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Calcineurin and GSK-3 inhibition sensitizes T-cell acute
lymphoblastic leukemia cells to apoptosis through X-linked
inhibitor of apoptosis protein degradation
V Tosello1, F Bordin2, J Yu3,4,6, V Agnusdei1, S Indraccolo1, G Basso5, A Amadori1,2 and E Piovan1,2

The calcineurin (Cn)–nuclear factor of activated T cells signaling pathway is critically involved in many aspects of normal T-cell
physiology; however, its direct implication in leukemogenesis is still ill-defined. Glycogen synthase kinase-3β (GSK-3β) has
recently been reported to interact with Cn in neuronal cells and is implicated in MLL leukemia. Our biochemical studies clearly
demonstrated that Cn was able to interact with GSK-3β in T-cell acute lymphoblastic leukemia (T-ALL) cells, and that this
interaction was direct, leading to an increased catalytic activity of GSK-3β, possibly through autophosphorylation of Y216.
Sensitivity to GSK-3 inhibitor treatment correlated with altered GSK-3β phosphorylation and was more prominent in T-ALL with
Pre/Pro immunophenotype. In addition, dual Cn and GSK-3 inhibitor treatment in T-ALL cells promoted sensitization to
apoptosis through proteasomal degradation of X-linked inhibitor of apoptosis protein (XIAP). Consistently, resistance to drug
treatments in primary samples was strongly associated with higher XIAP protein levels. Finally, we showed that dual Cn and
GSK-3 inhibitor treatment in vitro and in vivo is effective against available models of T-ALL, indicating an insofar untapped
therapeutic opportunity.

Leukemia (2016) 30, 812–822; doi:10.1038/leu.2015.335

INTRODUCTION
T-cell acute lymphoblastic leukemia (T-ALL) accounts for ~ 15% of
pediatric and 25% of adult cases of ALL. Progress in T-ALL therapy
has been impressive, with cure rates approaching 80% for children
and 50% for adults;1,2 however, only limited therapeutic options
are available for patients with primary resistant or relapsed
disease.
Calcineurin (PPP3; PP2B referred to as Cn) is a calcium-activated

serine/threonine phosphatase, composed of a catalytic subunit
(PPP3CA) and a regulatory subunit (PPP3CB), critical to a number
of developmental processes in the cardiovascular, nervous and
immune system. Cn has the ability to dephosphorylate a broad
range of proteins, including nuclear factor of activated T cell
(NFAT) proteins. Although critically involved in many aspects of
normal T-cell survival, proliferation and activation, the direct
implication of Cn and/or its downstream NFAT targets in
lymphomagenesis and cancer in general has only recently been
reported.3,4 Available evidence shows that NFAT transcription
factors are mediators of Cn action in different cancers.5–7

However, it is possible that NFAT factors are not the only targets
of Cn in leukemogenesis, as Cn can dephosphorylate other factors
possibly relevant to its oncogenic properties. Glycogen synthase
kinase-3β (GSK-3β) has recently been reported to interact
with PPP3CA in neuron-derived cells8 and is implicated in MLL
rearranged leukemia.9 Interestingly, we found Cn to be able to
directly interact with and participate in activation of GSK-3β.
GSK-3 is a serine/threonine protein kinase ubiquitously

expressed and at variance with the majority of kinases is
constitutively active, and is functionally inactivated after
phosphorylation by various kinases in response to different
stimuli.10 As little is currently known about the significance of
GSK-3β to T-ALL cell survival and pathobiology, and the
functional interaction between GSK-3β and Cn has not been
reported previously in T-ALL, we pursued the functional impact
of this axis in the present study.

MATERIALS AND METHODS
Inhibitors and drugs
BIO (6-bromoindirubin-3′-oxime), Tideglusib (NP-12), SB216713 and
Embelin were from Selleck Chemicals LLC (Houston, TX, USA). CN585
(6-(3,4-dichlorophenyl)-4-(N,N-dimethylaminoethylthio)-2-phenyl-pyrimi-
dine) was from Merck Millipore (Merck, Damstadt, Germany). Cyclosporin
A (CsA), ionomycin, FK506 and MG132 (Z-Leu-Leu-Leu-al) were from
Sigma-Aldrich (Saint Louis, MO, USA).
Cell lines and primary leukemia samples, constructs and molecular

cloning, in vitro kinase assays and phosphorylation analysis, in vitro
histidin-pull-down protein interaction assays, transfection and immuno-
precipitation (IP) in 293 T cells, western blotting and IP, preparation of
cytoplasmic and nuclear extracts, enzyme-linked immunosorbent assay for
NFAT2 DNA-binding activity, ubiquitination detection, cell viability assays
and flow cytometry, human apoptosis array, lentiviral constructs and viral
production, GSK-3β in vitro kinase assay, quantitative real-time PCR,
xenografts and treatment studies, molecular characterization of T-ALL
samples and statistical analyses are detailed in Supplementary Materials
and Methods.
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RESULTS
Cn directly interacts with GSK-3β and modulates its activity
GSK-3β has recently been reported to interact with PPP3CA in
neuron-derived cells.8 We thus investigated whether this interac-
tion was also present in T-ALL cells. To this end, we lysed Jurkat
T-ALL cells and executed IP against PPP3CA and subsequently
immunoblotting anti-GSK-3β. Effectively, the two endogenous
proteins (GSK-3β and PPP3CA) were found to interact in T-ALL
cells (Figure 1a). To study further the functional interaction
between these two proteins, we transfected HEK 293T cells with
full-length FLAG-tagged PPP3CA and full-length hemagglutinin-
tagged GSK-3β. Forty hours post transfection, cells were treated
with ionomycin (to activate Cn/NFAT signaling), CsA (to inactivate
Cn/NFAT signaling) or vehicle control for 1 h. Cells were then lysed
and subjected to IP with anti-FLAG beads. The interaction
between PPP3CA and GSK-3β present under basal conditions
was increased following acute activation of Cn by ionomycin
(Figure 1b). On the other hand, CsA treatment did not modify this

basal interaction. Histidine-pulldown experiments using histidin-
tagged PPP3CA and glutathione S-transferase (GST)-tagged
GSK-3β demonstrated that GSK-3β and PPP3CA could directly
interact in vitro (Figure 1c).
To address the possible functional interaction between these

two proteins with opposing biochemical functions, we executed
in vitro phosphorylation and dephosphorylation assays. Unexpect-
edly, in vitro kinase assays showed that PPP3CA could significantly
increase GSK-3β phosphorylation (Figure 1d), whereas we did not
detect any significant phosphorylation of PPP3CA by GSK-3β (data
not shown). Altered phosphorylation of GSK-3β in the presence of
PPP3CA, including increased phosphorylation of tyrosine 216
(Y216), was confirmed by mass spectrometry (Supplementary
Table S1). Increased GSK-3β phosphorylation at Y216 was further
confirmed by immunoblotting (Figure 1e). Phosphorylation of
GSK-3β at Y216 increases its enzymatic activity and could be
involved in autophosphorylation.11 Interestingly, the increased
level of phosphorylation of GSK-3β in the presence of PPP3CA was
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Figure 1. PPP3CA interacts with GSK-3β and regulates GSK-3β catalytic activity and phosphorylation. (a) Immunoblot analysis of GSK-3β and
NFATc2 after PPP3CA protein immunoprecipitation in Jurkat T-ALL cells. (b) Analysis of GSK-3β–PPP3CA interaction via immunoblot analysis of
protein complexes recovered after FLAG immunoprecipitation under basal conditions and after treatment with ionomycin (Iono) or
cyclosporine (CsA). (c) Analysis of GSK-3β–PPP3CA interaction via immunoblot analysis of protein complexes recovered after histidin-tagged
PPP3CA (His-PPP3CA) pulldown of recombinant glutathione S-transferase (GST)-tagged GSK-3β (GST-GSK-3β). (d) In vitro kinase analysis
of GSK-3β phosphorylation in the absence and in the presence of recombinant PPP3CA (His-PPP3CA) protein. Top panel shows
32P autoradiography after SDS-polyacrylamide gel electrophoresis and corresponding protein loading is shown at the bottom. (e) Immunoblot
analysis of phospho Y216 (pY216) GSK-3β in recombinant protein mixtures containing recombinant GST-GSK-3β with or without recombinant
His-PPP3CA and His-Calmodulin (CALM). (f) GSK-3β kinase activity in in-vitro protein mixtures containing recombinant GST-GSK-3β with or
without recombinant His-PPP3CA and His-Calmodulin (CALM). Error bars represent± s.d. for triplicate experiments.
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paralleled by a modest increase in GSK-3β enzymatic activity
in vitro (Figure 1f).

Immature immunophenotype and low pS9/pY216 GSK-3β ratio
correlates with sensitivity to GSK-3 inhibitor treatment in T-ALL
cells
Our results point to a functionally important interaction between
Cn/NFAT and GSK-3 signaling pathways that could be potentially
exploited therapeutically in T-ALL. To address this question we
tested the effects of the GSK-3-specific inhibitor BIO on the

viability of numerous T-ALL cell lines (n= 13). Inhibitor dose
escalation resulted in higher cytotoxicity in most cell lines tested.
Their viability was inhibited by BIO at a half-maximal inhibitory
dose (IC50) o5 μM for most T-ALL cell lines (10/13; Figure 2a and
Supplementary Figure S1), a concentration comparable to that
which promotes expansion of hematopoietic stem cells in vitro.12

Further studies with additional GSK-3 inhibitors such as
Tideglusib/NP-12 (recently described non-ATP-competitive inhibi-
tor with relatively higher IC50 than BIO) and SB216713, confirmed
that a considerable fraction of T-ALL cell lines were sensitive to
GSK-3 inhibition (Figure 2b). Similarly, evaluation of the effects of
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Figure 2. Sensitivity to pharmacological inhibition of Cn and GSK-3 in T-ALL cells. (a) IC50 values for the GSK-3 inhibitor BIO in T-ALL cell lines
(n= 13). Bar represents mean value. (b) IC50 values for additional GSK-3 inhibitors (Tideglusib and SB216713) in T-ALL cell lines. Bar represents
mean value. (c and f) Patient samples are classified based on their immunophenotype in pro-, pre-, cortical and mature T-ALL. (c) IC50 values
for GSK-3 inhibitor BIO in T-ALL xenografts (n= 27). Bar represents mean value. (d) IC50 values for the Cn inhibitor CN585 in T-ALL cell lines. Bar
represents mean values. (e) IC50 values for additional Cn inhibitors (CsA and FK506) in T-ALL cell lines. Bars represent mean values. (f) IC50
values for Cn inhibitor CN585 in T-ALL xenografts (n= 27). Bar represents mean value. (g) Comparison of response to BIO (sensitive:
IC50 o5 μM, resistant: IC50 45 μM) and (h) response to CN585 (sensitive: IC50 o20 μM, resistant: IC50 ⩾ 20 μM) in immunophenotype distinct
T-ALL subgroups. (i) Box plot of pS9/pY216 GSK-3β ratio in BIO-sensitive (IC50 o3.5 μM) and BIO-resistant (IC504 3.5 μM) T-ALL cell lines.
The box plot whiskers extend from the lowest to the highest values. (j) Box plot of pS9/pY216 GSK-3β ratio in BIO-sensitive (IC50 o5 μM) and
BIO-resistant (IC504 5 μM) T-ALL xenografts. The box plot whiskers extend from the lowest to the highest values. (k) Correlation between IC50
values for BIO and pS9/pY216 GSK-3β ratios in T-ALL xenografts (n= 14). (l) Correlation between IC50 values for CN585 and NFAT2 DNA-binding
activity in T-ALL xenograft nuclear extracts (n= 14).
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Figure 3. Joint pharmacologic inhibition of Cn and GSK-3 induces a synergistic anti-leukemic effect. (a) Apoptotic quantification in
Jurkat T-ALL cells treated in vitro with vehicle only, CN585 alone (5–20 μM; left panel), BIO (1–5 μM; right panel) alone or BIO (1–5 μM) plus CN585
(5–20 μM). Error bars represent± s.d. for triplicate experiments. (b) Representative plots of apoptosis in Jurkat T-ALL cells treated in vitro with
vehicle only, BIO (2 μM), CN585 (20 μM) or BIO plus CN585 (BIO+CN585; 2 and 20 μM, respectively). (c) Cell viability quantification in Jurkat cells
treated for 72 h in vitro with vehicle only, CN585 (10 μM), CsA (10 μg/ml), FK506 (20 μM), BIO (3 μM), Tideglusib (15 μM) and SB216713 (20 μM) in
various combinations. Error bars represent± s.d. of triplicate experiments. (d) Quantification of apoptosis in CUTLL1 cells treated in vitro with
vehicle only, CN585 (5 μM), CsA (7.5 μg/ml), FK506 (15 μM), BIO (1 μM), Tideglusib (15 μM) and SB216713 (7.5 μM) in various combinations. Error
bars represent± s.d. of triplicate experiments. (e) Representative plots of apoptosis in T-ALL#12 xenograft cells treated in vitro with vehicle
only, CN585 (20 μM), BIO (3 μM) or BIO plus CN585 (BIO+CN585; 3 and 20 μM, respectively). (f and g) Quantification of apoptosis in T-ALL#15
xenograft cells treated in vitro with vehicle only, BIO (5 μM), CN585 (15 μM), CsA (10 μg/ml) and Tideglusib (10 μM) in various combinations. Error
bars represent± s.d. of triplicate experiments. Representative plots of apoptosis (h) and apoptosis quantification (i) in Jurkat cells transduced
with control vectors (shscramble or shLUC), vector containing short hairpin RNA (shRNA) sequences against PPP3CA (shPPP3CA), vector
containing shRNA sequences against GSK-3β (shGSK-3β) or both shPPP3CA and shGSK-3β.
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GSK-3 inhibition by BIO on T-ALL xenograft viability disclosed that
around 40% of primary xenografts (12/27) had an IC50 o5 μM
(Figure 2c and Supplementary Figure S1). Next, we evaluated the
sensitivity of these same T-ALL cell lines to the selective Cn
inhibitor, CN585. Again, some cell lines (n= 8; IC50 o10 μM)

were sensitive to Cn inhibition (Figure 2d and Supplementary
Figure S1), whereas other cell lines (n= 5; IC50 > 15 μM) were
resistant. Further studies using additional Cn inhibitors such as
CsA and FK506 confirmed that a sizable fraction of T-ALL cell lines
were responsive to Cn inhibition (see Figure 2e). Similarly, a
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subgroup of T-ALL xenografts were found to be responsive to Cn
inhibition by CN585 (Figure 2f and Supplementary Figure S1; n= 7;
IC50 o20 μM). All together, these results imply that a subset
of T-ALL cell lines and xenografts are relatively sensitive to GSK-3
and Cn inhibition.
Immunophenotypical classification of T-ALLs based on

expression of surface markers differentially expressed during
T-cell development can be used to distinguish three main
subgroups of T-ALL: (i) pro/pre-T ALL, (ii) thymic/cortical T-ALL
and (iii) mature T-ALL.13 T-ALL cell line and xenograft molecular
characteristics are shown in Supplementary Figure S2. We
assessed whether sensitivity or resistance to each single drug
treatment correlated with a particular subgroup of T-ALL.
Interestingly, the pro/pre T-ALL subgroup was associated with
greater sensitivity (IC50 o5 μM) to GSK-3 inhibition (Figures 2g
and h, and Supplementary Figure S1) but at the same time was
associated with resistance to Cn inhibition. On the whole, these
results identify the more immature pro/pre T-ALL subgroup as the
most amenable T-ALL subgroup for targeting of GSK-3.
T-ALL cell lines (Figure 2i and Supplementary Figure S3) and

primary samples (Figure 2j and Supplementary Figure S3), which
were responsive to GSK-3 inhibition (IC50 o3.5 and o5 μM,
respectively), were found to have significantly lower ratios of
pS9/pY216 GSK-3β compared with low responders (IC50 > 3.5 or
45 μM, respectively; Po0.05 for T-ALL cell lines and primary
samples). Moreover, we observed a positive correlation between BIO
IC50 values and pS9/pY216 GSK-3β ratio in T-ALL cell lines
(Spearman’s r=0.74, P o0.05; Supplementary Figure S3) and
primary TALL xenografts (Spearman’s r= 0.57, P o0.05; Figure 2k).
On the other hand, we observed a negative correlation between
CN585 IC50 values and NFAT2 DNA-binding activity in T-ALL cell
lines (Spearman’s r=− 0.69, P o0.05; Supplementary Figure S3) and
primary T-ALL xenografts (Spearman’s r=− 0.6, P o0.05; Figure 2l).

Joint in vitro inhibition of GSK-3 and Cn induces strong anti-
leukemic effects in T-ALL cells
To address whether the modulation of GSK-3β activity by Cn could
be exploited therapeutically, we evaluated whether joint in vitro
inhibition of the two pathways could have an additive/synergistic
effect, especially in partially resistant samples. To this end, T-ALL
cell lines and primary T-ALL xenografts were treated with vehicle,
GSK-3 inhibitor (BIO), Cn inhibitor (CN585) or the combination BIO
and CN585, and evaluated for apoptosis (48 h) or loss of viability
(72 h). Jurkat cells treated with increasing doses of CN585 or BIO
showed an enhanced apoptotic response and loss of viability with
the combination treatment compared with each single drug
only (Figures 3a and b). Analysis of drug interactions using the
median-effect method of Chou and Talay14 to calculate the
combination index, disclosed a synergistic anti-leukemic effect in
the combination BIO and CN585 (combination index o1) at
multiple concentrations (Supplementary Figure S4). Synergistic
effects were obtained using additional GSK-3 inhibitors (Tideglusib

and SB216763) and Cn inhibitors (CsA and FK506; Figure 3c and
Supplementary Figure S4). Similarly, CUTLL1 (Figure 3d) and
MOLT4 (Supplementary Figure S4) T-ALL cells showed a similar
effect with enhanced apoptotic response and/or loss of viability
with the combination treatment compared with each single drug
only. Similar results with the combination BIO and CN585
were obtained in 10 different T-ALL xenografts (Figures 3e–g
and Supplementary Figure S4, and data not shown). Notably, the
anti-leukemic effects of the combination treatment (BIO and
CN585) were prominent also in primary tumor samples, which
were highly resistant to the single treatments (Supplementary
Figure S4 and data not shown). Similar results were obtained with
the GSK-3 inhibitor Tideglusib and Cn inhibitor CsA (Figures 3f
and g, and Supplementary Figure S4).
Further, to demonstrate that the observed synergistic apoptotic

effect seen using GSK-3 and Cn inhibitors is effectively due to the
inhibition of GSK-3β and Cn, we knocked down GSK-3β and
PPP3CA in Jurkat T-ALL cells. We found that severe knockdown of
GSK-3β determined an increase in spontaneous apoptosis, which
was further increased by concomitant knockdown of PPP3CA
(Figures 3h and I, and Supplementary Figure S4).

The anti-leukemic effect of joint inhibition of GSK-3 and Cn is
mediated through the downregulation of multiple anti-apoptotic
proteins including X-linked inhibitor of apoptosis protein (XIAP)
To assess which survival factors were responsible for the strong
anti-leukemic effects of the combination treatment BIO and
CN585, we used antibody-based apoptosis arrays. To this end,
Jurkat cells and a primary T-ALL xenograft (T-ALL#12) were treated
for 24 h with vehicle, BIO, CN585 or the combination CN585 plus
BIO. Cell lysates were then hybridized to human apoptosis arrays,
which allow the simultaneous detection of 35 apoptosis-related
proteins. In Jurkat cells, the combination treatment BIO and CN585
determined a strong induction of cleaved Caspase 3, which was
associated with a marked reduction in numerous anti-apoptotic
proteins including XIAP, survivin, claspin and clusterin (Figures 4a
and c). Similar results were obtained in a primary T-ALL xenograft
(Figures 4b and c), where XIAP, survivin and claspin were all
downregulated in the combination treatment. Human apoptosis
array results for some of the most differentially regulated
anti-apoptotic proteins were validated by immunoblotting in
these samples (Supplementary Figure S5). Further analysis in four
other T-ALL cell lines (Figure 4d and Supplementary Figure S5) and
three other primary samples (Figure 4e and Supplementary
Figure S5) disclosed that XIAP and claspin were consistently
downregulated in all cases, whereas survivin downregulation was
less consistent. Other GSK-3 targets proposed to have a role in
mediating GSK-3 function in other cellular systems such as PTEN
(phosphatase and tensin homolog), MCL1, β-catenin and c-Myb15

were also found to be partially modulated; however, joint
inhibition of Cn with CN585 did not consistently further modulate
their levels (Figures 4d and e, and Supplementary Figure S5). XIAP

Figure 4. Anti-leukemic effect of joint pharmacologic inhibition of Cn and GSK-3 is mediated through the downregulation of multiple anti-
apoptotic proteins including claspin, XIAP and survivin. Whole-cell extracts from Jurkat T-ALL (a) or T-ALL#12 (b) cells treated for 24 h with
vehicle only, BIO (5 or 2.5 μM), CN585 (20 μM) or BIO plus CN585 (BIO+CN585; 5 or 2.5 and 20 μM, respectively) in combination were hybridized
to human apoptosis arrays. Apoptotic proteins that were consistently modulated are labeled. (c) Heat map representation of apoptotic protein
expression from a and b. (d) Western blot analysis of claspin, XIAP, survivin, active β-catenin, c-MYB, MCL1 and PTEN expression in MOLT-3 and
HPB-ALL cell lines treated for 24 h with vehicle only, BIO (3–5 μM), CN585 (20 μM) or BIO plus CN585 (BIO+CN585; 3–5 and 20 μM, respectively).
Tubulin and β-actin are shown as loading controls. (e) Immunoblot analysis of claspin, XIAP, survivin, active β-catenin, c-MYB, MCL1 and PTEN
expression in T-ALL 36 and 43 treated for 24 h with vehicle only, BIO (2.5–10 μM), CN585 (20 μM) or BIO plus CN585 (BIO+CN585; 2.5–10 and
20 μM, respectively). Tubulin and β-actin are shown as loading controls. (f) Quantitative reverse-transcriptase PCR evaluation of Claspin, XIAP
and Survivin expression in Jurkat cells treated for 8 h with vehicle only, BIO (5 μM), CN585 (20 μM) or BIO plus CN585 (BIO+CN585; 5 and 20 μM,
respectively). Error bars represent± s.d. for triplicate experiments. (g) Immunoblot analysis of claspin, XIAP and survivin expression in Jurkat
cells treated for 8 h with the indicated drugs in the presence or in the absence of the proteasomal inhibitor MG132. β-Actin is shown as a
loading control, while polyubiquitin ladder indicates inhibition of proteasomal degradation by MG132.
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is often overexpressed in malignant cells and elevated levels of
XIAP increase resistance to apoptosis induced by both mitochon-
drial and death receptor cascades.16 Similarly, we find that XIAP is
consistently downregulated in tumor samples responding to joint
GSK-3 and Cn inhibition, suggesting a critical role for this protein
in regulating sensitivity to these drug treatments. We initially
evaluated whether XIAP down-regulation following joint GSK-3
and Cn inhibition was mediated through a transcriptional or
posttranscriptional mechanism. XIAP mRNA levels did not change
following joint GSK-3 and Cn inhibition, whereas both Survivin and
Claspin mRNA levels were significantly reduced (Figure 4f),
suggesting that decreased XIAP is not due to inhibition of XIAP
transcription. To examine whether reduced XIAP expression was
dependent on proteasome-mediated protein degradation,17

Jurkat cells were treated with CN585, BIO or the combination in
the presence or absence of the proteasome inhibitor MG132.
Indeed, MG132 was able to substantially rescue XIAP and survivin
downregulation (Figure 4g), while it had no effect on claspin
expression, probably because transcriptional downregulation and
caspase-mediated degradation of claspin represent the predomi-
nant mechanisms of its reduced expression. In addition, we found
that GSK-3 inhibition (and especially in combination with Cn
inhibition) promoted the ubiquitination of XIAP, illustrated by that
IP of XIAP from BIO- or BIO+CN585-treated cells identified the
association of ubiquitin with XIAP (Supplementary Figure S5). All
together, these results suggest that joint GSK-3 and Cn inhibition
decrease XIAP expression through increased proteasome-
mediated protein degradation.

XIAP protein levels are critical for regulating the apoptotic
response to inhibition of GSK-3 and Cn
We next evaluated the effects of targeted modulation of XIAP
expression on the sensitivity of T-ALL cells to GSK-3 and Cn
inhibitors. Lentiviral-mediated overexpression of XIAP in two
BIO- and CN585-sensitive cell lines RPMI 8402 (Figure 5a)
and CCRF-HSB2 (Supplementary Figure S6) revealed that
XIAP-overexpressing cells were rendered remarkably resistant to
the combination treatment BIO and CN585. Consistently, lentiviral-
mediated knockdown of XIAP using two independent hairpins in
two BIO- and CN585-resistant cell lines Jurkat (Figure 5c) and
CCRF-CEM (Supplementary Figure S6) rendered these cells
exquisitely sensitive to the combination treatment BIO and
CN585. In addition, pharmacological suppression of XIAP expres-
sion by Embelin also determined a dramatic increase in response
to the combination treatment BIO and CN585 (Figure 5d). All
together, these results imply that XIAP protein levels are critical in
regulating the cellular response to the drug treatments BIO and
CN585. Coherently, analysis of XIAP protein expression across
primary T-ALL xenografts revealed that XIAP levels were
significantly higher in T-ALL samples, which were resistant to
both inhibitors compared with samples sensitive to at least one of
the drug treatments (Figures 5e and f).

Joint in- vivo inhibition of GSK-3 and Cn exhibit a strong
anti-leukemic effect
CN585 is a recently developed Cn-specific inhibitor, with improved
toxicity profile than classical Cn inhibitors such CsA and FK506,
owing to its inability to inhibit immunophillins.18 Preliminary
experiments disclosed that a dose of 30 mg/kg of CN585 was
effective at inhibiting Cn/NFAT signaling in vivo (data not shown).
To test the efficacy of combined GSK-3 and Cn inhibition in vivo,
we generated NOTCH1-driven T-ALL tumors by infecting hemato-
poietic progenitors with retroviruses expressing a mutant
constitutively active form of the NOTCH1 receptor (NOTCH1
L1601P ΔPEST).19 We found these tumors to be sensitive to GSK-3
inhibition by BIO (IC50 o2 μM) and Cn inhibition by CN585
(IC50 o10 μM). Similar to what was observed in human T-ALL cell

lines and primary xenografts, the combination treatment (BIO and
CN585) was highly synergistic in vitro (Figure 6a and
Supplementary Figure S7), with combination index o1 at
multiple concentrations. Similar results were obtained using the
GSK-3 inhibitor Tideglusib and the Cn inhibitor CsA (Figure 6b and
Supplementary Figure S7). Next, we infected NOTCH1-induced
T-ALL lymphoblasts with a luciferase-expressing retrovirus and
transplanted them into secondary recipients. To test the efficacy
of BIO and CN585 in combination, we treated mice transplanted
with NOTCH1-murine tumors expressing luciferase with vehicle
only (dimethylsulfoxide), BIO, CN585 or BIO plus CN585 and
monitored their response to therapy by in-vivo bioimaging. Owing
to sensitization of mice to the side effects of joint GSK-3 and Cn
inhibition, including diarrhea and sudden death, we had to
alternate single drug treatments. Animals treated with BIO or
CN585 in this experiment showed modest anti-tumor responses
or progressive tumor growth similar to that observed in
vehicle-treated controls, whereas mice treated with BIO plus
CN585 showed significant anti-tumor responses (Figures 6c and d,
and Supplementary Figure S7; Po0.05), which translated into
significantly improved survival in this group (Supplementary
Figure S7; Po0.05).
To further test the efficacy of this treatment combination in vivo,

we established leukemia xenografts in nonobese diabetic/severe
combined immunodeficiency IL2Rγnull mice using a primary T-ALL
sample infected with lentiviruses expressing the luciferase gene.
Animals were treated with vehicle only (dimethylsulfoxide), BIO,
CN585 or BIO plus CN585 starting 3 days after transplantation
(prior confirming homogeneous tumor engraftment by bioima-
ging). Mice treated with BIO or CN585 showed modest tumor
growth retardation compared with vehicle-treated controls, which
showed progressive tumor growth, whereas mice treated with
CN585 plus BIO showed significant anti-tumor responses
(Figures 6e and f), which translated into significantly improved
survival in this group (Supplementary Figure S7; P o0.05).
To further test the efficacy of this treatment combination in vivo

and its possible future feasibility in human clinical trials, we made
use of the clinically relevant GSK-3 inhibitor Tideglusib (NP-12) and
Cn inhibitor CsA. We established leukemia xenografts in nonobese
diabetic/severe combined immunodeficiency IL2Rγnull immuno-
deficient mice using a primary T-ALL sample infected with
lentiviruses expressing the luciferase gene. Animals harboring
homogeneous tumor burdens by in vivo bioimaging were treated
with vehicle only (dimethylsulfoxide), NP-12, CsA or NP-12 plus
CsA. In this experiment, mice treated with NP-12 or CsA showed
some degree of tumor growth inhibition compared with that
observed in vehicle-treated controls, whereas mice treated with
NP-12 plus CsA showed significant anti-tumor responses
(Supplementary Figure S7).

DISCUSSION
GSK-3 has recently been implicated in MLL rearranged leukemia9

and has been reported to interact with PPP3CA in neuronal cells.8

In addition, GSK-3 was found among the most prevalent PPP3CA-
interacting proteins isolated by mass spectrometry from Jurkat
T-ALL cells (data not shown), is potentially druggable and its
significance in T-ALL cell survival remains to be determined. These
findings make GSK-3 an interesting candidate to pursue further.
GSK-3β is known to antagonize Cn in various cells including
T cells20 and neurons21 by negatively regulating NFAT-dependent
gene expression. GSK-3 activity is generally high in resting cells
and is regulated in several ways: by inhibitory phosphorylation at
GSK-3β/α S9/21; by activating phosphorylation on GSK-3β/α Y216/
Y279; by subcellular localization; and by binding to scaffold
proteins in multimeric complexes.22 The phosphorylation state of
these residues is dynamic and highly modulated. In fact, although
protein phosphatase-1 is implicated in GSK-3 dephosphorylation,
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Figure 6. Pharmacologic inhibition of Cn and GSK-3 has potent anti-leukemic effects in models of T-ALL. (a) Left panels: representative plots of
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mice xenografted with human T-ALL#28 expressing luciferase treated with vehicle only, BIO (30 mg/kg), CN585 (30 mg/kg) or BIO (30 mg/kg)
plus CN585 (30 mg/kg) three times a week for 3 weeks, estimated by analyzing human CD45 (CD45) expression in peripheral blood
lymphocytes after 21 days of engraftment. Box plot whiskers extend from the lowest to highest values.
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inhibitory GSK-3β/α S9/21 phosphorylation is facilitated when T43
and S389/390 are phosphorylated. Conversely, GSK-3 enzymatic
activity is maximal following phosphorylation on GSK-3β/α Y216/
Y279, possibly through autophosphorylation.11 The present study
found PPP3CA to directly interact with GSK-3β and to increase its
kinase activity, possibly through an activating interaction, which
increases its autophosphorylation (pY216) and decreases pT43.
Interestingly, a direct activating interaction between GSK-3β and
p53 after DNA damage has been reported23 and Cn has been
shown to be able to dephosphorylate pS9 in neuroblast-derived
cells but not in glioblast-derived cells.8

In certain cancers (skin cancer, oral cancer, esophageal cancer,
breast cancer and lung cancer) GSK-3β has been reported to work
as a tumor suppressor, whereas in others (pancreatic cancer,
multiple myeloma, prostate cancer and MLL leukemia) it acts as a
tumor promoter.9,24 We found that ~ 40% (12/27) of primary T-ALL
xenografts and 475% of T-ALL cell lines undergo loss of viability
following GSK-3 inhibition with BIO (IC50 ⩽ 5 μM). Strikingly,
sensitivity correlated with a low pS9/pY216 GSK-3β ratio and
was more frequent in the immature pre/pro-T ALL subgroup.
Persistent Cn/NFAT signaling has been shown to be pro-oncogenic
in vivo in mouse models of human T-ALL/lymphoma25 and CsA
treatment in vitro has been demonstrated to be effective against
ALL cells.26 In addition, Cn has been shown to be essential for the
ability of T-ALL leukemic cells to long-term propagate the disease in
serial transplantation assays.27 Interestingly, reports of tumor
regression following CsA treatment in T-cell malignancies have
been reported, further emphasizing the importance of the Cn-NFAT
signaling axis in this disease.28 Accordingly, we find that ~ 1/4 of
primary (7/27) T-ALL xenografts (IC50 o20 μM) and ~60% of T-ALL
cell lines (8/13) undergo loss of viability following Cn inhibition with
CN585 (IC50 ⩽10 μM).
To our knowledge, the specific role of GSK-3 in normal T cells or

in T-ALL cells has not been specifically addressed. On the basis of
our findings, we propose that GSK-3 acts principally as a tumor
promoter in T-ALL by promoting the stabilization of proteins such
as MCL1, c-MYB and possibly XIAP (Supplementary Figure S8).
Several GSK-3 substrates could have a role in the anti-proliferative/
pro-apoptotic effects of joint GSK-3 and Cn inhibition seen
in T-ALL cells.15,29 In fact, GSK-3-mediated phosphorylation
of β-catenin leads to β-catenin degradation, phosphorylation of
PTEN by GSK-3 leads to PTEN destabilization,30 phosphorylation of
c-Myb by GSK-3 possibly leads to c-Myb stabilization31 and
phosphorylation of MCL1 by GSK-3 promotes FBXW7-mediated
degradation of MCL1.32 We find that in T-ALL cell lines and
primary T-ALL xenografts GSK-3 inhibition leads to β-catenin
stabilization, c-Myb degradation, does not significantly influence
PTEN expression and promotes MCL1 degradation. Thus, in
contrast to what has been described previously32 we find that
GSK-3 inhibition promotes MCL1 degradation in T-ALL cells.
Possibly, different experimental conditions (type, dose and time of
GSK-3 inhibition) and cell lines used in the two studies could have
a role in explaining these differential findings. In addition,
we found that the marked anti-leukemic effect of joint GSK-3
and Cn inhibition is mainly associated to the reduced expression
of anti-apoptotic proteins such as XIAP and claspin, and to a lesser
extent of survivin and clusterin. Association of XIAP overexpres-
sion with resistance to chemotherapy-induced apoptosis and poor
outcome has been detected in several malignancies.33 In addition,
increased XIAP expression has been associated with poor
prednisone response in T-ALL, with XIAP inhibition enhancing
glucocorticoid-induced apoptosis.34 We find that XIAP over-
expression is associated with resistance to the apoptotic effects
of GSK-3 and Cn inhibition, and that modulation of XIAP levels
(pharmacological or genetic) is able to critically influence the
capacity of T-ALL cells to undergo apoptosis following these
drug treatments. Interestingly, the Smac mimetic BV6 has been
reported to synergize with glucocorticoids in childhood ALL.35

Thus, inhibition of apoptosis-suppressing molecules is emerging as
an attractive therapeutic option in ALL and could exhibit a broad
chemo-sensitization activity. Our preclinical studies using short-term
treatment with BIO (to target GSK-3) and CN585 (to target Cn) in a
murine model of NOTCH1-dependent leukemia provide promising
evidence of efficacy. Similar results were obtained in a human T-ALL
xenograft model using the same inhibitors and clinically relevant
inhibitors such as Tideglusib and CsA. It is possible that therapy with
GSK-3 inhibitor alone could deplete normal hematopoietic stem
cells in addition to leukemic (stem?) cells dependent on GSK-3
activity, as GSK-3 seems necessary for self-renewal of normal
hematopoietic stem cells.36 Thus, combination therapy with an
mammalian target of rapamycin inhibitor such as rapamycin may
maintain the hematopoietic stem cell pool, while allowing the GSK-3
inhibitor and Cn inhibitor combination to deplete the leukemia cells
for an effective therapy.
One note of caution is that prolonged combination therapy

determined signs of toxicity; thus, the development of more
specific inhibitors with suitable pharmacodynamic properties will
be critical for future clinical trials.
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