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b-Catenin activity induces an RNA biosynthesis
program promoting therapy resistance in T-cell
acute lymphoblastic leukemia
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Abstract

Understanding the molecular mechanisms that contribute to the
appearance of chemotherapy resistant cell populations is neces-
sary to improve cancer treatment. We have now investigated the
role of b-catenin/CTNNB1 in the evolution of T-cell Acute Lym-
phoblastic Leukemia (T-ALL) patients and its involvement in ther-
apy resistance. We have identified a specific gene signature that is
directly regulated by b-catenin, TCF/LEF factors and ZBTB33/Kaiso
in T-ALL cell lines, which is highly and significantly represented in
five out of six refractory patients from a cohort of 40 children with
T-ALL. By subsequent refinement of this gene signature, we found
that a subset of b-catenin target genes involved with RNA-
processing function are sufficient to segregate T-ALL refractory
patients in three independent cohorts. We demonstrate the impli-
cation of b-catenin in RNA and protein synthesis in T-ALL and
provide in vitro and in vivo experimental evidence that b-catenin is
crucial for the cellular response to chemotherapy, mainly in the
cellular recovery phase after treatment. We propose that combina-
tion treatments involving chemotherapy plus b-catenin inhibitors
will enhance chemotherapy response and prevent disease relapse
in T-ALL patients.
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Introduction

T-cell Acute Lymphoblastic Leukemia (T-ALL) is an aggressive

hematological disease characterized by the outgrowth of cells of the

T-lymphoid lineage. T-ALL is a rare disease with an average inci-

dence of 0.6 in 100,000 per year. Children are mostly affected but

combinations of chemotherapeutic (CT) drugs at high doses have

considerably improved the outcome of these patients from around

50% relapse in 1996 to the current less than 20%. Adult patients

have nowadays the worst prognosis (close to 50% survival) and

relapse patients from both groups have very dismal prognosis (Bigas

et al, 2022).

Multiple studies from classical cytogenetics to recent deep

genome sequencing of T-ALL cells reveal genetic alterations in cru-

cial transcription factors and cell cycle regulators. Recurrent dele-

tions in CDKN2A/B or PTEN, chromosomal translocations in TAL1/

2 or TLX/HOX genes and genetic mutations in RAS, TP53 or PI3K

among others have been identified. Activating NOTCH1 mutations

are the most recurrent in T-ALL, with about 90% of patients carry-

ing alterations in the pathway. Although NOTCH1 is a clear onco-

genic driver of this disease, its role in the initiation and progression

of T-ALL is not completely understood and the contribution of addi-

tional pathways is under extensive investigation (Tzoneva & Fer-

rando, 2012).

We previously found that NOTCH1-dependent leukemia requires

b-catenin activity for the initial stage of leukemic transformation,

and demonstrated a direct correlation between b-catenin deficiency

and reduced number of leukemia initiating cells (LIC; Gekas

et al, 2016), which is in agreement with other reports (Kaveri

et al, 2013; Dose et al, 2014; Giambra et al, 2015). However,
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b-catenin contribution in T-ALL patients and its functional relevance

in the disease is still unclear. Deregulation of Wnt signals have pre-

viously been detected in primary T-ALL patients (Ng et al, 2014)

and analysis of public datasets identified several Wnt/b-catenin
pathway elements that are differentially expressed among different

T-ALL subtypes at diagnosis (Bigas et al, 2020). In addition, alter-

ations in b-catenin cofactors TCF1 and LEF1 have been linked to dif-

ferent T cell malignancies (Yu et al, 2012). The mechanistic insights

on how TCF/LEF impacts on T-ALL and their dependence on b-
catenin are still under debate.

Besides its involvement in supporting LIC activity, b-catenin can

play a role in chemotherapy and radiotherapy resistance by regulat-

ing expression of DNA damage repair genes (Roy et al, 2018). Thus,

cells displaying high b-catenin activity may have higher capacity for

DNA repair to respond to stress situations, which would result in a

survival advantage. In addition, b-catenin through transcriptional

activation of MYC (van de Wetering et al, 2002; Gekas et al, 2016)

promotes RNA biogenesis programs and regulates RNA translation.

To further understand the molecular function and clinical impact

of b-catenin in primary and relapse T-ALL, we investigated the tran-

scriptional programs that depend on b-catenin in human T-ALL cell

lines. We identified a b-catenin-dependent signature that is specifi-

cally associated with initial induction failure in T-ALL patients.

Importantly, the minimal informative b-catenin dependent signature

is enriched in genes related with RNA processing functions. Our

work identifies b-catenin as a direct regulator of RNA processing in

T-ALL and demonstrates its implication in the eradication of

leukemic cells in the recovery phase after chemotherapy.

Results

b-Catenin is recruited to the promoter regions of RNA
processing-related factors in T-ALL cells

b-Catenin (CTNNB1) is needed for NOTCH1-induced transformation

of T-ALL cells, but the mechanisms behind this requirement are not

yet characterized. We here investigated the DNA-binding activity of

b-catenin in two T-ALL cell lines (RPMI8402 (pre-T-ALL) and Jurkat

(cortical T-ALL relapse)) with high basal levels of nuclear active b-
catenin protein that is increased in response to GSK3b inhibition by

25 mM LiCl (Fig EV1A and B). Chromatin immunoprecipitation

(ChIP) conditions were established using two different antibodies

(R&D and sc-7199) in the presence of the protein–protein crosslink

DSG (Fig EV1C). By genome-wide ChIP with b-catenin antibodies,

followed by deep sequencing (ChIPseq) in basal and LiCl-treated

RPMI8402 cells, we identified 522 genes distributed in 433 peaks

(statistically significant and supported by at least two ChIPseq repli-

cates) that were further validated in Jurkat cells (Fig 1A and

Dataset EV1). Most peaks overlapped in basal and LiCl conditions

(Fig EV1D) and were distributed in promoter regions at < 1 kb dis-

tance of the TSS suggesting a role for b-catenin in their transcrip-

tional regulation (Figs 1B and EV1E). Gene enrichment functional

analysis of b-catenin targets revealed RNA processing, splicing and

ribosomal biogenesis as the most significantly overrepresented func-

tions (FDR adjusted P-value < 0.05; Fig EV1F and Dataset EV4). We

confirmed b-catenin binding to randomly-selected genes associated

with these functions by ChIP-PCR (Fig EV1G).

Motif enrichment analysis of b-catenin DNA-binding regions

uncovered ZBTB33/Kaiso as the most represented motif (Fig 1C and

Dataset EV1). We also detected enrichment of the Irf6 motif, as well

as the previously described SPI1 motif (Zhu et al, 2018). However,

the canonical TCF/LEF motif was not enriched in any b-catenin
ChIP despite detecting high TCF1 and LEF1 protein isoform levels in

T-ALL cell lines (Fig EV1A). Since binding of TCF1 to the

TCTCGCGAGA (associated with ZBTB33/Kaiso) has been previously

reported in ES cells (De Jaime-Soguero et al, 2017), we tested

whether TCF1, LEF1 or Kaiso were recruited to b-catenin target

genes in T-ALL cells. By ChIPseq analysis, we found that the major-

ity of b-catenin targets were also bound by TCF1 and/or LEF1

(95.8%) and about 50% were bound by ZBTB33/Kaiso (Figs 1D–F

and EV1H, and Dataset EV1). We next engineered RPMI8402 cells to

test the requirement of TCF1, LEF1 and ZBTB33/Kaiso for b-catenin
binding to the promoters. Deletion of TCF1 and LEF1 with guides

targeting the b-catenin-binding domain of both factors did not affect

the short isoforms of TCF1 and LEF1(Xu et al, 2017; sTCF1 and

sLEF1; Fig EV1I, right) but abrogated or strongly reduced the bind-

ing of b-catenin to randomly selected targets by ChIP-PCR analysis

▸Figure 1. b-catenin chromatin binding in T-ALL cell lines.

A Representative density plot (upper panels) and heatmaps (bottom panels) showing b-catenin chromatin binding centered at TSS � 10 Kb in RPMI8402 or Jurkat
cells after precipitation in the indicated conditions with two different antibodies (R&D or SC). The order in the y-axis represents the closest gene annotated to the
b-catenin peak obtained in the basal condition with R&D antibody and confirmed in at least another condition (for the RPMI8402 cell line: n = 5 for R&D antibody
in basal conditions, n = 2 for R&D antibody upon LiCl treatment, n = 2 for SC antibody in basal conditions, n = 2 for SC antibody upon LiCl treatment. For Jurkat cell
line: n = 3 for R&D antibody in basal conditions in the Jurkat cell line).

B Genomic distribution of b-catenin ChIPseq peaks shown in (A).
C DNA motifs enriched in the b-catenin-binding regions using as an input the peaks obtained in the basal condition with R&D antibody and confirmed in at least

another condition.
D Representative heatmap showing the enrichment of 10 Kb upstream and downstream of the identified b-catenin peaks obtained by precipitating TCF1 (n = 3),

LEF1 (n = 3) and Kaiso (n = 3; from left to right).
E Venn diagram (left panel) representing the number of b-catenin, TCF1/LEF1 and Kaiso targets obtained from ChIPSeq. Each gene dataset is formed by the genes

obtained in at least two different replicates for TCF1, LEF1 and Kaiso. Summary of number of peaks and their corresponding annotated genes (right panel) obtained
from ChIPSeq of b-catenin, TCF1, LEF1 and Kaiso.

F Integrative genomic viewer snapshot showing the position of b-catenin, TCF1, LEF1 and Kaiso peaks near the TSS of the indicated genes.
G, H Representative b-catenin ChIP-qPCR of indicated target genes in wt and TCF1/LEF1 long isoform double KO (DLKO) clones (G) and Kaiso KO clones (H) in RPMI8402

cells. Enrichment of each ChIP is normalized to its respective negative IgG control, indicated by a red-dashed line. DLKO1, DLKO2, KKO1 and KKO2 designate inde-
pendent single-cell derived clones. Graph represents the mean and SD of three technical replicates.

Source data are available online for this figure.
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(Fig 1G). In a lesser extent, deletion of ZBTB33/Kaiso (Fig EV1I,

left) resulted in a reduction of b-catenin recruitment to the chro-

matin of these promoters (Fig 1H). Altogether these results sug-

gested that b-catenin is recruited to specific gene promoters (i.e.

genes related with RNA processing) together with TCF1/LEF1 and/

or ZBTB33/Kaiso to regulate gene transcription in T-ALL cells.

b-Catenin regulates expression of RNA-processing and mitotic-
related genes in an opposite manner

We studied the chromatin landscape of b-catenin target genes in T-

ALL cells. By ChIPseq analysis, we found that b-catenin target pro-

moters were preferentially enriched for activation histone marks

such as total acetylated Histone3 (H3Ac) or H3K27Ac and H3K4me3

compared with repressive H3K27me3 marks in different T-ALL cell

lines (Fig EV2A), which suggested a general active transcriptional

status. To better understand the functional impact of b-catenin on

its target genes, we investigated the transcriptional effects of knock-

ing down b-catenin in RPMI8402 cells. We compared the transcrip-

tome of cells transduced with sh-control and sh-b-catenin by

RNAseq analysis (n = 3 per experimental condition) and found

4,929 differentially expressed genes (DEGs) between both condi-

tions (FDR adjusted P-value < 0.05; Fig 2A and B and Dataset EV2).

Functional enrichment analysis indicated that upregulated genes

were enriched in mitotic related functions, while downregulated

genes were enriched in RNA and protein processing functions

(Fig 2C and Dataset EV4). Next, we crossed RNAseq and ChIPseq

data to uncover b-catenin-target genes that were deregulated after

depletion of b-catenin. We identified 79 b-catenin-target genes that

were downregulated and 77 that were upregulated upon b-catenin
knockdown (Fig 2D and Dataset EV2). We considered the downreg-

ulated genes as bona fide b-catenin targets and selected some of

these genes to confirm the transcriptional activation dependence of

b-catenin in sh-b-catenin cells (Fig 2E) or by treating cells with

two different b-catenin inhibitors FH535 (blocking interaction of b-
catenin and PPRϒ; Handeli & Simon, 2008) and ICG-001 (Gang

et al, 2014; blocking interaction with CBP; Figs 2F, and EV2B and

C). In both conditions, we found a consistent reduction of gene

expression.

Since ZBTB33/Kaiso was also recruited to a subset of b-catenin-
targets (Fig 1D–F) and has been previously found to repress b-
catenin-dependent transcription (Park et al, 2005), we tested

whether it was involved in the repression of a subset of b-catenin
targets. Unexpectedly, knocking down ZBTB33/Kaiso by specific sh-

RNA in RPMI8402 resulted in a significant reduction of the selected

b-catenin-target gene expression (Fig 2G), suggesting that ZBTB33/

Kaiso was involved in transcriptional activation rather than inhibi-

tion of b-catenin-target genes.
The most enriched functions in b-catenin-bound and transcrip-

tionally regulated genes were related to RNA processing and pro-

tein synthesis (Figs EV1F and 2C, and Dataset EV4). Thus, we

next investigated the possible role of b-catenin in the regulation

of RNA synthesis in vitro. We measured 5-Ethynyl Uridine (EU;

conjugated to Alexa Fluor 488) incorporation to nascent RNA in

b-catenin-depleted or inhibited RPMI8402 cells. We found that

both sh-b-catenin and treatment with the b-catenin inhibitors

ICG-001 or FH535 reduced the total RNA transcription compared

with their controls (Fig 2H). Similarly, we determined protein

synthesis in basal, sh-b-catenin or IGC-001 and FH535-treated

RPMI8402 cells by measuring the incorporation of O-propargyl-

puromycin (OPP) to newly translated proteins by flow cytometry

analysis. As internal control, we confirmed protein synthesis

blockage in cycloheximide (CHX)-treated control cells (Fig 2I).

Knockdown of b-catenin and inhibition with either ICG-001 or

FH535 significantly decreased OPP incorporation (Fig 2I) further

indicating that functional b-catenin depletion reduced protein syn-

thesis in T-ALL cells. We cannot exclude that other b-catenin tar-

gets such as MYC also converge with b-catenin in the regulation

of RNA and protein synthesis as previously described (Barna

et al, 2008).

Since genes statistically up-regulated after b-catenin knockdown

are associated with mitotic processes, we performed cell cycle anal-

ysis of RPMI8402 cells to test the effect of b-catenin inhibition

(Fig EV2D and E). Consistent with previous studies (Tetsu & McCor-

mick, 1999), we found that cell cycle progression is repressed in b-
catenin-inhibited cells (Fig EV2D and E). Thus, enrichment of cell

cycle related categories refers exclusively to mitotic organization,

but does not result in cell cycle progression.

▸Figure 2. b-catenin-regulated transcriptional program in T-ALL cell lines.

A MA plot showing the log2 fold changes for each gene over the mean of normalized counts obtained in the RNAseq analysis of sh-b-catenin vs. sh-control (n = 3 for
each condition). Dots in blue are those genes differentially expressed with an adjusted P-value < 0.05.

B Heatmap showing the differentially expressed genes (adjusted P-value < 0.05) for each condition.
C Biological functions significantly enriched (adjusted P-value < 0.05) in groups of genes downregulated (Down) or upregulated (Up) in the RNAseq analysis.
D Venn diagram with differentially expressed genes downregulated (DEGs Down) or upregulated (DEGs UP) in the RNAseq analysis compared with the genes obtained

in the b-catenin ChIPseq analysis obtained in the basal condition with R&D antibody and confirmed in at least another condition (ChIP targets).
E Relative mRNA expression of b-catenin target genes in the RPMI8402 cell line (right panel) after knockdown of b-catenin (left panel) compared with control. Graph

represents the mean and SD of six independent experiments.
F Relative mRNA expression of b-catenin target genes in the RPMI8402 cell line after treatment with the b-catenin inhibitor ICG-001 (10 lM, overnight). Graph repre-

sents the mean and SD of three independent experiments.
G Relative mRNA expression of b-catenin target genes in the RPMI8402 cell lines (right panel) after knockdown of ZBTB33/Kaiso (left panel) compared with control.

Graph represents the mean and SD of three independent experiments.
H, I Representative flow cytometry histograms of EU incorporation into RNA (H) or OPP incorporation into nascent peptides (I) in the indicated conditions (upper

panels). Quantification of relative EU or OPP incorporation. Graph represents the mean and SD of three independent experiments (bottom panels). Cells were pre-
treated with FH353 30 lM or ICG-001 10 lM (or DMSO) overnight prior to EU or OPP incubation.

Data information: Statistical significance was determined by two-sided Student’s t-test.
Source data are available online for this figure.
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b-Catenin transcriptional target gene signature identified T-ALL
refractory patients with worst outcome

To test the relevance of the transcriptional programs identified as b-
catenin targets in T-ALL, we interrogated the transcriptome of an

exploratory cohort of 40 primary samples from children with T-ALL

(2–18 years) at diagnosis who either did not respond to the treat-

ment (induction failure/refractory; N = 6), failed to achieve com-

plete remission (relapsed; N = 13) or remained in complete

continuous remission (N = 21; COG Study 9404, GSE14618 only

samples with available survival data; Winter et al, 2007; Asselin

et al, 2011). First, these samples were grouped using a non-

supervised hierarchical model considering the expression pattern of

all 156 DEG identified in the b-catenin-depleted RPMI8402 model

(79 down- plus 77 up-regulated; see Fig 2D). This analysis generated

three clusters of patients (PA, PB and PC; Fig EV3A) with PA showing

the worst disease-free survival (DFS; P = 0.011) and accumulation

of induction-failure (refractory cases) within the PA group (five out

of six; Fisher exact test, P = 0.02; Fig EV3A and B). PA samples were

characterized by high expression of genes related with RNA process-

ing functions and low expression of genes of the DNA replication

and mitotic-related functions (Appendix Fig S3A and Dataset EV4).

The median expression levels of b-catenin and ZBTB33/Kaiso were

slightly higher in the worst prognostic cluster PA than in the other

two clusters (PB and PC). However, when considering TCF1 and

LEF1, PA cluster showed significantly lower levels than the rest

(Fig EV3C). A similar behavior was observed for TCF1 and LEF1 in

the refractory patients when compared with relapse and remission

samples, while b-catenin and ZBTB33/Kaiso were not different

(Fig EV3D). However, a Kaplan–Meier survival curve showed that

the outcome of patients with high or low levels of TCF1 (Fig EV3G)

or LEF1 (Fig EV3H) was not significantly different. Similar negative

results were obtained when considering highest and lowest levels of

b-catenin (Fig EV3E) and ZBTB33/Kaiso levels (Fig EV3F), underly-

ing the importance of specific b-catenin transcriptional programs in

the initial chemotherapy response.

We then restricted our gene signature to 79 downregulated genes

upon b-catenin depletion in RPMI8402 cells, which we considered

as direct transcriptional target genes. We applied a new non-

supervised hierarchical clustering (Fig 3A) and the patients’ dendro-

gram was “arbitrarily” divided into five clusters (P1–P5) with P1

including five out of the six refractory patients (Fig 3A and B) show-

ing a poor DFS (P = 0.0039) and overall survival (OS; P = 0.025;

Fig 3C). Comparable analysis of the 77 upregulated target genes in

the sh-b-catenin cells did not show significant differences in DFS

(P = 0.15) and OS (P = 0.32) among groups (Fig EV4A). Multivariate

Cox proportional model demonstrated that the 79 DEG b-catenin sig-

nature represent a powerful independent prognosis factor

(HR = 18.18; P = 0.003) followed by the ETP + ABD phenotype

(HR = 7.64; P = 0.03; Fig 3E).

The 79 gene b-catenin signature was initially selected based on

its downregulation imposed by b-catenin depletion in RPMI8402.

However, these genes showed variable expression profiles in the

patient samples, mainly representing three modules of genes with

coordinated expression (G1, G2 and G3). In the poor prognosis P1

cluster of patients, the G1 module was primarily upregulated and

included most of the genes involved in RNA processing functions.

In contrast, G2 genes (enriched for mitotic and DNA repair func-

tions) were downregulated and no function was significantly associ-

ate to the G3 module (Fig 3D and Dataset EV4).

We then analyzed the set of genes that were differentially

expressed between refractory and remission samples (n = 3,268,

P < 0.05, see Dataset EV3). Interestingly, 42 out of 156 b-catenin-
dependent genes (as defined in the sh-b-catenin RPMI8402 model)

corresponded to genes differentially expressed in refractory sam-

ples (25 upregulated including RNA processing-related genes and

17 downregulated; Fig EV4B and Dataset EV3). A Chi Square test

with Yates correction showed that the number of b-catenin targets

differentially expressed between refractory and remission patients

(42/156; 26.92%) was higher than that expected by chance

(P = 0.0055). These 42 genes were also sufficient to cluster refrac-

tory patients in a new unsupervised analysis, as expected

(Fig EV4C). These results uncover the presence of a bona-fide b-
catenin-dependent signature, which mainly contains genes

involved in RNA processing functions, that is associated with ther-

apeutic refraction in T-ALL.

A b-catenin-dependent RNA processing signature predicts
response to therapy in T-ALL patients at diagnosis

We next performed single-sample gene set enrichment analysis

(ssGSEA; Barbie et al, 2009) to evaluate the enrichment prolife of

G1 and G2 signature in the individual samples. In the discovery

cohort, we found an inversed correlation between G1 and G2

ssGSEA with five out of six refractory patients grouped within the

25% of patients (referred as Q4) with the highest expression of G1

genes (Fig 4A) with a significantly worse OS (P = 0.036) and DFS

(P = 0.052; Fig EV4E). We applied the same strategy to two addi-

tional T-ALL cohorts that lack survival time information: 42 patients

from the COG Study 8707 (additional GSE14618 samples) and sam-

ples from an independent cohort obtained with RNASeq

(EGAS00001000536; Fig 4B and C). Interestingly, both cohorts

▸Figure 3. Bona fide b-catenin target gene expression in T-ALL patients is associated with chemotherapy refraction.

A Non-supervised hierarchical classification of T-ALL patients (GSE14618, samples with available survival data N = 40) according to the expression of the 79 b-catenin
targets downregulated after b-catenin knockdown. T-ALL phenotype according to cohort information, patient outcome, vital status and age are depicted on the top of
the heatmap. Genes are represented on the left side and patients are shown in the upper part. ETP, Early T-cell precursor; ABD, absence of biallelic TCRgamma locus
deletion.

B Distribution of refractory, remission and relapse cases in each patients’ cluster.
C Kaplan–Meier curves representing disease free (DSF, top panel) and overall survival (OS, bottom panel) probability for groups of patients P1 (N = 7), P2 (N = 5), P3

(N = 4), P4 (N = 9) and P5 (N = 15) obtained in (A). Time is represented in years. Statistical significance among groups was determined by log-rank test.
D Top 25 Gene Ontology Biological functions significantly enriched (adjusted P-value < 0.05) in groups of genes G1 (N = 26), G2 (N = 35) and G3 (N = 12).
E Forest plot for the multivariate Cox proportional hazard regression model showing hazard ratio estimates and 95% confidence intervals. Statistical significance

among levels for each factor was determined by Wald test, *P < 0.05; **P < 0.01. Only patients with complete data were considered (N = 34).
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maintained the inverse correlation between G1 and G2 modules

(R = �0.54 P < 0.0001 and R = �0.95 P < 0.0001) with refractory

samples (one in each cohort) comprised in the 25% of patients with

the highest expression of G1 (Fig 4B and C). In all analyses, poor

prognosis samples including refractory cases showed the highest

levels of b-catenin expression (Fig EV4D).
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Figure 4. A b-catenin-dependent RNA processing signature predicts response to therapy in T-ALL patients at diagnosis.

A–D Correlation of ssGSEA enrichment for G1 and G2 modules from Fig 3A in patients from the discovery cohort (A), subset of GSE14618 cohort with no survival data
available (B), EGA cohort (C) and TARGET cohort (D). Q1 indicates the 25% of the patients with the lowest G1 ssGSEA scores while Q4 represents the 25% of the
patients with the highest G1 ssGSEA scores within each cohort. Pearson correlation coefficients are shown.
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Finally, we performed the ssGSEA of a third validation cohort

(TARGET study) with 253 primary samples corresponding to chil-

dren and young adults (97% of patients < 20 years; Dunsmore

et al, 2020). This cohort contains 230 remission, 20 relapse and a

single patient classified as disease progression with marginal

response to chemotherapy (31 days of DFS). Consistent with previ-

ous analysis, expression levels of genes from G1 and G2 showed a

negative correlation (R = �0.89 P < 0.0001) and the only “refrac-

tory” patient was found in the Q4 quartile, with highest expression

of G1 (Fig 4D). However, Kaplan–Meier analysis of the patients

comprised in Q4 did not show any difference in prognosis

(Fig EV4F), further indicating that the b-catenin-signature is only

predictive of the chemotherapy response failure.

Inhibition of b-catenin improves response to chemotherapy in
T-ALL in vitro and in vivo

Our data suggests a role for b-catenin dependent transcriptional pro-

grams in the outcome of cancer cells after chemotherapy treatments.

To evaluate this possibility, we tested the effect of b-catenin on the

survival of RPMI8402 treated with different chemotherapy drugs

used for the treatment of T-ALL.

First, we treated b-catenin knocked-down RPMI8402 cells with

the general chemotherapeutic agent vincristine (VCR) and found

that cells with reduced levels of b-catenin were 15 times more sensi-

tive to the treatment than control cells (IC50 from 14.6 to 0.95 nM;

Figs 5A and EV5A). Next, we investigated the effect of adding the

ICG-001 b-catenin inhibitor to the VCR treatment and observed a

dose-dependent reduction of cell viability after 48 h of treatment in

the presence of the inhibitor (Figs 5B and EV5B). We also tested the

effect of the inhibitor in the treatment with Methotrexate (MTX), L-

Asparaginase (L-Asp) and Cytarabine (Ara-C) and similarly found

that RPMI8402 cells were more sensitive to the treatment when the

b-catenin inhibitor was added (Fig 5C). Similar experiments were

performed with other cell lines (Fig EV5C). These results indicated

that the levels of b-catenin activity can determine the response of T-

ALL cell lines to chemotherapeutic drugs.

To test the effect of b-catenin in the cell recovery after intense

chemotherapy treatment, we treated cells with VCR (IC50) alone or

with ICG-001 for 2 days and after the drug washout we let the sur-

viving cells recover in the presence or absence of the b-catenin inhi-

bitor (Fig 5D–F). In these conditions, we found that 15–25% of MTT

activity remained 8 days after VCR washout, however in the pres-

ence of the b-catenin inhibitor we detected less than 5% of MTT

activity at that time. Consistent with the results with the ICG-001

inhibitor, cells knocked down for b-catenin could not recover after

drug washout (Fig 5G–I), indicating that the levels/activity of b-
catenin are important for cells to recover after treatment. VCR treat-

ment in alternative T-ALL cell lines (Fig EV5E) and MTX treatment

in RPMI8402 cells (Fig EV5D) show a similar recovery defect in the

presence of ICG-001 or sh b-catenin.
To test the efficacy of ICG-001 in chemotherapy response in vivo,

we transplanted 5 × 105 RPMI8402 T-ALL cells into sublethally irra-

diated NSG mice and were treated with a chemotherapy cocktail

(Vincristine, Dexamethasone and L-Asparaginase) starting 3 days

later. The treated animals were divided in two groups receiving

DMSO vehicle (“Chemo + DMSO”, n = 4) or ICG-001 b-catenin inhi-

bitor (“Chemo + ICG-001”, n = 4), respectively (Fig 6A). Two more

mice were left untreated and used as controls to monitor leukemic

evolution (Fig 6A). Twenty days after treatment initiation, one con-

trol and one “Chemo + DMSO” mice reached a humane endpoint

and were sacrificed. We compared the leukemic burden persisting

in mice after 3 weeks of treatment initiation (when first animals had

to be sacrificed) and found that treatment with b-catenin inhibitor

plus chemotherapy imposed a reduction of the leukemic burden in

PB (Fig 6B and C) and BM, and strikingly reduced the number of T-

ALL cells in the liver and spleen (compared with chemotherapy

alone) as detected by flow cytometry (Fig 6C). Moreover, liver

visual inspection showed an almost abrogation of tumor nodules

(Fig 6D) that was confirmed by H&E staining (Fig 6G) and quanti-

fied (Fig 6H). Liver and spleen relative weight was also significantly

decreased in the ICG-001-treated animals (Fig 6E and F).

Altogether our results indicate that cells with functional b-
catenin have higher chemotherapy resistance and higher capacity to

▸Figure 5. b-catenin activity determines cell recovery after chemotherapy treatment in T-ALL cells.

A Effect of Vincristine (VCR) treatment on cell viability of RPMI8402 cells transduced with sh b-catenin or sh-control. Dose–response curves represent the logistic fit-
ting and individual points correspond to mean � SD of three independent experiments. ***P ≤ 0.001 of IC50 comparison with respect to sh control.

B, C Effect of VCR (B), Methotrexate (MTX) (C left), L-Asparaginase (L-ASP) (C central) or Cytarabine (Ara-C) (C right) treatment in the presence or absence of increasing
doses of the b-catenin inhibitor ICG-001. Dose–response curves represent the logistic fitting and individual points correspond to mean � SD of three independent
experiments. ****P ≤ 0.0001, ***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05 of IC50 comparison with respect VCR-treated cells.

D Schematic diagram of the experimental approach used for the drug recovery experiments in (E) and (F). Figure partially created with Biorender.com.
E Cell viability of RPMI8402 cells as fold change relative to day 0 (n = 3). VCR, 15 nM; ICG-001, 10 lM. ****P ≤ 0.0001 with respect to control; ###P ≤ 0.001 with

respect to VCR-treated cells.
F Percentage of viability of RPMI8402 cells after drug wash-out during recovery in the presence or absence of ICG-001 10 lM at the indicated time points.

****P ≤ 0.0001, ***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05 with respect to recovery in complete medium.
G Schematic diagram of the experimental approach used for the drug recovery experiments in (H) and (I). Figure partially created with Biorender.com.
H Cell viability of RPMI8402 cells transduced with sh b-catenin or sh-control as fold change relative to day 0 (n = 3). ****P ≤ 0.0001 untreated sh b-catenin with

respect to untreated sh control; ####P ≤ 0.0001, VCR 1 nM sh b-catenin with respect to VCR 1 nM sh control; ++++P ≤ 0.0001, VCR15nM sh b-catenin with
respect to VCR 15 nM sh control.

I Percentage of viability of RPMI8402 cells upon b-catenin knockdown after drug wash-out when compared with control at the indicated time points.
****P ≤ 0.0001, ***P ≤ 0.001, **P ≤ 0.01, with respect to sh control.

Data information: For all applicable figure panels, data represent mean � SD of three independent experiments. Statistical significance was determined by two-sided
Student’s t-test for (A, B, C, F, I, and H) (at day 0), or by one-way ANOVA with Tukey’s correction for multiple comparison testing for (E and H) (at day 2). Exact P-values
are disclosed in the Source data file.
Source data are available online for this figure.
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recover after chemotherapy treatment. We propose that combining

b-catenin inhibitors with or after chemotherapy administration may

reduce the risk of leukemic relapse.

Discussion

Multiple studies identified b-catenin as an essential cancer driver

and relevant at different stages of leukemogenesis and leukemic

stem cell programs. We now find that b-catenin transcriptional

activity in T-ALL regulates a specific signature enriched in RNA

processing functions that identifies patients that failed to respond to

current therapy regimes. T-ALL cell lines with active b-catenin are

more capable to survive after chemotherapy treatments thus open-

ing the possibility for clinical application. Wnt/b-catenin had been

previously associated with drug-resistance in different leukemia

models (Zhou et al, 2017; Carter et al, 2019; Perry et al, 2020) and

solid tumors (Bugter et al, 2021; Kaur et al, 2021); we now show

the importance of b-catenin activity in cell recovery after

chemotherapy and patient response to treatment.

Outcome of T-ALL pediatric patients was poor before the use of

high-dose chemotherapy treatments. Current intensive treatments
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have improved survival in pediatric patients up to 90% (e.g.,

TARGET cohort), however relapse and refractory patients still have

a dismal outcome, and adult patient DFS is very poor compared

with children (Ribera et al, 2021). We found that the b-catenin sig-

nature is informative for the identification of refractory patients in

three different cohorts (two from COG group, one from EGA study

and one from TARGET). Unfortunately, all cohorts with gene

expression data include very few refractory patients. Further studies

with better annotated cohorts should be performed in the future to

further confirm the usefulness of this signature and whether it can

be refined.

We also found a significant association between the phenotypes

ETP + ABD with the outcome in the discovery cohort (HR = 7.64;

P = 0.03), being all the refractory cases inside these T-ALL subtypes

(Fig 3E). ETP and ABD groups are both immature T-ALLs and

patients falling into these phenotypes frequently display a dismal

outcome and higher rates of chemotherapy refraction (Coustan-

Smith et al, 2009; Gutierrez et al, 2010). In this study, we observed

that the minimal b-catenin signature is specifically informative of

therapy failure even inside the group of patients with an immature

(poor prognosis) phenotype (Fig 3A) but it represents a more pow-

erful prognosis factor than ETP + ABD alone (HR cluster

P1 = 18.18; P = 0.003 vs. HR ETP + ABD = 7.64; P = 0.03; Fig 3E).

Whether the b-catenin activity contributes to the worse outcome of

immature T-ALLs requires further research.

By ChIPseq and RNAseq analysis we found that b-catenin regu-

lates RNA processing and RNA biogenesis genes. Our analysis

showed that non-responder patients concentrated in a group

expressing a specific b-catenin-dependent RNA processing signature,

which had not been previously identified (van Loosdregt et al, 2013;

Doumpas et al, 2019). These genes are transcriptionally active in T-

ALL cells and their expression is reduced when b-catenin is

knocked-down. Enriched RNA processing functions include different

types of RNA-binding proteins (RBP). Aberrant RBPs functioning

may result in global remodeling of the transcriptome and the pro-

teome and it has been implicated in human disease and tumorigene-

sis (reviewed in Hodson et al, 2019; Mohibi et al, 2019). In AML, a

comprehensive CRISPR screening uncovered the upregulation of a

network of RBPs important for AML survival and identified RBM39

as a critical and targetable element (Wang et al, 2019). Here, we

also detected transcriptional downregulation of RBM39 in b-catenin
knockdown cells, although it was not identified as a direct b-catenin
chromatin target. However, since post-translational modifications

may affect the protein levels of RBPs, further analysis of these pro-

teins in the absence of b-catenin should clarify its involvement in

chemotherapy resistance.

Although different b-catenin chromatin partners have been

described, the TCF/LEF family of transcription factors are the most

widely used. Despite not finding enrichment of the TCF/LEF canoni-

cal motif, b-catenin sits at the promoter regions, in a DNA-binding

motif that has been assigned to ZBTB33/Kaiso. TCF1, LEF1,

ZBTB33/Kaiso as well as b-catenin can all bind to these promoters.

Although ZBTB33/Kaiso was first shown to have a repressive func-

tion in b-catenin target-gene, we found that knockdown of ZBTB33/

Kaiso reduces the expression of selected b-catenin target genes and

decreases the binding of b-catenin. The COGP9404 cohort shows

that slightly higher b-catenin and ZBTB33/Kaiso levels tend to be

associated with the group of patients with the worst outcome,

whereas levels of TCF1 and LEF1 are significantly lower. These

results suggest that TCF1/LEF1 and ZBTB33/Kaiso may collaborate

with b-catenin in activating gene transcription in different com-

plexes that may result in distinct types of activities. We observed

that b-catenin is able to interact with ZBTB33/Kaiso in the nucleus,

however the composition of the activating complex requires further

work.

We have also examined whether other factors important for T-

ALL are able to collaborate with b-catenin in the chromatin. Compu-

tational comparison of the b-catenin target regions with regions

bound by T-ALL factors (TAL1, GATA3, LMO1, Runx1 from Sanda

et al (2012) and Notch1 from https://chip-atlas.org) showed a sig-

nificant coincidence between b-catenin- and Runx1- or Notch1-

bound regions (13.9 and 9.2% of overlapping peaks, respectively,

adjusted P = 0.008). Contribution of these factors to b-catenin-
dependent transcription will be further investigated.

We previously found that b-catenin and Notch are required for

MYC activation in T-ALL cells (Gekas et al, 2016). Among multiple

crucial functions, MYC is involved in RNA metabolism (mRNA

splicing, stability and translation efficiency), which is necessary for

◀ Figure 6. b-catenin inhibition enhances chemotherapy response in a mouse model of T-ALL.

A Experimental design of in vivo treatment of NSG mice transplanted with RPMI8402 cells. Induction-like chemotherapy: V (vincristine, 0.15 mg kg�1 day�1), D (dex-
amethasone, 5 mg kg�1 day�1), L (L-Asparaginase, 1,000 IU kg�1 day�1). ICG-001: 10 mg kg�1 day�1.

B Percentage of RPMI8402 cells in PB at the indicated time points monitoring leukemic progression in the mouse model. RPMI8402 cells identified as human
CD45+HLA-ABC+CD5+ by flow cytometry and gated on DAPI negative cells.

C Percentage of RPMI8402 cells in PB, BM, spleen and liver at sacrifice. RPMI8402 cells identified as human CD45+HLA-ABC+CD5+ by flow cytometry and gated on
DAPI negative cells.

D, E Photograph of the livers (D) and spleen (E) collected at sacrifice with the indicated treatments. One control (liver #1 in Fig 6G) and one Chemo + DMSO (liver #4
in Fig 6G) mice were sacrificed 2 days before the end of the experiment following humane endpoint criteria.

F Quantification of spleen (left panel) and liver (right panel) weight normalized to the mouse body weight at sacrifice.
G H&E staining of representative images per each mouse treated as indicated.
H Percentage of liver area covered by cellular colonies per 10× micrograph. Four different images were quantified per animal and mean values per animal are

represented by dots.

Data information: Control: animals left untreated (n = 2); Chemo + DMSO: animals receiving chemotherapy and vehicle (n = 4); Chemo + ICG-001: animals receiving
chemotherapy and the b-catenin inhibitor ICG-001 (n = 4), following scheme and doses depicted in Fig 6A and methods.
Data information: For all applicable figure panels, data from Chemo + DMSO and Chemo + ICG-001 groups are mean � SD and dots represent individual values per ani-
mal. Control group data is only represented by individual values per animal. Statistical significance between Chemo + DMSO and Chemo + ICG-001 groups was deter-
mined by two-sided Student’s t-test.
Source data are available online for this figure.
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tumor cells growth (Koh et al, 2016; Bigas et al, 2020). However, we

now find that mRNA processing genes are direct targets of b-
catenin. Genes controlled by b-catenin do not have Myc DNA-

binding motifs (Fig 1C and Dataset EV1), however we cannot

exclude that some genes are coregulated by both factors. Our data

indicates that b-catenin regulates a set of RNA processing genes,

indicating that MYC and b-catenin regulated genes converge in the

RNA function as key factors for T-ALL progression and response to

chemotherapy.

Materials and Methods

Cell lines

RPMI8402 (DSMZ ACC. 290), Jurkat (DSMZ ACC. 282), CCRF-

CEM (ATCC CCL-119), DND-41 (DSMZ ACC. 525) and HEK 293 T

(ATCC 3216) human cell lines were cultured in standard condi-

tions and regularly tested for Mycoplasma contamination.

Negative contamination status was confirmed by PCR before each

experiment.

Reagents

LiCl (Sigma, 203637) was used at 25 mM. FH-535 (Tocris, 4344)

and ICG-001 (Tocris, 4505) stocks were diluted in dimethyl sulfox-

ide (DMSO, Sigma) and used at the indicated concentrations. Vin-

cristine (Pfizer, 1 mg ml�1) and dexamethasone (Fortecortin,

4 mg ml�1) were kindly provided by Hospital del Mar. L-

Asparaginase was obtained from MedChemExpress (HY-P1923).

RNA isolation and sequencing

RNA was isolated using RNeasy Mini Kit (Qiagen) and retro-

transcribed using Transcriptor First Strand cDNA Synthesis Kit

(Roche). cDNA is used for qPCR analysis. Primers used are listed in

Appendix Table S2.

Total RNA from three biological replicates of RPMI8402 sh-

control and sh b-catenin were sequenced in the Genomics facility

from Centre for Genomic Regulation (CRG) using Illumina Nextse-

q500 platform. Raw paired-end 150-bp sequences were filtered by

quality (Q > 30) and length (length > 20 bp) with TrimGalore. Fil-

tered sequences were aligned against the reference genome (hg38)

with Bowtie2. High-quality alignments were fed to HTSeq (Anders

et al, 2015) to estimate the normalized counts of each expressed

gene. Differentially expressed genes between different conditions

were explored using DESeq2 R package (Love et al, 2014).

Chromatin immunoprecipitation and analysis

Cells were crosslinked in 0.2 mM di-succynimidyl glutarate (DSG,

Sigma, 80424) for 10 min (Estaras et al, 2015) followed by 0.5%

formaldehyde for 10 min. Chromatin was isolated by lysing the cells

in 100 mM Tris–HCl at pH 8, 0.25% Triton X-100, 100 mM EDTA at

pH 8, 0.5 mM EGTA, 20 mM b-Glycerol-phosphate, 0.1 mM

NaOrtovanadate and 10 mM NaButyrate and centrifuging 800 g to

isolate the nuclear pellet, which is sonicated in 10 mM Tris–HCl at

pH 8, 100 mM NaCl, 1 mM EDTA at pH 8, 0.63 mM EGTA, 10 mM

NaButyrate, 20 mM b-Glycerol-phosphate, 0.1 mM NaOrtovanadate

and 1% SDS for 7 cycles, 30 s ON and 30 s OFF, in a Bioruptor Pico

(Diagenode). Chromatin is concentrated using Vivaspin 20 columns

(Sartorius) and pre-cleared by adding 1% BSA, 12.5 lg ll�1 of

salmon sperm DNA, 2.5–10 lg of irrelevant IgG (depending on the

experimental antibody) and protein G/A-Sepharose. After pre-

clearing, chromatin fragments were incubated overnight with irrele-

vant IgG or the indicated antibodies and precipitated with protein

G/A-Sepharose. Crosslink was reversed overnight at 65°C and pro-

tein was degraded using 460 lg ll�1 of Proteinase K (Roche) for 2 h

at 55°C. Chromatin was purified using the MiniElute PCR Purifica-

tion Kit (Qiagen) and used either for sequencing or for quantitative

PCR (qPCR). Fold enrichment was calculated relative to irrelevant

IgG. Primers used are listed in Appendix Table S2.

Chromatin was sequenced in the Genomics facility from Centre

for Genomic Regulation (CRG) using Illumina HiSeq platform. Raw

single-end 50-bp sequences were filtered by quality (Q > 30) and

length (length > 20 bp) with TrimGalore. Filtered sequences were

aligned against the reference genome (hg38) with Bowtie2 (Lang-

mead & Salzberg, 2012). BigWig files were generated with

bamCoverage from deepTools (Ramirez et al, 2016). Resulting data

was visualized through the IGV software (Robinson et al, 2011).

MACS2 (Zhang et al, 2008) was used to identify peaks (using a P-

value < 1e-5) normalizing to an input sequence from the same cell

lines. Peaks were annotated with ChIPseeker (Yu et al, 2015). Raw

and processed data was uploaded to GEO (GSE196986). Functional

enrichment analysis was performed with enrichR (Kuleshov

et al, 2016) R package against “GO Biological Process 2021” data-

base (Gene Ontology Consortium, 2021). Motif enrichment analysis

was performed using MEME-ChIP software (Machanick & Bai-

ley, 2011; https://maayanlab.cloud/Enrichr/Genomicdatasets).

T-ALL Histone marks ChIPseq data are from GSE59657,

GSE51522, GSE29611, GSE35583, GSE85601, GSE59257. New

ChIPseq and RNAseq data is deposited in GEO (GSE196986).

Lentiviral production

Recombinant lentiviruses were produced in the HEK293T cell line

(ATCC Ref. CRL-3216). Plasmids for lentiviral production (#8455

and #12259, Addgene) were introduced together with the desired

lentiviral plasmid using polyethyleneimine. Supernatant was filtered

with 45 lM filters and ultracentrifuged at 75,000 g for 3 h.

Genetic editing

sgRNAs were designed using Benchling (Uniyal et al, 2019; Biology

Software) and cloned in the lentiCRISPR v2 plasmid (Addgene,

#52961). Selected cells were isolated and cultured as single-cells and

screened by WB. Knockout clones identified by WB were further

verified by Sanger sequencing. sgRNAs used are listed in

Appendix Table S1.

shbCat (pLKO.1-Hygro, Sigma, Mission shRNA ID

#TRCN0000314921 (Aulicino et al, 2014)), shKaiso (pLKO.1-Puro,

Sigma, MissionshRNA ID #TRCN000017838) or scrambled control

(shControl; pLKO.1-Puro, Sigma, Mission shRNA ID #SHC016) were

used to transduce T-ALL cells using lentiviral particles and selected

with Hygromycin 800 lg ll�1 (Invivogen) or with Puromycin

1.25 lg ml�1 (Sigma).
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Western blotting (WB)

Cells were lysed with 10 mM HEPES, 1.5 mM MgCl2, 10 mM KCl,

0.05% NP40, protease inhibitors (Roche) for 10 min at 4°C, cen-

trifuged at 800 g and analyzed by electrophoresis. Antibodies used

are listed in Appendix Table S3.

RNA and protein synthesis analysis

Click-iT Plus OPP Alexa Fluor 488 Protein Synthesis Assay Kit or

Click-iT RNA Alexa Fluor 488 Imaging Kit (Invitrogen) were used

for protein and RNA synthesis determination, respectively, follow-

ing the manufacturer’s instructions. Cells were analyzed with the

LSRII Cytometer (BD Biosciences). Data analysis was performed

using FlowJo.

Cell cycle analysis

Cell cycle was determined by flow cytometry using Ki67-APC and

DAPI intracellular stainings. Unsynchronized RPMI8402 cells were

collected upon b-Catenin knockdown or after 24 and 48 h-

treatment with the b-Catenin inhibitors ICG-001 (10 lM) or FH535

(30 lM). Fixed and permeabilized cells (FIX&Perm Cell permeabi-

lization kit, Invitrogen GAS004) were stained with Ki67-AF647 (1/

100, 20 min in the dark; clone B56, BD Bioscience 558615) and

DAPI (5 lg ml�1, 1 h in the dark). Cells were analyzed with the

Fortessa Cytometer (BD Biosciences). Data analysis was performed

using FlowJo.

Gene expression in T-ALL primary samples

The transcriptomes of T-ALL patients were from GEO (GSE14618,

including COG study 9404 and COG study 8704), EGA

(EGAS00001000536) and Therapeutically Applicable Research to

Generate Effective Treatments (TARGET) initiative, phs000218.

(https://ocg.cancer.gov/programs/target) repositories. Informed

consent was obtained from all subjects and experiments conformed

to the principles set out in the WMA Declaration of Helsinki and the

Department of Health and Human Services Belmont Report. The

transcriptomes of primary samples from GSE14618 obtained by

microarrays were analyzed with the affy and limma R package. Data

from COG studies 9404 (50 patients) and 8704 (42 patients) were

processed independently. Only 40 out of the 50 primary samples

from COG study 9404 had available survival clinical data and were

further used as a discovery cohort for the identification of predictive

signatures. The discovery cohort included 21 complete remission,

13 relapses and six refractory patients and were classified into the

phenotypes ETP (Early T-cell precursor), ABD (absence of biallelic

TCRgamma locus deletion), LEF1 negative, TAL1, and TLX1. The

corresponding clinical data was provided by Alejandro Guti�errez

(Dana Faber, USA). COG 8707 contained 42 patients with no sur-

vival data and was comprised by 24 remission, 17 relapsed and one

refractory patient.

A total of 265 RNASeq samples from the TARGET cohort were

downloaded, including the clinical data. Patients with censored or

no outcome information and those affected by a second malignant

neoplasm were excluded from the analysis. Data used for further

interrogation comprised 230 remissions, 20 relapses, two patients

categorized as death and a single patient classified as disease pro-

gression (31 days of DFS). Additional 27 RNASeq samples published

by Atak et al (2013) were downloaded from the European Genome-

phenome Archive (EGAS00001000536). Raw sequences from

TARGET and EGAS0000100536 datasets were mapped against the

human genome using vast-tools (Tapial et al, 2017) to assess the

normalized expression levels (cRPKM) of b-catenin targets. Primary

patients were distributed in 10 remissions, 12 relapses, one refrac-

tory patient and four labeled as dead.

Patients were clustered using a non-supervised hierarchical

model based on the expression of different groups of b-catenin tar-

gets. All non-supervised hierarchical clusterings included were

obtained using the pheatmap R package with default parameters (eu-

clidean distance and complete clustering method). In each case, the

number of patient and gene clusters were decided based on visual

inspection of different expression patterns among clusters. In 3A, we

produced a minimal predictive b-catenin signature and we adjusted

the number of patient clusters to include the majority of refractory

cases within the same cluster. Survival curves were performed with

the survminer R package. Hazard ratios were estimated with the

peperr R package. Functional enrichment analysis was performed

with enrichR (Kuleshov et al, 2016) R package against “GO Biologi-

cal Process 2021” database (Gene Ontology Consortium, 2021).

Single-sample gene set enrichment analysis (ssGSEA)

Gene signatures from gene clusters G1 and G2 were used to derive

single-sample gene set enrichment (ssGSEA) scores. Normalized

gene expression data for the GSE14618 (COG9404 and COG8707

studies), EGA and TARGET cohorts were submitted to the GenePat-

tern platform (Reich et al, 2006). ssGSEA module (version 10.0.11)

was used to calculate individual enrichment scores for each pairing

patient-gene set. Weighting exponent was set to 0.75 and minimum

gene set size was maintained to 10.

Chemotherapy response-assays

T-ALL cell lines (25,000–35,000 cells per well in 96-well plates)

were incubated with the indicated drugs for 48 h and cell viabil-

ity was monitored by the MTT assay (Sigma, M2003). MTT

absorbance of the cells incubated in the vehicle (untreated) was

set to 100% viability to calculate the dose–response curves. We

used GraphPad Prism 8 to generate the logistic fitting curve by

non-linear regression model and to calculate IC50 for each experi-

ment. Treatments were performed in triplicate and repeated three

times.

In vitro drug recovery assays

We followed the strategy depicted in Fig 5D and G. After a 2-days

treatment, cells were washed twice in PBS to wash-out the drugs

and re-seeded for recovery either in complete medium without

drugs or in the presence of 10 lM of the b-catenin inhibitor ICG-001

that is replenished after the wash-out. After a 3-day recovery period,

cells were again washed twice with PBS to remove the b-catenin
inhibitor and the remaining cells were maintained in complete

medium for an additional 5-day period to evaluate the final recov-

ery. Cell viability was determined by the metabolic activity by MTT
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assays at days 0, 2, 5 and 10 from treatment initiation (correspond-

ing to days �2, 0, 3 and 5 from chemotherapy wash-out). Cell via-

bility was normalized to the MTT absorbance of the cells at day 0.

Animal studies

Animal work was conducted under pathogen-free conditions and

adhered to the guidelines from Generalitat de Catalunya and the

ethics committee at Parc de Recerca Biom�edica de Barcelona (ap-

proved protocol number 10655 according to the European Union

regulations).

NSG mice (strain: ANB//NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ; 2-

month-old males and females) were sublethally irradiated (2 Gy)

and retro-orbitally transplanted with 5 × 105 RPMI8402 cells. Ani-

mals were randomized into two treatment groups: animals receiving

DMSO vehicle and chemotherapy (“Chemo + DMSO”, n = 4), and

animals receiving ICG-001 and chemotherapy (“Chemo + ICG-001”,

n = 4). Two more animals were left untreated as controls to monitor

the disease. Three days after transplantation, animals were treated

with an induction-like chemotherapy combination (VDL, V (vin-

cristine, 0.15 mg kg�1 day�1; days 0 and 7), D (dexamethasone,

5 mg kg�1 day�1; days 0, 5, 7 and 8), L (L-Asparaginase,

1,000 IU kg�1 day�1; days 0, 5, 7 and 8); Oshima et al, 2020). ICG-

001 (10 mg kg�1 day�1) or DMSO vehicle were administered daily

(except days of chemotherapy administration) for 2 weeks and

every 2 days for 1 week. Stock solutions of drugs were diluted in

sterile saline (chemotherapy) or in 40% PEG300, 5% Tween-80,

55% saline (ICG-011 and DMSO) and administered intraperitoneally

(ip). See Fig 6A for treatment scheme. Peripheral blood (PB) was

analyzed weekly by flow cytometry for the detection of RPMI8402

cells. Animal were euthanized after 3 weeks when first animals

reached a humane endpoint. PB, bone marrow (BM), liver and

spleen were collected and evaluated by flow cytometry and hema-

toxylin and eosin (H&E) stainings (liver).

Flow cytometry analysis of mice organs

Antibodies used for flow cytometry analysis are listed in

Appendix Table S4. Cells were analyzed with the LSRII Cytometer

(BD Biosciences). Data analysis was performed using FlowJo.

Colony quantification in H&E stainings

ImageJ version 1.53t was used to visualize and quantify cellular

colonies. Acquired images were transform into 8-bit greyscale for-

mat. After uniform setting of intensity threshold, the colony area is

automatically calculated. Four different 10× fields were measured

for each animal. Manual counting of the number of cellular colonies

was also performed.

Statistical analysis

No statistical methods were used to determine the sample size. The

experiments were not randomized and the investigator were not

blinded.

GraphPad Prism 8 software and R software environment were

used for statistical analysis. Statistical parameters and significance

are indicated in the figures and legends. For qPCR experiments and

in vitro drugs assays, statistical significance among groups was

determined by Student’s t-test (data fitting normal distribution) or

Mann–Whitney U test (data not fitting normal distribution) for two-

group comparison or one-way ANOVA with Tukey’s correction.

Data availability

• ChIP seq and RNA seq data: Gene Expression Omnibus GSE196986

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?&acc=

GSE196986).

• Transcriptomic Public data sets:COG study 9404 and 8704:

GSE14618.EGA cohort: EGAS00001000536; https://ega-archive.

org/studies/EGAS00001000536TARGET: https://ocg.cancer.gov/

programs/target

• Computational codes available at https://github.com/vgarciahern/

Garcia-Hernandez_V_et_al_EMBOMM_manuscript.git

Expanded View for this article is available online.
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Problem
T-cell Acute Lymphoblastic Leukemia (T-ALL) is a rare disease affecting
children and adults. Combinations of high-dose chemotherapeutic
drugs have greatly improved the outcome of pediatric patients, but
adults and the few children that relapse have still very dismal prog-
nosis and targeted therapies are not yet available.

Results
Characterization of b-catenin DNA-binding sites and transcriptional
targets in T-ALL cell lines identified a b-catenin-dependent gene sig-
nature, involving multiple RNA processing elements, that is associated
with initial induction failure in T-ALL patients. Consistent with this
observation, inhibition of b-catenin sensitizes T-ALL cells to
chemotherapy treatments in vitro and in vivo.

Impact
Our results indicate that b-catenin positively regulates chemotherapy
resistance, and suggest that specific b-catenin-dependent activities
could be used for the stratification of patients with higher risk of
induction failure. These same patients could benefit from combination
treatments including b-catenin inhibitors plus chemotherapy.
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