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Abstract

Advances in the clinical management of pediatric B-cell acute lymphoblastic leukemia (B-ALL) have dramatically improved
outcomes for this disease. However, relapsed and high-risk disease still contribute to significant numbers of treatment
failures. Development of new, broad range therapies is urgently needed for these cases. We previously reported the sus-
ceptibility of ETV6-RUNXT pediatric B-ALL to inhibition of signal transducer and activator of transcription 3 (STAT3) activi-
ty. In the present study, we demonstrate that pharmacological or genetic inhibition of STAT3 results in p53 induction and
that CRISPR-mediated TP53 knockout substantially reverses susceptibility to STAT3 inhibition. Furthermore, we demonstrate
that sensitivity to STAT3 inhibition in patient-derived xenograft (PDX) B-ALL samples is not restricted to any particular dis-
ease subtype, but rather depends on TP53 status, the only resistant samples being TP53 mutant. Induction of p53 follow-
ing STAT3 inhibition is not directly dependent on MDM2 but correlates with degradation of MDM4. As such, STAT3 inhibition
exhibits synergistic in vitro and in vivo anti-leukemia activity when combined with MDM2 inhibition. Taken together with the
relatively low frequency of TP53 mutations in this disease, these data support the future development of combined STAT3/

MDM2 inhibition in the therapy of refractory and relapsed pediatric B-ALL.

Introduction

Pediatric leukemia accounts for up to a fifth of all cancer
deaths in children. Acute lymphoblastic leukemia (ALL) com-
prises half of these cases, despite the success of modern
chemotherapy and risk stratification. Failure of therapy in
pediatric ALL is due to refractory and relapsed disease, as
well as the toxicity of the chemotherapy itself! There is,
therefore, an unmet clinical need that may be addressed by
focusing on inhibition of oncogenic pathways required for
leukemia maintenance across a broad range of disease sub-
types. Targeting susceptibilities retained in relapsed leukemia
is particularly relevant in this context.

Cancer cells often exhibit an exaggerated dependence upon
normal cellular signaling pathways. Identification of such
pathways deregulated in B-cell precursor ALL (B-ALL) and
essential for leukemia survival is crucial for the development of
novel therapies. For example, aberrant activation of STAT3 has
been linked with transformation and tumor growth in multiple

tissues.? Indeed, the importance of STAT3 in hematopoietic
malignancies is well documented, particularly for subtypes
of lymphoma? and acute myeloid leukemia.* Although STAT3
is required for the normal reconstitution activity of hemato-
poietic stem cells®® its pharmacological targeting does not
appear to elicit short-term toxicity,” providing a rationale for
development of STAT3-targeting drugs.® STAT3 is also required
for normal B-cell development, deficiency resulting in re-
duced numbers of early B-cell progenitors.® STAT3-deficient
pro-B cells exhibit elevated levels of apoptosis, suggesting
that impaired B-cell development is caused by loss of B-cell
progenitor viability in the absence of STAT3.°

We previously demonstrated that STAT3 signaling plays an
essential role in the most common form of pediatric leukemia,
t(12;21) B-ALL. Thus, B-ALL cell lines containing the t(12;21)
chromosomal translocation, which encodes the ETV6-RUNX1
fusion protein, are highly dependent on STAT3 signaling for
leukemia growth, survival, clonogenicity and progression in
vivo.° Furthermore, patient primary ETV6-RUNXT* B-ALL cells
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were also found to be sensitive to STAT3 inhibition. Activa-
tion of STAT3 was mediated by an intracellular mechanism
downstream of the ETV6-RUNX1 fusion protein, involving
guanine nucleotide exchange factor induction." Other B-ALL
subtypes, with a much poorer prognosis, were also found to
be dependent upon sustained STAT3 activity.® More recently,
STAT3 dependence has also been demonstrated in poor-risk
pediatric B-ALL subtypes, with high STAT3 expression being
associated with inferior survival? Although it is likely that
there are distinct mechanisms responsible for STAT3 activation
in the different B-ALL subtypes, dependency renders them
susceptible to pharmacological inhibition of STAT3.

In this study, we used global gene expression analysis to
demonstrate that STAT3 inhibition leads to induction of the
p53 response in B-ALL cells. Pharmacological inhibition,
small hairpin RNA (shRNA)-mediated knockdown and CRISPR/
Cas9-mediated ablation of STAT3 all result in elevated p53
protein and p53-target gene expression. B-ALL apoptosis in
response to STAT3 inhibition can be reversed by deletion of
TP53. In contrast to the subtype-specific STAT3 dependence
we observed previously in B-ALL cell lines,”° patient-derived
xenograft (PDX) B-ALL samples exhibited broad suscepti-
bility to STAT3 inhibition across different subtypes, with re-
sistance only apparent in two TP53 mutant samples. These
data suggest that requirement for STAT3 activity may be a
general characteristic of the pediatric B-ALL lineage, perhaps
associated with signaling pathways operating in the cells of
origin. Enhanced elimination of B-ALL cells was achieved
by combining STAT3 inhibition with p53 induction through
inhibition of MDM2, indicating a novel potential therapeutic
opportunity. Indeed, since only a minority of pediatric B-ALL
cases are associated with TP53 mutations,” even in high-risk
and relapsed disease,*" induction of p53 may be an attrac-
tive therapeutic approach to leukemias that are refractive
to conventional therapy.

Methods

Mice

Mice were maintained in UCL GOSICH animal facilities and
experiments were performed according to and approved by
United Kingdom Home Office regulations and followed UCL
GOSICH institutional guidelines.

B-cell acute lymphoblastic leukemia patient-derived
xenograft acute lymphoblastic leukemia cells

Ethical approval was given (Research Ethics Committee refer-
ence 14/EM/0134) for use of appropriately consented material
from patients with B-ALL at Great Ormond Street Hospital
for Children (London, UK). Non-irradiated 6- to 12-week-old
NOD-SCID-y”- (NSG; The Jackson Laboratory, Bar Harbor, ME,
USA) mice were intra-bone injected with 1-2x10 mononuclear
cells (Online Supplementary Table S7). Recipient mice were
sacrificed upon developing clinical signs of disease. Human
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PDX ALL cells were harvested and purified from spleens us-
ing the mouse cell depletion kit (Miltenyi Biotec, Surrey, UK).

Cell culture and reagents

For co-culture experiments with Luciferase-expressing B-ALL
PDX samples, 3x10*/cm? mesenchymal stem cells (MSC)
were plated in 96-well tissue culture plates and 2x10* B-ALL
PDX cells were added in StemSpan Serum-Free Expansion
Medium Il (SFEM Il, STEMCELL Technologies, Cambridge,
UK)."® Cells were treated for 5 days with indicated drugs
and luminescence analyzed with the Steady-Glo Luciferase
Assay System (Promega, Southampton, UK), according to
manufacturer’s instruction, and detected with Infinite m200
Pro microplate reader (Tecan, Reading, UK). The following re-
agents and inhibitors were used, S31-201 (Cayman Chemical,
MI, USA), Napabucasin (BBI608; MedChemExpress, NJ, USA),
C188-9 (MedChemExpress and Adooq Biosciences, CA, USA),
Nutlin-3a (Merck Life Science, Dorset, UK) and Idasanutlin
(Bio-Techne, Abingdon, UK).

In vivo transplantation

Non-irradiated NSG mice were intravenously transplanted
with 2x10° luciferase-expressing B-ALL PDX cells. Recipient
mice were imaged using the IVIS® Lumina Series Il (Perkin-
Elmer, Beaconsfield, UK) and randomly allocated to control or
drug-treated groups, by flipping a coin. Recipient mice were
treated with vehicle (7% dimtehyl sulfoxide [DMSO], 56%
Labrasol, 37% polyethylene glycol 400), C188-9 (100 mg/kg),
Idasanutlin (30 mg/kg) or C188-9 + Idasanutlin by 5-7 daily
oral gavages. No blinding was used.

Quantitative real-time polymerase chain reaction analysis
Quantitative real-time polymerase chain recation (QRT-PCR)
was performed on mRNA using TagMan probe-based chemis-
try, as previously described,” using a StepOnePlus Real-Time
PCR System (Thermo Fisher Scientific). Primer/probe sets
were from Applied Biosystems, Life Technologies.

Western blot and immunoprecipitation analysis

Western blot and immunoprecipitation (IP) analyses were
performed as previously described®? (detailed in the Online
Supplementary Appendix).

RNA sequencing and chromatin immunoprecipitation
sequencing

RNA sequencing (RNA-seq), chromatin immunoprecipitation
sequencing (ChIP-seq), ChIP-gPCR and gene set enrichment
analysis (GSEA) was performed as detailed in the Online
Supplementary Appendix.

Statistics

Statistical significance was determined using Prism (Graph-
Pad) software. Statistical analysis of means was performed
using the one sample t test or unpaired Student’s t test, two-
tailed P values <0.05 being considered statistically significant.
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Variance was similar between groups. Statistical analysis of
survival curves was performed using the log-rank test.

Data availability

The data generated in this study are available within the
article and its Online Supplementary Appendix. The RNA-seq
data generated in this study are publicly available in the Gene
Expression Omnibus at GSE179333 (S31-201) and GSE179332
(shSTAT3) and the ChIP-seq data at GSE213766. More details
are provided in the Online Supplementary Appendix.

Results

In order to further investigate the mechanism responsible
for STAT3 dependency in ETV6-RUNXT" B-ALL, we performed
RNA-seq in REH cells to examine global gene expression
changes 6 hours after pharmacological inhibition of STAT3,
via the STAT3 inhibitor S31-201%' (Figure 1A). Inhibition of STAT3
resulted in a total of 1,085 significantly upregulated and 820
downregulated genes, of which 156 and 22 were changed
more than 2-fold, respectively. We performed GSEA with the
MSigDB hallmark gene set collection to identify cellular path-
ways perturbed in this RNA-seq data in an unbiased manner.
The hallmark p53 pathway (M5939) gene set was the most
upregulated gene set in this analysis (Online Supplementary
Figure S1A). Enrichment of high-confidence p53 target genes,
assembled in a recent meta-analysis,* confirmed that gene
expression changes resulting from acute STAT3 inhibition are
consistent with p53 induction (Figure 1B). Analysis of TP53
RNA sequences from the RNA-seq data confirmed that the
REH cells were TP53 wild-type. Next, we performed RNA-seq
in REH cells after shRNA-mediated STAT3 silencing (Figure 1A;
Online Supplementary Figure S1B). The hallmark p53 pathway
was once more the most upregulated gene set (Online Sup-
plementary Figure S1A) and high-confidence p53 target genes
were significantly enriched in these gene expression changes
(Figure 1B). Furthermore, 240 of the 1,085 genes induced by
S31-201 were also significantly upregulated following STAT3
silencing, 45 of which were high-confidence p53 target genes.?
Taken together, these data suggest that STAT3 functions in
these cells to repress p53 induction. Direct repression of
TP53 by STAT3 has so far only been demonstrated in trans-
formed fibroblast cells, where STAT3 binds to the promoter
of TP53 and inhibits its transcription.?? However, we did not
observe a significant change in TP53 expression in either of
the RNA-seq data sets (fold change [FC] =1.01, P adj =0.96
and FC=0.99, P adj=0.83 for TP53 in the S31-201 and shSTAT3
data sets, respectively). This indicates that p53 induction re-
sulting from STAT3 inhibition was not due to transcriptional
activation of TP53.

In order to examine whether p53 induction following inhi-
bition of STAT3 occurred at the protein level, we examined
p53 protein expression after pharmacological or genetic
inhibition of STAT3 (Figure 1C-E). Total p53 protein levels
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increased significantly in REH cells after 6-hour exposure to
S31-201 and an independent STAT3 inhibitor, Napabucasin
(BBI608) (Figure 1C).* Moreover, this resulted in increased
expression of CDKNTA (Figure 1F) and other selected p53
target genes (Online Supplementary Figure S1C). shRNA-me-
diated silencing of STAT3 (Online Supplementary Figure S1B)
also resulted in increased total p53 protein and target gene
expression (Figure 1D, G). In order to confirm these data
using an independent approach, we then targeted STAT3 in
REH cells by CRISPR/Cas9 knockout using two independent
gRNA against the regions encoding the SH2 (g1_STAT3) and
DNA-binding (g2_STAT3) domains. Tracking of insertions and
deletions (Indel) by DEcomposition (TIDE) analysis in the
bulk population of STAT3-- REH cells confirmed the specific
and efficient editing of the targeted regions in STAT3 (Online
Supplementary Figure S2A) and consequent reduction of
total STAT3 protein expression in REH cells (Figure 1E). Loss
of STAT3 expression led to selective depletion of STAT3/-
REH cells (Online Supplementary Figure S2B, C), in line with
the anti-proliferative and apoptotic consequences of STAT3
inhibition we described previously.® Knockout of STAT3 also
resulted in a significant increase in p53 protein (Figure 1E)
and target gene (Figure 1H; Online Supplementary Figure S2D)
expression. Conversely, expression of a constitutively active
form of STAT3 (CASTAT3) (Online Supplementary Figure S3A)
we observed a small but significant decrease in p53 target
gene expression (Online Supplementary Figure S3B).

Protein levels of p53 are tightly regulated by the E3 ubiquitin
ligase MDM2, which targets p53 for ubiquitination and subse-
quent degradation.?*?" In order to evaluate the role of MDM2
in controlling p53 protein levels in the context of STAT3 inhi-
bition, we performed immunoprecipitation experiments with
a specific MDM2 antibody following a short 6-hour exposure
to S31-201. We observed no changes in MDM2 association
with p53 (Online Supplementary Figure S4A), an interaction
important for MDM2 regulation of p53 protein expression
levels.?® Furthermore, 6 hours after exposure, no changes
in total MDM2 protein expression were detected following
STAT3 inhibition with either S31-201 or Napabucasin (Online
Supplementary Figure S4B). In contrast, MDM2 gene expres-
sion increased significantly following STAT3 inhibition (Online
Supplementary Figure S4C), most likely as a consequence of
p53 induction, since MDM?2 is a well-described p53 target.??2¢
In summary, no changes in MDM2:p53 interaction or total
MDM?2 protein expression could be detected at a time point
in which p53 induction was evident. Taken together, these
data indicate that p53 induction following STAT3 inhibition
is not directly dependent on MDM2. Ubiquitination of p53
by MDM2 has also been shown to be positively regulated
by MDM4,*' suggesting an alternative mechanism through
which STAT3 could influence p53 protein levels. Although the
association of p53 with MDM4 was not affected by 6-hour
exposure to S31-201 (Figure 2A), S31-201 treatment (Figure 2B)
or shRNA-mediated STAT3 silencing (Figure 2C) resulted in
decreased total MDM4 protein expression. Moreover, S31-201
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Figure 1. STAT3 inhibition results in p53 induction in B-cell acute lymphoblastic leukemia cells. (A) Volcano plots of RNA-se-
quencing (RNA-seq) analysis showing fold gene expression changes in REH cells following treatment with S31-201 (50 uM, 6 hours
[hrs], N=3) or 5 days after small hairpin RNA (shRNA)-mediated STAT3 (sh1, N=3) silencing. Expression changes greater than 2-fold
and P<0.05 are shown in red, Wald test. (B) Gene set enrichment analysis (GSEA) demonstrating enrichment of p53 target genes,
as previously defined in,?? in S31-201 and shSTAT3 induced gene expression changes. (C-E) Western blot examples (top panels)
and quantification (lower panels) of p53 protein expression in REH cells (C) 6 hours after exposure to S31-201 (50 uM) or Napa-
bucasin (10 uM), (D) 5 days after transduction with scrambled control or shSTAT3 (sh1) shRNA or (E) 7 days after transduction
with Cas9 and control or gSTAT3 gRNA. Bars and error bars are means and standard deviation (SD) of (C) N=8 and (D), (E) N=4
independent experiments. Data are normalized to (C, D) tubulin and (E) GAPDH loading control and to (C) dimethyl sulfoxide
(DMSO)-treated, (D) control shRNA transduced and (E) control gRNA transduced REH cells. *P< 0.05; **P<0.01; ***P<0.001, one
sample t test. (F-H) quantitative real-time polymerase chain reaction analysis of CDKNTA gene expression in REH cells (F) 6 hrs
after exposure to S31-201 (50 uM) or Napabucasin (10 uM), (G) 5 days after transduction with scrambled control or shSTAT3 shR-
NA or (H) 7 days after transduction with Cas9 and control or gSTAT3 gRNA. Bars and error bars are means and SD of (F) N=5, (G)
N=4 and (H) N=5 independent experiments. Gene expression data are normalized to (F) DMSO-treated, (G) control shRNA trans-
duced and (H) control gRNA transduced REH cells. *P<0.05; **P<0.01; ***P<0.001, one sample t test.

induced MDM4 loss was rescued by proteasomal inhibition STAT3 inhibition.

(Figure 2D) suggesting that it was caused by proteasomal We speculated that the observed increase in p53 protein
degradation. These data indicate that p53 induction correlates expression would translate into increased binding to target
with reduced levels of MDM4 protein expression following gene loci. Indeed, immunoprecipitation experiments following
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STAT3 inhibition by S3I-201 revealed a significant increase
in the mono-methylation of lysine 372 of p53 (Figure 3A),
a post-translational modification of p53 associated with
increased DNA binding, resulting from the increase in total
p53.%2 Increased binding of target loci by p53 was confirmed
by ChIP-seq (Figure 3B, C; Online Supplementary Figure S4D)
and ChIP-gPCR (Figure 3D) experiments. S31-201 exposure
resulted in more than 2-fold increased binding of p53 at 400
peaks in REH cells (Figure 3B), including well-established p53
target genes CDKN1A,* BBC3 (PUMA)** and ATF3%* (Figure 3C,
D). GSEA revealed significant enrichment of the genes that
were associated with increased p53 binding in gene expression
changes following S31-201 treatment of REH cells (Figure 3E).

L. Gasparoli et al.

In order to determine the contribution of p53 induction to
the response of REH cells to STAT3 inhibition, we performed
CRISPR/Cas9-mediated knockout of TP53 in REH cells. Loss of
p53 protein was confirmed in two independent TP53-clones
(Figure 4A). TIDE analysis of the TP53”- clones confirmed
specific and efficient editing of the targeted region encoding
the N-terminus domain of p53 (Online Supplementary Figure
S5A). As expected, loss of TP53 abrogated the induction of
p53 target gene expression resulting from STAT3 inhibition
(Figure 4B) and significantly attenuated apoptosis induction
following STAT3 inhibition with either S31-201 or Napabucasin
(Figure 4C). Similar impairment of apoptosis induction was
observed following treatment of TP53/- REH clones with the
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Figure 3. STAT3 inhibition results in increased binding of p53 to target genes. (A) Western blot example (left panel) and quanti-
fication (right panel) of input and anti-p53%¥?m" immunoprecipitates from REH cells, following 6-hour treatment with dimethyl
sulfoxide (DMSO) or S31-201 (50 uM), stained with anti-p53 (DO-1). Bar and error bars are means and standard deviation (SD) of
N=3 independent experiments. Data are normalized to DMSO-treated cells. **P<0.01, one sample t test. (B) Heatmap showing
chromatin immunoprecipitation (ChIP) signal for the dynamic p53 peaks (>2-fold increased in S31-201 with over 100 counts per
million reads) following 6-hour exposure to DMSO or S31-201 (50 uM). (C) Exemplar ChlP-sequencing tracks for p53 peaks at
target genes in DMSO- and S3I1-201-treated REH cells. High-confidence (CDKN1A, ATF3) p53 binding motifs are indicated by ver-
tical black bars below the scale ruler. (D) ChIP quantitative polymerase chain reaction (ChlIP-gPCR) validation analysis of p53
binding at CDKNTA (top panel), BBC3 (middle panel) and ATF3 (lower panel) in REH cells following 6-hour treatment with S31-201
(50 uM). Data are shown as fold increase of enrichment over that from a gene desert region, normalized to DMSO-treated cells.
Bars and error bars are means and SD of N=3 independent experiments. *P< 0.05; **P<0.01, one sample t test. (E) Gene set en-
richment analysis (GSEA) demonstrating enrichment of 122 genes, with >2-fold increased p53 binding with peaks over 100 cpm
reads, in gene expression changes in REH cells following treatment with S31-201 (Figure 1A).

MDM?2 inhibitor Nutlin-3a (Figure 4D). Moreover, TP53 loss also  S5B). In contrast, S31-201-induced loss of MDM4 protein was
rescued inhibition of REH cell colony formation in methylcel- not affected by TP53 knockout, confirming that although p53
lulose following STAT3 inhibition (Online Supplementary Figure has been shown to repress MDM4 mRNA translation® this
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was not the cause of MDM4 loss following STAT3 inhibition
(Online Supplementary Figure S5C).
We demonstrated previously that ETV6-RUNXT" B-ALL cell lines

and primary patient samples are highly dependent on STAT3
signaling for leukemia growth, survival, clonogenicity and pro-
gression in vivo.° In order to investigate STAT3 dependence
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Figure 4. TP53 knockout desensitizes B-cell acute lymphoblastic leukemia cells to STAT3 inhibition. (A) Western blot analysis of
p53 protein expression in REH cells and TP53"t and TP53- clones, obtained by transduction of REH cells with Cas9 and control
or TP53-specific gRNA, clones from the latter being selected for loss of p53 protein expression. (B) Quantitative real-time poly-
merase chain reaction (QRT-PCR) analysis of selected p53 target gene?? expression in TP53*t and TP537- REH clones following
6-hour treatment with S31-201 (50 uM). Gene expression data are normalized to gene expression in the dimethyl sulfoxide (DM-
SO)-treated TP53" clone. Bars and error bars are means and standard deviation (SD) of N=4 independent experiments. *P<0.05;
**P<0.01; ***P<0.001, unpaired Student’s t test between S31-201-treated TP53"t and TP53”- clones. (C) Induction of apoptosis (%
Annexin V* cells) in TP53"t and TP537- REH clones following 48 hours treatment with S31-201 (50 uM) or Napabucasin (10 uM).
Bars and error bars are means and SD of N=5 independent experiments. **P<0.01; ***P<0.001, unpaired Student’s t test between
S31-201- or Napabucasin-treated TP53*t and TP53”- clones. (D) Induction of apoptosis (% Annexin V* cells) in TP53"t and TP537-
REH clones following 48-hour treatment with indicated concentrations of Nutlin-3a. Bars and error bars are means and SD of
N=3 independent experiments. **P<0.01; ***P<0.001, unpaired Student’s t test between Nutlin 3a-treated TP53"t and TP53"
clones.
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across different pediatric B-ALL subtypes, we expanded our
analysis to B-ALL PDX samples, including some generated
from relapsed B-ALL cases. Twelve of 14 B-ALL PDX samples
exhibited sensitivity to 24-hour S31-201 exposure (Figure 5A).
Interestingly, sensitivity was apparent across a broad range
of B-ALL subtypes, including ETV6-RUNXT" but also TCF3-
PBXT*, hyperdiploid, KMT2A-rearranged and PAX5-rearranged
samples, and samples from relapsed disease. In contrast,
an ETV6-RUNXT" and a hypodiploid B-ALL PDX sample, both
from relapsed disease, exhibited resistance to STAT3 inhi-
bition (Figure 5A). Upregulation of CDKNTA and GADD45A
gene expression after 6-hour S31-201 treatment followed
the same pattern of response, changes in expression being
detected in sensitive but not resistant samples (Figure 5B).
Total p53 protein levels increased in all B-ALL PDX samples
6 hours after exposure to S31-201 (Online Supplementary
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Figure S6A-C). The pattern in loss of viability was the same
upon exposure of the PDX samples to Nutlin-3a, with the
two S3I-201-resistant samples also exhibiting resistance to
MDM2 inhibition (p53 induction) (Figure 5C). Sanger sequenc-
ing of the diagnostic relapse hypodiploid B-ALL sample from
which one of the resistant PDX (sample 14) was generated,
revealed the presence of a missense heterozygous TP53
mutation (Online Supplementary Figure S7A). Targeted gene
panel sequencing of the other resistant B-ALL PDX (sample
13), derived from relapsed ETV6-RUNXT* disease, detected
three mutations affecting TP53 (Online Supplementary Figure
S7B). TP53 missense mutations in both samples affected
the region encoding the DNA-binding domain of p53, Y220C
and R248Q in the hypodiploid and ETV6-RUNXT" samples,
respectively. In contrast, targeted gene panel sequencing
of the 12 sensitive PDX samples confirmed their wild-type

resistant

DMSO
M S31-201

10 11 12 13 14

resistant

DMSO

B CDKNTA | gai 001
W GADD45A

10 11 12 13 14

resistant

DMSO
I Nutlin-3a

10 11 12 13 14

Figure 5. The sensitivity of B-cell acute lymphoblastic leukemia patient-derived xenograft cells to STAT3 inhibition correlates
with TP53 status. (A) Induction of apoptosis (% Annexin V* cells) in B-cell acute lymphoblastic leukemia patient-derived xenograft
(B-ALL PDX) samples following 24-hour treatment with S31-201 (50 uM) in liquid culture. B-ALL PDX samples: ETV6-RUNXT* (1-5,
12, 13), TCF3-PBX1* (6), hyperdiploid (7), high-hyperdiploid (8), KMT2A-MLLT3* (9), KMT2A-AFDN* (10), PAX5-rearranged (11) and
hypodiploid (14). Samples 1-10 were derived from presentation samples and samples 11-14 from relapsed samples. (B) Quantita-
tive real-time polymerase chain reaction (QRT-PCR) analysis of CDKNTA and GADD45A gene expression in B-ALL PDX samples
following 6-hour treatment with S31-201 (50 uM). Gene expression data are normalized to dimethyl sulfoxide (DMSO)-treated
cells. (C) Induction of apoptosis (% Annexin V* cells) in B-ALL PDX samples following 24-hour treatment with Nutlin-3a (5 uM) in

liquid culture.
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TP53 status, although one of these (sample 11) contained a
heterozygous deletion (chr17p11.2-p13.3) encompassing one
TP53 allele. Taken together, these data are consistent with
a critical role of p53 in mediating B-ALL sensitivity to STAT3
inhibition.

Since p53 induction following STAT3 inhibition did not appear
to be mediated via direct MDM2 modulation (Online Supple-
mentary Figure S4A-C), we reasoned that it may synergize
with p53 induction resulting from MDM2 inhibition. Indeed,
inhibition of STAT3 by either S31-201 or Napabucasin demon-
strated synergistic anti-leukemia activity in REH cells, when
combined with MDM2 inhibition by Nutlin-3a (Figure 6A, B),
suggesting a rationale for combined targeting of STAT3 and
MDM2 in novel B-ALL therapy.

We next used a previously developed co-culture model in
which drug susceptibility of luciferase-expressing B-ALL
PDX samples is evaluated after seeding onto primary Nes-
tin-positive human MSC.® Five luciferase-transduced B-ALL
PDX samples, two of which came from relapsed disease,
proliferated over a 5-day period on human MSC (Online
Supplementary Figure S8A). All of these samples exhibited
sensitivity to C188-9% (also known as TTI-101), a more po-
tent STAT3 inhibitor than S31-201, over a similar concentra-
tion range to those reported for solid cancer cells® (Online
Supplementary Figure S8B). Increased susceptibility of all
five samples to STAT3 inhibition (by S31-201, Napabucasin
or C188-9) was evident on combination with MDM2 inhibi-
tion (Figure 6C). The anti-leukemia effect observed in this
co-culture model was associated with cell death (Online
Supplementary Figure S8C) and was not a consequence of a
direct effect of the drugs on primary MSC viability (data not
shown). In contrast, these drug combinations had virtually no
effect on the luciferase-expressing TP53 mutant hypodiploid
B-ALL PDX (sample 14) (Online Supplementary Figure S8D).
Similar responses to drug combinations occurred in three
additional untransduced PDX samples (Online Supplementary
Figure S8E). Longitudinal bioluminescence imaging demon-
strated that short-term oral administration of Idasanutlin
(MDM2 inhibitor) impaired disease progression in vivo in the
PAX5 rearranged (sample 11) relapsed (Figure 7) and the KM-
T2A-MLLT3* (sample 9) B-ALL model (Online Supplementary
Figure S9A, B), and that in the former efficacy was improved
by combining MDM2 with STAT3 inhibition.

Discussion

In this study we demonstrate that pediatric pre-B ALL exhibits
broad sensitivity to STAT3 inhibition. Previously, we demon-
strated that ETV6-RUNXT" B-ALL cell lines and primary patient
samples were susceptible to inhibition of STAT3.°" However,
in contrast to cell lines,° the present study demonstrates
that susceptibility of PDX samples is not restricted to specific
subtypes of B-ALL but appears to be a general feature of the
disease. Pharmacologic, shRNA- or CRISPR/Cas9-mediated

L. Gasparoli et al.

inhibition of STAT3 resulted in p53 induction and cell death,
largely abrogated by CRISPR-Cas9-mediated TP53 knock-
out. Furthermore, two PDX samples exhibiting resistance to
STAT3 inhibition were also resistant to MDM2 inhibition and
contained missense TP53 mutations. Taken together, these
data indicate that p53 induction underlies the sensitivity of
B-ALL cells to STAT3 inhibition.

Combined C188-9 and Idasanutlin treatment was more ef-
fective at impairing disease progression in comparison to
Idasanutlin alone in the PAX5 rearranged B-ALL PDX sample.
These data validate the enhanced sensitivity of B-ALL PDX
samples to combined STAT3 and MDMZ2 inhibition in vitro.
However, enhanced drug combination efficacy was not seen in
vivo for the KMT2A-MLLT3* sample and C188-9 alone did not
affect disease progression in either sample. The difference in
effectiveness of Idasanutlin and C188-9 in vivo is likely to be
due to their relative bioavailabilities, further improvements
of which will be required for translation of STAT3 inhibition
as a therapy in B-ALL.

Evidence in the literature indicates that p53 may be regulated
by STAT3 through a variety of different mechanisms. Transcrip-
tional repression of TP53 by STAT3 was demonstrated in Src
transformed fibroblasts and melanoma cells,? and in chronic
lymphocytic leukemia B cells.*® More recently, leukemia in-
hibitory factor (LIF) was also shown to cause STAT3-depen-
dent reduction in p53 protein expression levels in colorectal
cancer cells.®® However, in this case STAT3 activation had no
effect on TP53 mRNA levels but was rather shown to act via
indirect transcriptional activation of MDM2 and consequent
p53 protein degradation.*® Similarly, we did not observe any
change in TP53 expression in B ALL cells following STAT3
inhibition, but p53 regulation was not directly dependent on
MDM2 either. However, STAT3 inhibition resulted in MDM4
protein loss that was rescued by proteasomal inhibition and
was not a result of p53 induction. Since MDM4 has been
shown to increase ubiquitination of p53 by MDM2, as well
as directly inhibiting the transactivation activity of p53,* it
is likely that STAT3 inhibition leads to elevated p53 protein
levels by inducing MDM4 degradation. Further experiments
are necessary to elucidate exactly how this is achieved.
The broad susceptibility of pediatric B-ALL PDX samples to
STAT3 inhibition suggests that a requirement for STAT3 ac-
tivity may be a general characteristic of the pediatric B-ALL
lineage, perhaps associated with signaling pathways operating
in the cells of origin. In this context it is worth noting that
both STAT3 and p53 play important roles in normal B-cell
development. Thus, STAT3 was shown to be involved in the
positive regulation of B-cell development, deficiency resulting
in a partial pre-pro-B-cell differentiation block and increased
pro-B-cell apoptosis.® With respect to p53, regulation of its
expression, transcriptionally or otherwise, plays a critical
role in pre-B-cell development and selection. For example,
apoptosis of pre-B cells that fail to productively rearrange
their immunoglobulin heavy chain genes was shown to be
mediated by p53 induction.* In this case, induction was via

Haematologica | 109 April 2024
1077



ARTICLE - The STAT3/p53 axis in pediatric B-ALL

1201 )
A 120 Nutlin-3a (uM)
>100+ 100 -
5 801 801 -y
> 601 601 - 1.25
D I 2.50
& 401 401 . — 5.00
20_ 20_ E?Akc}ﬁ: f— 1000
0 WL A S .
1 100 0.1 1 10
S31-201 (uM) Napabucasin (uM)
B ZIP synergy score: 8.97 ZIP synergy score: 11.88
40
20 ~ B aiires o ; 3-score
% e - 20 o) i \ - gg
3 ° / 3 0 | —-20
© P —-20 © 0 0
5025 510 5 510
‘%’,\ 125 25 \$\ 1. 2'?_25 25 \§\
<, 6.25 125 op P 063 125 op
7. 318 0.63 & “4, 031 063 &
“4, N 2 N
c ETV6-RUNXT1* (2) KMT2A-MLLT3* (9) TCF3-PBX1* (6)
®1.2- NS 1.21 1.2- NS
g2 M Ns g -
(_Z’B 80.81 ., * 0.81 o . 0.81 *
£ 8061 & [ I 061 w7 0.6 I
o *%k% | *% *% *%
A I IR Ar
=02 b 24 £ *kk 24 5 & B s
; 00 °2) 08 Ut B o200 B B B

ETV6-RUNX1*
relapse (12)

PAXS rearranged
relapse (11)

RE L 1.2
£ 3081 [ e 084 I I
£ 20.61 I 0.61 .. o
2 E04 v [ o4 ' bl B I
=0.21 ‘ﬂ g *ok | gewene 0.2 ﬁ ‘];“ i
0 ‘. H ‘. ﬂgﬁl - O L . L‘. EEEI
DMSO S3I Nap C188-9 DMSO S3I Nap C188-9

DMSO S3I Nap C188-9 DMSO S3I Nap C188-9 DMSO S3I Nap C188-9

DMSO
[ Nutlin-3a

L. Gasparoli et al.

Figure 6. STAT3 and MDM2 inhibition synergize in triggering cell death in B-cell acute lymphoblastic leukemia cells. (A) Viability
of REH cells following 72-hour treatment with indicated concentrations of either S31-201 or Napabucasin in combination with
Nutlin-3a. Data are normalized to dimethyl sulfoxide (DMSO)-treated cells. Graphs points and error bars are means and standard
deviation (SD) of N=4 (S31-201) and N=3 (Napabucasin) independent experiments. (B) 3D synergy maps and ZIP synergy scores of
data shown in (A), calculated with SynergyFinder (version 2.0). (C) Luminescence of luciferase-expressing B-cell acute lympho-
blastic leukemia patient-derived xenograft (B-ALL PDX) samples, grown in co-culture with human mesenchymal stem cells (MSC),
5 days after exposure to MDM2 inhibitor Nutlin-3a (5 uM) alone or in combination with STAT3 inhibitors S31-201 (50 uM), Napa-
bucasin (1.5 uM) and C188-9 (10 uM). Corresponding B-ALL PDX sample number from Figure 4 is indicated in brackets. Data are
normalized to DMSO-treated cells. Bars and error bars are means and SD of N=3 independent experiments. *P<0.05; **P<0.01;
**%*P<0.001; NS: not significant, one sample t test.

transcriptional activation of TP53 by the transcription factor
BACH2. Furthermore, BACH2 was shown to act as a tumor
suppressor in pre-B ALL, by virtue of its regulation of TP53
expression.*® Signaling pathways regulating p53 activity also
appear to control pre-B-cell homeostasis. The Wip1 phos-
phatase, encoded by the p53 target gene PPM1D, is involved
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in the negative feedback regulation of p53 activation.*' Inter-
estingly, deletion of the Pom7d gene was shown to result in
reduced numbers of mature B cells. This defect was found
to be due to induction of p53 and apoptosis in the pre-B-cell
compartment and could be reversed by deletion of Tp53.4
This suggests that the autoregulatory loop between Wip1and
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Figure 7. STAT3 and MDM2 inhibition impair B-cell acute lymphoblastic leukemia progression in vivo. (A) Bioluminescence signal
(radiance = photons/s/cm?/steradian) in NSG recipient mice 5 days after injection of the luciferase-expressing PAX5 rearranged
(relapse) B-cell acute lymphoblastic leukemia patient-derived xenograft (B-ALL PDX) sample and before drug treatment (left
panel), and fold change in bioluminescence signal 11 days after injection, following 5 daily treatments with vehicle or the indi-
cated drug combinations (right panel). Bars and error bars are means and standard deviation (SD) of values form each treatment
group, the number of mice in each group indicated in brackets. *P< 0.05; ***P<0.001; NS: not significant, unpaired Student’s t
test between indicated groups. (B) Bioluminescence imaging of NSG recipient mice before (day 5) and after (day 11) drug treat-
ment. Bars for luminescence signal represent photons/s/cm?/steradian. (C) Survival curve for recipient mice in (A, B), treated with
vehicle (black solid line), C188-9 (black dashed line), Idasanutlin (IDA, red dashed line) or C188-9 + IDA combination (red solid
line). Red arrows indicate drug treatments. P=0.76 (vehicle vs. C188-9); P=0.055 (vehicle vs. IDA); P=0.0131 (vehicle vs. C188-9 +
IDA); P=0.0494 (IDA vs. C188-9 + IDA), log-rank test.

p53 functions to maintain normal pre-B-cell development.
In contrast to the evidence for isolated STAT3 and p53 func-
tion in normal B-cell development, relatively little is known
about the possible connection between STAT3 activity and
repression of p53 induction in B-cell progenitors. In this con-
text, it is interesting to note that constitutively active STAT3
was shown to promote resistance to y irradiation-induced

apoptosis in peritoneal B-1 cells.*® Interestingly, STAT3-de-
pendent radioresistance could also be induced in normal B-2
B cells by stimulation with cytokines in the presence of BCR
cross-linking.** Although p53 induction by y irradiation was
not directly examined in this study, these data suggest that a
link may exist between STAT3 activity and suppression of p53
responses in normal B cells. Further studies will be required
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to establish whether the STAT3/p53 pathway we describe
in pre-B ALL is associated with leukemogenesis or rather is
retained during transformation of pre-B cells.

TP53 mutations are more prevalent in relapsed pediatric B-ALL
than primary disease.*® Indeed, thiopurine chemotherapy has
recently been linked with the emergence of missense TP53
mutations.** However, the overall incidence of these muta-
tions is still relatively low in comparison to other cancers,?%
supporting the therapeutic applicability of this approach to
p53 induction in primary and relapsed pediatric B-ALL.

In conclusion, we demonstrate broad susceptibility of pedi-
atric B ALL to p53 induction following STAT3 and combined
STAT3/MDM2 inhibition. p53 induction is not a result of in-
creased TP53 transcription and is not directly dependent on
MDM?2, but rather is likely to result from MDM4 degradation.
Consistent with this, B-ALL cells exhibited increased sen-
sitivity to combined STAT3 and MDM2 inhibition in vitro and
in vivo, indicating a novel disease susceptibility amenable to
therapeutic exploitation.
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