDE
(Tracking of Indels by DEcomposition) analysis software (34). Clonal
populations were generated using limiting dilution cell plating.

Western blot analysis. For analysis of protein expression in whole-
cell lysates, CCRF-CEM cells were resuspended in RIPA buffer. For
analysis of cytoplasmic and nuclear protein, protein fractions were
generated using the NE-PER Kit (Thermo Fisher Scientific; 78833).
Immunoblotting was performed with the following antibodies: STA-
T5A (Abcam; ab32043), STAT5B (Abcam; ab178941), GR (Cell Signal-
ing Technology; 12041), p-GR (Ser211) (Cell Signaling Technology;
4161), B-actin (Cell Signaling Technology; 3700), and p84 (Genetex;
GTX70220). Donkey anti-rabbit IRDye 800 and donkey anti-mouse
IRDye 680 secondary antibodies (LI-COR Biosciences) were used,
and imaging was performed using the Odyssey Imaging System
(LI-COR Biosciences).

qPCR. CCRF-CEM cells were cultured in the presence or absence
of 1 uM DEX, 100 ng/mL IL-7, and/or 10 pg/mL CHX for 16 hours
unless otherwise indicated. RNA was isolated using the RNeasy
Mini Kit (QIAGEN), and cDNA was generated using the SuperScript
III Kit (Thermo Fisher Scientific). TagMan qPCR probes (Applied
Biosystems) were used in conjunction with TagMan Master Mix
(Applied Biosystems) to assess transcript levels for the following
genes: GAPDH (Hs02786624_gl; VIC-MGB), IL7RA (Hs00902334_
ml; FAM-MGB), BCL2LII (Hs00708019 sl; FAM-MGB), BCL2
(Hs00608023 m1; FAM-MGB), FKBP5 (Hs01561006_ml; FAM-
MGB), GILZ (Hs00608272_m1; FAM-MGB), NR3CI (H200353740_
ml; FAM-MGB), MYC (Hs00153408 m1; FAM-MGB), and ARH-
GEF3 (Hs00989814_m1; FAM-MGB). Experiments were performed
in technical triplicate and were run on a QuantStudio 5 Real-Time
PCR Instrument (Applied Biosystems). The fold change in transcript
expression relative to cells treated with vehicle control was calculated
using the AACt method, unless otherwise indicated, and GAPDH tran-
script was used for normalization.

Measurement of cell-surface IL-7Ra. For analysis of cell-surface IL-7Ra
expression, cellswere treated with 1 uM DEX for 24 hours. Murine thymo-
cyte experiments were performed in the presence of 100 pg/mL recom-
binant murine IL-7. Antibodies against human (BioLegend; 351315) or
murine (Tonbo Biosciences; 20-1271) IL-7Ra were used in conjunction
with Hoechst 33258 to allow for gating on viable cells. Data are presented
as the median fluorescent intensity (MFI) of the IL-7Ra signal.

Cytokine stimulation and intracellular flow cytometry. Phosphoflow
cytometry for the measurement of STAT protein phosphorylation fol-
lowing IL-7 stimulation was performed as previously described (14).
Briefly, CCRF-CEM cells were exposed to vehicle control or 1 uM DEX
for 24 hours, allowed to rest for 1 hour in serum-free media, and stimu-
lated with IL-7 at a concentration of 100 ng/mL for 15 minutes. PDX cells
were similarly allowed to rest in serum-free media for 1 hour followed by
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stimulation with 100 ng/mL IL-7 for 15 minutes. Cells were subsequent-
ly fixed with 2% paraformaldehyde and permeabilized with methanol.
STAT protein phosphorylation was assessed using antibodies against
p-STAT1 (Tyr701) (BD Biosciences; BDB612564), p-STAT3 (Tyr705)
(BD Biosciences; BDB612569), p-STAT5 (Tyr694) (BD Biosciences;
BDB612599), and p-STAT6 (Tyr641) (BD Biosciences; BDB612601).
BIM and BCL-2 protein expression was assessed following cell fixa-
tion and permeabilization using antibodies against BIM (Cell Signaling
Technology; 2933) and anti-human BCL-2 (Life Technologies, Thermo
Fisher Scientific; A15796) or anti-mouse BCL-2 (BioLegend; 633509).
GR expression was assessed using an anti-GR antibody. A donkey
anti-rabbit secondary antibody (Jackson ImmunoResearch Laborato-
ries) was used for flow cytometric detection of BIM and GR proteins.

Luciferase reporter assay. CCRF-CEM cells were transiently trans-
fected with the pGL4.52[luc2P/STAT5 RE/hygro| vector (Promega;
E4651) using Lipofectamine 3000 Transfection Reagent (Life Tech-
nologies, Thermo Fisher Scientific). Eighteen hours after transfection,
cells were treated with or without 1 pM DEX,, 100 ng/mL recombinant
human IL-7, and /or 500 nM ruxolitinib for 36 hours. Luciferase activi-
ty was assessed with the ONE-Glo Luciferase Assay System (Promega)
and a BioTek Synergy 2 instrument. Relative luminescence was calcu-
lated by normalizing values to those obtained from cells treated with
the vehicle control.

RNA-Seq analysis. Scrambled control and STAT5-KO CCRF-
CEM cell clones were cultured in vehicle control or in the presence or
absence of 1 uM DEX and/or 100 ng/mL recombinant human IL-7 for
4 or 16 hours. RNA was isolated using the RNeasy Mini Kit, and cDNA
was generated using the SuperScript III Kit and quantified using a
NanoDrop spectrophotometer (Thermo Fisher Scientific). RNA qual-
ity was assessed using an Agilent Bioanalyzer (Agilent Technologies).
Libraries were prepared using 1 ng RNA and were sequenced on the
HiSeq 2500 (Illumina) to generate 50-bp single-end reads.

GR-regulated genes were identified using edgeR, as previously
described (35), by comparing scrambled control clones treated with
vehicle with those treated with DEX for 4 hours. A gene set was created
using the statistical thresholds of an absolute log fold change of great-
er than 1 and a FDR of'less than 0.05. This analysis was then applied
to perform the same comparison between scrambled control clones
treated with vehicle versus DEX plus IL-7 for 4 hours. For the analysis
of STATS target genes, GSEA was performed as previously described
(36) by comparing scrambled control clones treated with IL-7 versus
DEX plus IL-7 using gene sets derived from published STAT5 ChIP-
Seq experiments with human CD4* T cells (23). The default settings
were used for GSEA, including permutation based on phenotype. The
data have been deposited in the NCBI's Gene Expression Omnibus
(GEO) database (GEO GSE137893).

For the fresh diagnostic T-ALL samples, total RNA was prepared
using TRIzol-based (Thermo Fisher Scientific) extraction. Samples
were purified and concentrated using the RNeasy Mini or the RNeasy
MinElute Kit alone with the DNase Set (QIAGEN). RNA concentration
was determined using a NanoDrop spectrophotometer. RNA quality
was assessed using an Agilent 2200 TapeStation (Agilent Technolo-
gies). RNA (100 ng) was used to prepare libraries using the TruSeq
RNA Exome RNA Kit (Illumina). For RNA samples with a DV, (per-
centage of fragments >200 nucleotides) below 30%, 200 ng total
RNA was used to prepare the libraries. The libraries were sequenced
on an Illumina NextSeq 500 using 150-bp paired-end chemistry.
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Primary T-ALL cell transcript expression was calculated via a local
software pipeline built around the Bowtie2 Aligner (version 2.3.4.1)
and RSEM’s (version 1.2.3.0) expectation-maximization quantifica-
tion that utilized the Ensembl GRCh38 release 85 reference. After
demultiplexing, which converted primary sequence data to the fastq
format, and trimming adapters, the sequences were aligned against an
HG38 rRNA reference using the bwa (version 0.7.12) aligner in order to
screen out rRNA. Only non-rRNA aligning sequences advanced into
the Bowtie2/RSEM analysis stream. These data were used to generate
gene signatures associated with early versus late thymocyte develop-
ment via hierarchical clustering and dendrogram analysis.

All sequencing analyses, including read alignment, quality and per-
formance metrics, post-processing, variant calling, and variant annota-
tion, were performed as previously described (37, 38) using the hg38 build
of the human genome. Briefly, reads were aligned with the Burrows-
Wheeler Aligner (39) and processed using Picard (http://broadinstitute.
github.io/picard) and the Genome Analysis Toolkit (GATK) (40) to per-
form base quality recalibration and multiple sequence realignment. Sin-
gle nucleotide variants and indels were detected with the MuTect (41)
and BCFtools algorithms, respectively. Variants were negatively select-
ed against IGSR SNP (42) and EXAC SNP (43) databases and positively
selected for on the basis of recurrently mutated sites or regions within
the Catalogue of Somatic Mutations in Cancer (COSMIC) (T-ALL-asso-
ciated subset of mutations) (44) or as previously reported (1). Candidate
somatic mutations were manually reviewed using Integrative Genomics
Viewer (45). These data have been deposited in the NCBI’s Gene Expres-
sion Omnibus (GEO) database (GEO GSE137768).

BH3 profiling. BH3 profiling was performed according to estab-
lished methods (46). CCRF-CEM cells were treated or not with 1 uM
DEX and/or 100 ng/mL recombinant human IL-7 for 16 hours prior to
analysis. Thymocyte BH3 profiling was performed immediately after
harvesting of thymocytes. Cytochrome C staining was performed
using an anti-cytochrome C antibody (BioLegend; 612310).

shRNA-mediated knockdown of BCL2 and ARHGEF3. The miR30-
PGK-NeoR-IRES-GFP cassette from LMN-GFP (32) was subcloned into
a pCDH Expression Lentivector (System Biosciences) to generate the
construct pPCDH-LMN-GFP. The shRNA sequences targeting human
BCL2 were as follows: shBCL2-1, 5'-TTTTATTCCAATTCCTTTCG-
GA-3'; shBCL2-2, 5'-TAGCTGATTTGAAACTTCCCAA-3’; shBCL2-3,
5-TACTTCATCACTATCTCCCGGT-3'; shBCL2-4, 5-TTTAAGTA-
CAGCATGATCCTCT-3'; and shBCL2-5, 5'-TATCAGTCTACTTCCT-
CTGTGA-3". The shRNA sequences targeting human ARHGEF3 were
as follows: shARHGEF3-1, 5-TTTGATTCAACTCTTGTTCTGT-3';
SshARHGEF3-2, 5-TATATCTTGTCACACAGCTTGA-3’; and shARG-
HEF3-3, 5-TATAGCTTCTTCCAAGTGCTGC-3'. 97-mer oligonucle-
otideswere generated as previously described (47) and amplified using the
following primers: forward, 5'-TACAATACTCGAGAAGGTATATTGCT-
GTTGACAGTGAGCG-3' and reverse 5-ACTTAGAAGAATTCCGAG-
GCAGTAGGCA-3'. The following nontargeting shRNA (shControl)
sequence was used as a control: 5'-TAGATAAGCATTATAATTCCTA-3'.
Oligonucleotides were cloned into the EcoRI and Xhol sites of pPCDH-
LMN-GFP, and lentivirus was generated via calcium phosphate trans-
fection of HEK293T cells using the packaging and envelope plasmids
psPAX2 and pCMV-VSVG. Viral supernatants were collected 48 hours
after transfection and concentrated using Lenti-X Concentrator (Clon-
tech). Following lentiviral transduction, GFP-positive cells were sorted
using a Sony SH800 instrument and subsequently expanded.
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Flow cytometric analysis. Flow cytometry was performed using a
BD FACSVerse, and data were analyzed with Flow]Jo software.

Statistics. Statistical analyses were performed using GraphPad
Prism 8 (GraphPad Software). All tests were 2 sided, and the threshold
for significance was a P value of 0.05 or less. Comparisons between
groups were made using a 2-tailed ¢ test, with 1-way ANOVA and
Tukey’s method for multiple comparisons adjustment for compari-
sons of 3 or more groups. For in vivo survival analysis, the log-rank test
was used to perform pairwise comparisons between survival curves.
Interactions between drugs were assessed using Bliss independence
analysis (48). All data indicate the mean + SEM.

Study approval. Written informed consent for the use of diag-
nostic specimens in this research was obtained from patients or their
guardians at the time of sample collection as part of the COG trial
AALLO0434, in accordance with Declaration of Helsinki principles and
with the approval of the National Cancer Institute (NCI) and the IRBs
of the participating sites. All animal experiments were conducted fol-
lowing protocols that were approved by the IACUCs and IRBs of Chil-
dren’s Hospital of Philadelphia and UCSF.
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