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Abstract

T-lineage acute lymphoblastic leukemia (T-ALL) is an aggressive hematological malignancy that accounts for 10%-15% of pediatric and
25% of adult ALL cases. Although the prognosis of T-ALL has improved over time, the outcome of T-ALL patients with primary resistant
or relapsed leukemia remains poor. Therefore, further progress in the treatment of T-ALL requires a better understanding of its biology
and the development of more effective precision oncologic therapies. The proto-oncogene MYB is highly expressed in diverse hema-
tologic malignancies, including T-ALLs with genomic aberrations that further potentiate its expression and activity. Previous studies have
associated MYB with a malignant role in the pathogenesis of several cancers. However, its role in the induction and maintenance of T-
ALL remains relatively poorly understood. In this study, we found that an increased copy number of MYB is associated with higher MYB
expression levels, and might be associated with inferior event-free survival of pediatric T-ALL patients. Using our previously described
conditional Myb overexpression mice, we generated two distinct MYB-driven T-ALL mouse models. We demonstrated that the over-
expression of Myb synergizes with Pten deletion but not with the overexpression of Lmo2 to accelerate the development of
T-cell lymphoblastic leukemias. We also showed that MYB is a dependency factor in T-ALL since RNA interference of Myb blocked cell
cycle progression and induced apoptosis in both human and murine T-ALL cell lines. Finally, we provide preclinical evidence that
targeting the transcriptional activity of MYB can be a useful therapeutic strategy for the treatment of T-ALL.
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Myb synergizes with loss of Pten and is a therapeutic target in T-ALL

INTRODUCTION

T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive hema-
tological malignancy characterized by the diffuse distribution of
lymphoblasts of the T-lineage in the bone marrow.! T-ALL accounts
for 15% of pediatric and 25% of adult ALL cases.?® Despite an im-
proved survival rate due to the introduction of intensified che-
motherapy and bone marrow transplantation, still 20% of T-ALL
patients are primarily refractory to the standard treatment or relapse
and have a poor clinical outcome with no alternative therapeutic
options.* In addition, the intensified chemotherapy regimen coincides
with severe short- and long-term side effects.>®> Therefore, further
progress in the treatment of T-ALL may require a better under-
standing of its biology and the development of more effective pre-
cision oncology therapeutics.

T-ALL patients can be classified into different molecular genetic
subgroups based on the expression or genomic alterations of specific
oncogenic transcription factors.>” The largest subset of T-ALL pa-
tients is characterized by the overexpression of TAL1/2, which often
co-occurs with aberrant levels of LMO1/2. These TAL-LMO T-ALLs
tend to display a mature T-cell immunophenotype and expression
profile. Other subgroups of T-ALL are associated with the ectopic
expression of either TLX1, TLX3, HOXA9/10, or NKX2-1. Additionally,
the early T-cell precursor ALL (ETP-ALL) is a heterogeneous subgroup
of immature leukemias that often display high expression of LYL1 in
combination with LMO2.} Besides mutually exclusive aberrant ex-
pression of transcription factor oncogenes, T-ALL patients harbor a
variety of genomic aberrations that ultimately result in the activation
of oncogenic signaling pathways and loss of tumor suppressors. In-
terestingly, PISK/AKT/mTOR-activating mutations occur more com-
monly in mature TAL-LMO T-ALLs, whereas RAS/MEK/ERK- and
JAK/STAT-activating mutations are associated with immature,
HOXA, TLX1, TLX3, and NKX2-1/2 cases.®871°

MYB encodes the transcription factor MYB, considered a master
regulator of differentiation, proliferation, and survival of hematopoietic
progenitor cells.!*12 MYB is composed of three main domains: an
N-terminal DNA-binding domain, a central transactivation domain, and a
C-terminal negative auto-regulatory domain.'® This transcription factor
specifically recognizes a 5'-YAAC[GT]G-3' DNA sequence within the
regulatory regions of its targets and has been demonstrated to
recruit several histone- and gene-regulatory proteins, including the
coactivators CREB-binding protein (CBP) and p300.2* Using mouse
models, it was shown that genetic depletion of Myb results in embryonic
lethality due to failure of fetal hepatic hematopoiesis.*> Furthermore, a
conditional deletion approach revealed that Myb is required for early
T-cell differentiation, specifically at the beta-selection checkpoint in the
double-negative 3 CD4 CD8 CD44 CD25" (DN3) stage, for the survival
of CD4"CD8* double-positive (DP) thymocytes, and for the differentia-
tion of CD4*CD8" single positive (SP) cells.2® In conclusion, MYB is highly
expressed in various hematopoietic cell types, including in the T-cell
lineage, where it is required for proper differentiation, proliferation, and
survival.

Moreover, MYB has been implicated in various hematological
malignancies.r” MYB was identified as the cellular proto-oncogene
ortholog from the retroviral oncogene (v-Myb), originally found in the
avian myeloblastosis virus and the E26 avian leukemia virus.t”~?
Moreover, mice or chickens that develop leukemias or lymphomas
upon retroviral infection often contain clusters of proviral insertion
sites mapped in close proximity to Myb.2%2* v-Myb encodes truncated
MYB protein variants that lack the negative regulatory domain and
exhibit constitutive transcriptional activity. The oncogenic potential
of v-Myb was validated in vivo, as its overexpression in hematopoietic
cells results in malignant transformation and spontaneous formation

of leukemias and lymphomas in mice.?? Recently, we have reported
that hematopoietic-specific overexpression of the full-length cellular
Myb is also sufficient to drive spontaneous B-cell neoplasms and
myeloid malignancies in mice.?® Besides its role in tumor initiation,
numerous studies have shown that MYB is also essential for the
maintenance of leukemias.?*?” In T-ALL, MYB is aberrantly activated
in a subset of patients through T-cell receptor-driven translocations
(1.6%) or genomic duplications (2.8%-15%) of the MYB locus.28-%°
Furthermore, multiple indel mutations and gene fusions that stabilize
and promote the activity of MYB protein have also been reported in
T-ALL.® In addition, about 5% of T-ALL patients contain mutations in
noncoding DNA sequences that create de novo MYB binding sites,
which recruit MYB and result in the generation of a super-enhancer
complex that drives the expression of oncogenes, such as TAL1,
LMO1, and LMO2.31732 Therefore, MYB targeting therapies, includ-
ing the ones that target the MYB-driven oncogenic enhancers, are
being exploited in myeloid®*3¢ and recently also in lymphoid®”-38
leukemias. Nevertheless, the exact contribution of MYB to the pa-
thogenesis, maintenance, and induction of T-ALL is still rather
unclear.

Here, we showed that MYB-rearranged T-ALL patients have in-
creased MYB expression which might be associated with poorer
event-free survival. Moreover, we used a previously published con-
ditional Myb overexpression mouse model?® to mimic the gain of
MYB in two murine T-ALL models that are based on either deletion of
Pten®® or overexpression of Lmo2.*° We found that Myb over-
expression synergizes with the Pten loss to form aggressive trans-
plantable T-ALL. Furthermore, we also examined the role of MYB in
the maintenance of T-ALL and assessed the potential of peptidomi-
metic blocking the transcriptional activity of MYB as a therapeutic
approach for T-cell leukemia.

MATERIAL AND METHODS
Data mining

We analyzed data from the PeCan (pediatric cancers) knowledgebase in
the St Jude Cloud*“2 for the expression levels of MYB across different
cancers and in 315 T-ALL patients,®” as well as the prevalence of MYB-
duplicated T-ALL cases, and the event-free survival of 265 of these pa-
tients. For the comparison of MYB levels across T-ALL subtypes and
healthy thymocytes, publicly available polyA+ RNA-seq raw data of 24
thymocyte samples*® (PRINA741323) and 60 T-ALL patients in a French
cohort** (PRINA434176) were downloaded from the Sequence Read
Archive (SRA). Furthermore, data from 265 T-ALL patients from a USA
cohort® (PRINA89529) were available in the database of Genotypes and
Phenotypes (phs000218/phs000464). The data were normalized in R
with the DESeq2 package.

Murine T-ALL models

Mice with conditional MYB overexpression were previously reported.?®
To obtain the murine T-ALL models, the R26-Myb'/* mice were crossed
with either Pten™": Lck-Cre®’* (Pten') mice*>*¢ or CD2-Lmo2 mice” to
generate R26-Myb'®/%8; pten™": | ck-Cre'®’* (Myb/Pten*) or R26-Myb'¥'*3;
Lck-Cret®*; CD2-Lmo2 (Myb*/Lmo2P?) mouse models, respectively.
We monitored an aging cohort of Pten‘® versus Myb/Pten'* and
Lmo2P2 versus Myb'*/Lmo2P? mice and plotted their survival using a
Kaplan-Meier survival curve while testing for statistically significant
differences using the log-rank Mantel-Cox test. All animal experiments
were approved by the Animal Experiments Ethics Committee of the
University Hospital of Ghent.
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Myc break apart fluorescence in situ
hybridization (FISH)

Cytogenetic cell suspensions (methanol/acetic acid fixed cells) or
unstained slides were made from primary transplants of Pten‘* or
Myb/Ptenk tumor samples or primary Pten** or Lmo2°P? murine cell
lines. For FISH analysis, the following Myc break apart probes (Empire
genomics) were used: RP23-98D8 (green, located telomeric to Myc)
and RP23-55P19 (red, located centromeric to Myc).

FISH analysis was performed as previously described.*® Fluor-
escent images were captured using a Zeiss axioplan epifluorescence
microscope (Carl Zeiss) (eight-position filter wheel) equipped with a
CCD camera and by using the ISIS software (Metasystems).

Cell lines

Primary murine T-ALL cell lines, including MyPL1 and MyPL2 cells,
were derived from leukemia-burdened R26-Myb®®®S; Pten™®: | ck-Cre'®*
(Myb/Pten') mice. In brief, thymomas were dissected, cut into small tu-
mor fragments using two needles, collected in RPMI 1640 medium
(Thermo Fisher Scientific) containing 15% heat-inactivated fetal bovine
serum (FBS), 0.1 mM nonessential amino acids (Thermo Fisher Scientific),
2mM (-glutamine (Gibco), 10 mM B-mercaptoethanol (Thermo Fisher
Scientific), 1200 U/mL penicillin and 100 pg/mL streptomycin (Gibco), and
5 ng/mL recombinant murine interleukin-7 (mlL-7; PeproTech), and cul-
tured at 37°C in a humidified atmosphere with 5% CO,. Cells in the
suspension were split regularly and became independent of mIL-7 after
4-8 weeks.

Jurkat, RPMI-8402, Loucy, and P12-Ichikawa cell lines were
purchased from the German collection of microorganisms and cell
cultures (DSMZ). For MYB knockdown experiments, RPMI-8402 and
Jurkat were cultured in RPMI 1640 medium supplemented with 10%
and 15% tetracycline-free fetal bovine serum, respectively, supple-
mented with 100 U/mL penicillin, 100 pg/mL streptomycin, and
2 mM L-glutamine at 37°C and 5% CO.. For peptidomimetic blockade
experiments, standard FBS was used instead at 10% (Loucy and
KOPT-K1) and 20% (P12-Ichikawa) concentrations.

Lentiviral vectors

For MYB silencing, we used a pLVTSH lentiviral construct with a dox-
inducible MYB Short hairpin RNA (shRNA)*’ that was generated by
Prof. Dr. Tom Gonda and kindly provided by Dr. M. De Dominici.
Lentiviral particles were produced by transfecting the pLVTSH plas-
mid and packing vectors pMD2.G and psPAX into HEK-293T cells
using jetPEl (Polyplus). The culture medium containing viral particles
was collected 48 h posttransfection and was used to transduce the
mouse and human T-ALL cells by spinoculation in the presence
of 8ug/mL polybrene (Sigma-Aldrich). Transduced cells were
fluorescence-activated cell sorting (FACS)-sorted based on green
fluorescent protein (GFP) expression using a BD FACSAria Fusion
Flow Cytometer (BD Biosciences). Primary murine T-ALL cell lines,
MyPL1 and MyPL2, and human T-ALL cell lines, Jurkat and RPMI-
8402, with inducible MYB knockdown were named iMyb MyPL1 and
iMyb MyPL2, iMYB Jurkat and iMYB RPMI-8402, respectively.

CellTiter-Glo, cell cycle analysis, and apoptosis assay

For induction of MYB knockdown, 1 pg/mL of doxycycline (DOX) was
added to the culture medium and refreshed daily. Manual counting
and CellTiter-Glo assay (Promega) were performed daily to estimate

the proportion of DOX-treated cells relative to the control untreated
condition. Control and DOX-treated cells were split using the same
dilution factor to maintain comparability. Cell cycle analyses were
performed on live cells isolated with Ficoll-Paque (Cytiva) that were
posteriorly permeabilized and fixed in 50% ethanol, followed by
RNAse treatment (0,5 mg/mL), propidium iodide staining (40 ug/mL),
and flow cytometry determination of DNA content. Apoptosis assays
were performed using propidium iodide and annexin-V (BD Bios-
ciences) following the protocol of the manufacturer.

In vivo MYB dependency and T-ALL Patient-derived
xenografts (PDXs)

For the in vivo Myb/MYB knockdown, 4 x 10° iMyb MyPL1 cells or 9 x 10°
iMYB Jurkat cells were injected in NOD.Cg-Prkdcscid 112rgtm1Wjl/Sz)
(NSG,) or in the equivalent NOD-Prkdcscid-IL2rgTm1/Rj (NXG) mice (pur-
chased from Jackson Laboratory or Janvier labs, respectively), and ran-
domized in a “control” and “treatment” group, that received either a
standard or a doxycycline-containing diet (200 mg/kg, Envigo), respec-
tively. The doxycycline-containing food was given from day 4 after
transplantation until the end of the experiment. Longitudinal monitoring
of disease progression was performed with iMyb MyPL1 cells by injecting
NSG mice with 200 pL of a 15 mg/mL firefly D-luciferin potassium salt
solution (PerkinElmer) intraperitoneally. The mice were anesthetized by
inhalation of 5% isoflurane and in vivo bioluminescence was imaged
10 min after luciferin injection using an IVIS lumina Il imaging system
(PerkinElmer). The average bioluminescence signal (radiance) in each
mouse was calculated via the region of interest tool in the Living Image
software (PerkinElmer). For the iMYB Jurkat in vivo experiment, five mice
from each group were killed on day 42, and their bone marrow cells
were analyzed for expression of human CD45 and GFP by flow cyto-
metry. The remaining six mice were used for survival analysis and mon-
itored for weight loss and other signs of illness. Once the humane
endpoints were reached, the mice were killed by cervical dislocation, and
the affected organs (spleen and bone marrow) were collected. Viable cells
were also frozen for posterior analyses, and the survival data of these
mice were plotted and analyzed as reported above.

The generation of T-ALL patient-derived xenografts (PDX) was
achieved by injecting lymphoprep-purified primary T-ALL cells from
the blood or bone marrow of T-ALL patients in the tail vein of NSG or
NOD.Cg-Prkdc*® 112rg"™ ™! Tg(CMV-IL3, CSF2, KITLG) 1Eav/MloySz)
(NSGS) mice. To expand the patient cells, primary PDX cells were
further passaged in NSG/NSGS mice. All human samples were acquired
with written informed consent according to the Declaration of Helsinki,
and the studies were approved by the ethical committee review board
of the Department of Pediatric Hemato-Oncology at Ghent University
Hospital (Ghent, Belgium).

In vitro/ex vivo therapy and drug response profiling

Murine and human T-ALL cells were cultured at a density of
10,000 cells/mL and treated with either the peptidomimetic MYB-
MIM?3 or the inactive control peptide TG3, which were synthetized
by LifeTein. The peptides were solubilized in water and added to the
culture medium in concentrations ranging from 10 to 40 uM, and the
relative cell viability was assessed after 48 h by CellTiter-Glo.

Immunoblot

Cells were lysed at a density of 20,000/uL in RIPA buffer supple-
mented with the protease inhibitor cocktail (Roche). The protein
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content of the lysates was quantified using Pierce BCA Protein Assay
(Thermo Fisher Scientific), and 12 ug of protein per sample was run
on 10% precast polyacrylamide gels (BioRad) at a constant voltage of
100V for 90 min. Afterwards, the protein was transferred onto
nitrocellulose membranes (BioRad), and the membrane was incubated
with primary antibodies targeting MYB (clone D2R4Y, Cell Signaling
Technology), Vinculin (clone hVIN-1, Sigma-Aldrich), or B-Actin (clone
2D4H5, Thermo Fisher Scientific), and HRP-linked secondary anti-
bodies (Cell Signaling Technology). Images were obtained by chemi-
luminescent reaction with West Dura substrate (Thermo Fisher
Scientific), acquired using ChemiDoc (BioRad), and processed and
analyzed using the ImagelLab software (BioRad).

To assess the histone H3 tail modifications, nuclear extraction
was performed using triton extraction buffer with 0.5% Triton
X-100, supplemented with 5mM sodium butyrate to prevent
histone deacetylation, and with the protease/phosphatase in-
hibitor cocktail (Roche). Histones were extracted out of the nuclei
using 0.4 M chloridic acid (HCl), and the pH of the solution was
neutralized with 0.5 M Sodium phosphate dibasic (Na,HPO,). The
levels of histone H3 lysine 27 acetylation (ab4729) and tri-
methylation (07-449) were measured and normalized against the
levels of total histone H3 (ab1791) using the immunoblotting
protocol described above.

Chromatin immunoprecipitation sequencing

A total of 20 million MyPL1 and MyPL2 cells were cross-linked
with 1% formaldehyde (Sigma-Aldrich, F1635) for 10 min at room
temperature, followed by a 5-min treatment with 0.125 M glycine
(Sigma-Aldrich, G-8790). Nuclei were isolated and chromatin was
purified by chemical lysis. The purified chromatin was fragmented
into 200-300 bp fragments by sonication (Covaris, $220) using
the truChlP chromatin shearing kit (Covaris). Chromatin im-
munoprecipitation was performed by incubating the chromatin
fraction overnight with 100uL of protein-A coated beads
(Thermo-Scientific, 53,139) and 8 ug of the H3K27Ac antibody
(Abcam, ab4729). The next day, beads were washed to remove
nonspecific binding events and enriched chromatin fragments
were eluted from the beads, followed by reverse cross-linking by
incubation at 65°C overnight. DNA was subsequently purified by
phenol/chloroform extraction, assisted by phase lock gel tubes
(5Prime). DNA obtained from the ChlIP assays was adaptor-ligated,
amplified, and analyzed by lllumina sequencing. Raw sequencing
data were mapped to the mouse reference genome (GRCm38)
using Bowtie. Peak calling was performed using MACS2.>°

RNA sequencing

iMyb MyPL1 cells were cultured with or without 1 pg/mL of dox-
ycycline hyclate in the culture medium to induce knockdown of Myb,
and a million cells per condition were collected for four consecutive
days. The cells were washed in phosphate-buffered saline (PBS),
lysed in RLT buffer, and the RNA was purified using the RNeasy kit
(Qiagen). RNA quality was assessed on a Fragment Analyzer (Agilent),
the RNA was converted to complementary DNA (cDNA), and the
barcoded cDNA libraries were amplified (Lexicon) and analyzed by
next-generation sequencing (lllumina). For RNA-seq data analysis,
quality control was performed using fastQC, and the reads were
aligned to the murine genome GRCm38 using Tophat2.°! DESeq2°?
was used for differential expression analysis of RNA-seq data. Ex-
pression data sets are available in the Gene Expression Omnibus
(accession no. GSE253616).

RESULTS

MYB duplication confers poor outcomes in human
T-ALL

We started by exploring the expression and mutation status of MYB in the
context of human T-ALL. Within 5510 pediatric cancer samples from the
PeCan database,**? hematological malignancies, in particular B- and
T-ALLs, show the highest levels of MYB expression (Figure 1A). In con-
trast, MYB mRNA is absent or low in most solid tumors. Within the T-cell
lineage, MYB is highly expressed throughout different stages of normal
thymocyte differentiation and in all T-ALL subgroups (Figure 1B). In line
with previous reports, we found that the average MYB RNA levels were
consistently higher in the HOXA and TAL-LMO subgroups,®>>>* as ob-
served in T-ALL patients from St-Jude®” (USA, n = 265) and Saint-Louis**
(France, n = 60) hospitals. This high MYB expression in T-ALL may partially
be explained by the presence of translocations and genomic duplications
involving the MYB locus.?82%>* Eight percent (n = 33/398) of the T-ALL
patients in the PeCan database presented with a copy number gain (CNG)
of MYB (Figure 1C). We noted that the prevalence of MYB CNG was not
evenly distributed over the T-ALL genetic subgroups (Figure 1C). The
incidence was highest at 28.6% in the NKX2-1 subgroup (n = 4/14), fol-
lowed by 25.9% in T-ALL of undetermined subgroup (n=7/27), 23.5% in
HOXA (n=7/34), and 19.2% in TLX1 T-ALLs (n=5/26). Significantly
fewer MYB CNGs were seen in the remaining subgroups, comprising 5.6%
of TAL-LMO (n=6/107), 5.6% of LMO2-LYL1 (n=1/18), and 4.3% of
TLX3 cases (n = 2/46). These findings were validated in a cohort of 489
T-ALLs from the Center for Hemato-Oncology Research, which included
209 pediatric and 280 adult T-ALL cases (Supporting Information S2:
Table S1). Using comprehensive interphase fluorescence in situ hy-
bridization (CI-FISH),>® we detected four MYB translocations and 26 MYB
tandem duplications.>* Once again, MYB CNGs were found in the
homeobox-related subgroups (HOXA, n = 10; TLX1/NKX2.1 n=9; TLX3,
n = 2; undetermined, n = 5), while no case was found in TAL-LMO T-ALLs
(Supporting Information S2: Tables S1 and S2). In line with previous re-
ports, 282754 we observed a significant increase in the median MYB ex-
pression in MYB CNG T-ALLs from the PeCan database (Figure 1D).
Notably, the low prevalence of MYB alterations in TAL-LMO cases in the
PeCan database and their absence in the validation cohort seem to hint
that the high MYB levels in TAL-LMO T-ALLs are sustained by mechan-
isms other than genetic alterations. Regarding the prognostic implications
of MYB CNG in T-ALL, it was not possible to draw any conclusions in this
Italian cohort (Supporting Information S2: Tables S3 and S4). In the Pecan
database, however, MYB CNG was associated with a decreased event-
free survival compared to T-ALLs without MYB CNG (p=0.008;
Figure 1E). Interestingly, no significant difference was found in the overall
survival of these patients (p=0.17; Supporting Information S1:
Figure S1A). When we stratified patients based on the genetic subgroup,
we observed that MYB CNG was significantly associated with poor
prognosis, both for event-free and overall survival, in HOXA T-ALL
(Supporting Information S1: Figure S1B,C). For the remaining subgroups,
we did not find an association between the presence of MYB CNG and
prognosis, possibly due to the low number of these cases per subgroup.
Combined, these data indicate that MYB CNGs are not evenly distributed
among the genetic subtypes of T-ALL and that the presence of MYB CNG
may be associated with poor outcome in T-ALL.

Myb overexpression cooperates with the loss of Pten
in the murine T-ALL model

To model and functionally evaluate the effects of elevated MYB
expression observed in T-ALL patients with MYB CNG, we used
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FIGURE 1 MYB is highly expressed in T-ALL and MYB copy number gains (CNGs) are associated with unfavorable outcome. (A) Violin plot representing MYB

messenger RNA (mRNA) expression across different types of solid (in black) and hematological (colored) cancers from the PeCan database. Tumor types shown were
selected on the basis of having a minimum of 50 samples in the PeCan database.®” (B) Box and whiskers plot comparing MYB mRNA expression in normal thymocytes
representing multiple differentiation stages,*> and in two T-ALL cohorts from Saint-Louis Hospital (n = 60; France),** and from St. Jude Children's Research Hospital

(n = 265; Memphis, USA; PeCan database).®” (C) Stacked bar chart displaying the percentage of MYB copy number gain (MYB CNG) cases in each T-ALL genetic subgroup
from the PeCan cohort.®” NKX2-1, n=4/14 (28.6%); Unknown, n=7/27 (25.9%); HOXA, n =7/34 (23.5%); TLX1, n = 5/26 (19.2%); TAL-LMO, n = 6/105 (5.6%);
LMO2-LYL1, n = 1/18 (5.6%); TLX3, n = 2/46 (4.3%). (D) Violin plot of MYB mRNA expression in T-ALLs with or without MYB copy number gain from the PeCan cohort.®”
A Mann-Whitney test assessed that MYB mRNA levels were significantly higher in T-ALL with MYB copy number gain. ****p < 0.0001. (E) Kaplan-Meier survival curve
of T-ALL cases with or without MYB copy number gains, showing that patients bearing T-ALL with MYB copy number gain suffer from reduced event-free survival

(p =0.008). AML, acute myeloid leukemia; B-ALL, B-cell acute lymphoblastic leukemia; EPD, ependymoma; HGG, high-grade glioma; IMM, immature T-ALL;
LGG, low-grade glioma; NBL, neuroblastoma; OS, osteosarcoma; RHB, rhabdomyosarcoma; T-ALL, T-cell acute lymphoblastic leukemia; WLM, Wilms' tumor.

our previously reported R26-Myb' mouse model that enables
conditional Myb overexpression.?®> When Myb was overexpressed
in all hematopoietic cell lineages using Vav-iCre, these mice only
developed spontaneous myeloid malignancies and B-cell neo-
plasms, and no tumors of the T-cell lineage were observed in this
model.2® Additionally, no spontaneous T-cell malignancies were
seen when using the T-cell-restricted Lck-Cre. Of note, we also
found no obvious differences in T-cell proportions and changes in
T-cell differentiation within the thymus of 8-week-old mice that
overexpress Myb compared to their cre-negative littermates
(Supporting Information S1: Figure S2). Taken together, these
findings suggest that overexpression of Myb alone is not suffi-
cient to drive T-cell malignancies in mice, and additional genetic
events are necessary.

In the next step, we evaluated the effects of Myb over-
expression in a T-ALL-prone background by intercrossing our
R26-Myb'8 overexpression with previously published spontaneous
mouse T-ALL models.®”*° Besides high MYB levels, TAL-LMO
T-ALLs have a higher frequency of inactivating mutations affecting

the tumor suppressor PTEN and activating mutations in other genes
in the PI3K pathway.?®>” Due to this apparent association between
high MYB expression and hyperactivation of the PI3K pathway in
TAL-LMO T-ALL, we crossed our R26-Myb'¥’* mice with Pten™"
Lck-Cret$’* (hereafter named PtenL‘k) mice to generate the R26-
Myb's’t; pten™!; Lck-Cre'®’* (hereafter named Myb/Pten‘¥) mice,
featuring biallelic ROSA26-driven overexpression of Myb and dele-
tion of Pten specifically in T-cells (Figure 2A). Additionally, to eval-
uate whether the functional effects of MYB overexpression is
context-dependent, we also intercrossed our R26-Myb'™/* mice with
CD2-LMO2 (hereafter named Lmo2°P?) animals to generate a
spontaneous Lmo2-driven immature T-ALL mouse model with con-
comitant overexpression of Myb (hereafter named Myb**/Lmo2<P?;
Figure 2B). We monitored aging cohorts of Pten"* or Lmo2°P? mice
with or without Myb overexpression and found that Myb accelerated
the onset of murine T-ALL driven by the loss of Pten (Figure 2C) but
not by Lmo2 overexpression (Figure 2D). Similar to what we sug-
gested above, based on the expression and incidence of MYB CNGs
in human T-ALL, these mouse models seem to demonstrate that the
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functional effects of Myb gain are dependent on the cellular and
molecular context.

Pten'* mice suffered from T-cell malignancies in 70% of cases
(n = 28/40), with a median survival of 117 days (Figure 2C, in gray). In
combination with Myb overexpression, all (n=18/18) Myb/Pten‘
mice developed T-cell malignancies significantly faster, with a median
survival of 86 days (Figure 2C, in blue). At the time of sacrifice, both
Ptent* and Myb/Pten** mice models showed elevated levels of white
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blood cells and lymphocytes in peripheral blood (PB), while red blood
cells were unaffected and platelets were slightly reduced (Figure 2E).
An accumulation of lymphoblasts was detected in the PB of
Myb/Pten"* mice, indicative of T-ALL (Figure 2F). Similar to Pten-<«
mice,®” Myb/Pten** mice frequently developed splenomegaly, thy-
momas, and leukemic infiltrations in lymph nodes and liver
(Figure 2G,H). Histological analysis revealed that Myb/Ptenk tumors
were composed of diffuse sheets of small- to intermediate-sized cells
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FIGURE 2 Myb accelerates Pten-null T-cell leukemia in mice. (A) Schematic representation of breeding of R26-Myb mice, that feature R26-driven conditional Myb
overexpression, with Pten™"; Lck-Cre'®* (Pten'*) mice, in order to obtain R26-Myb'¥’ts; Pten™ " Lck-Cre'®* (Myb/Pten'¥) mice. (B) Schematic representation of
breeding of R26-Myb mice with CD2-LMO2' (Lmo2°P?) mice, to generate R26-Myb'¥"s; Lck-Cre'®*; CD2-LMO2'8 (Myb'**/Lmo2°?) mice. (C) Kaplan-Meier survival
curve of Pten* (in gray) and Myb/Pten'“* (in blue) mice. A log-rank Mantel-Cox test showed that survival of Myb/Pten‘* mice was significantly lower. ****p < 0.0001.
(D) Kaplan-Meier survival curve of Lmo2P? (in yellow) and Myb'**/Lmo2P? mice (in green). A log-rank Mantel-Cox test could not show a significant difference
between the groups. p = 0.39. (E) Bar chart of peripheral blood (PB) values of nonrecombined cre-negative control mice, or mice. An unpaired t test revealed a
significant increase in circulating white blood cells and lymphocytes of tumor-carrying and mice compared to nonrecombined controls. No statistical difference was
found in the number of RBCs among the models, but a significant decrease in the number of platelets was found in mice, compared to control mice. Each dot
represents a different mouse. ****p < 0.0001, ***p = 0.0005, **p = 0.0045, and *p = 0.0267. Error bars denote SEM. (F) Giemsa staining of PB of cre-negative controls
and mice demonstrating an increased number of circulating lymphoblasts in mice. (G) Micrographs of lymphoma, splenomegaly, and thymoma samples of a
representative mouse with T-cell malignancies, and normal spleen of control cre-negative littermate. Hematoxylin and eosin (H&E) staining of paraformaldehyde-fixed
paraffin sections of lymph node, spleen, and liver of mice. Scale bar: 50 um. (H) Bar plot depicting the spleen-to-body weight ratio of and mice that developed
neoplasm and age-matched cre-negative littermate control mice. An unpaired t test revealed a significant increase in the spleen-to-body weight ratio of and mice
compared to controls. ****p < 0.0001. () break apart fluorescence in situ hybridization (FISH; see details in Supporting Information S1: Figure S3A) in interphase nuclei
of double negative (DN, CD4 CD8"), double positive (DP, CD4*CD8"), or single positive CD4" primary or T-ALL transplants. Orange arrows indicate colocalization of
the red and green probes that flank the locus, indicative of the normal nontranslocated locus. The tumor number is indicated with a # and corresponds to the tumor
list in Supporting Information S2: Table S5. (J) Bioluminescence of NSG mice that were transplanted with 106 tumor cells. Measurements on experimental day 8 and
day 15 show a steep increase in bioluminescent signal. (K) Kaplan-Meier survival curve of NSG mice injected with 106 primary tumor cells from 10 and 10 T-ALLs. A
log-rank Mantel-Cox test showed that there is no significant difference in survival of NSG mice that were either transplanted with or T-ALLs. p =0.13.

Ly, lymphocytes; ns, not significant; RBC, red blood cells; WBC, white blood cells.

that display a high nucleus-to-cytoplasm ratio, as well as infiltration of
the liver with leukemic cells via the portal veins, which are typical
features of lymphoid leukemias (Figure 2G). Detailed flow cytometric
analysis of Pten*** and Myb/Pten'* tumors revealed a rather similar
spectrum of immunophenotypes, ranging from more immature
double-negative CD4°CD8  (DN) to mature single positive
CD4*CD8" malignancies (Supporting Information S2: Table S5). The
observed DN phenotypes are in contrast with previously reported
Pten-deficient models that develop predominantly DP T-ALL/T-cell
lymphomas and harbor TCRa-Myc translocations.’®>? Therefore, we
determined whether TCRa-Myc translocations occur in Myb-driven
T-ALL by performing Myc break-apart FISH (Supporting Information
S1: Figure S3A) experiments using both Pten'® and Myb/Ptent
murine T-ALLs and Myb/Pten** and Lmo2°P? cell lines. Nearly all
primary Pten‘* and Myb/Pten‘* murine T-ALLs and Myb/Pten*
T-ALL cell lines harbored Myc translocations, irrespective of Myb
overexpression or immunophenotype (Figure 2| and Supporting In-
formation S1: Figure S3A,B and Supporting Information S2: Table S5).
In contrast, the two Lmo2P? cell lines did not harbor Myc translo-
cations, not even the one with endogenous loss of Pten expression
(Supporting Information S1: Figure S3B,C).

Of note, when Ptent* and Myb/Pten** tumors are transplanted
into immunodeficient NXG mice, they form secondary T-ALL within
2-3 weeks (Figure 2J,K and Supporting Information S2: Table S5),
confirming the aggressive nature of these leukemias. In conclusion,
Myb overexpression synergizes with T-cell-specific loss of Pten in
mice to accelerate the formation of aggressive and transplantable
murine T-ALL.

Myb is a dependency factor in Pten-null murine T-ALL

Next, we wondered whether MYB is essential for T-ALL main-
tenance and would, as such, be a promising anti-T-ALL therapeutic
target. For this, we isolated two primary Myb/Pten** murine T-ALL
cell lines, named MyPL1 and MyPL2 (Figure 3A), that represent a
double-positive CD4"CD8" and a double-negative CD4 CD8™ T-ALL
cell line with high Myb expression, respectively (Figure 3B). To study
the effects of loss of Myb in these T-ALL models, we transduced
MyPL1 and MyPL2 with a previously described doxycycline-
inducible lentiviral shRNA vector that targets Myb (iMyb;
Figure 3A).*° When iMyb MYPL1 and MyPL2 cells were treated with

doxycycline, we observed a strong decrease in MYB protein levels
(Figure 3C), and a substantial reduction in the number of cells
compared to noninduced cells (Figure 3D). Additionally, we analyzed
the in vivo anti-leukemic effects of Myb loss in this Myb-driven Pten-
null T-ALL model. To this end, iMyb MYPL1 cells were transplanted
into immunocompromised NSG mice, and at four days post-
transplantation, the mice were randomly assigned to two groups
that received either a standard diet or a doxycycline-containing diet
(Figure 3E). Upon in vivo Myb knockdown, we observed a significant
delay in tumor progression, illustrated by lower bioluminescence
(Figure 3F,G) and prolonged survival of the mice fed with
doxycycline-containing food (median survival of 47 days instead of
27 days; Figure 3H). However, despite a delay in disease onset, the
majority of treated animals still developed leukemia. To determine
whether the expanding tumor cells expressed Myb, we collected and
analyzed tumor samples from control and doxycycline-treated mice
(Figure 31 and Supporting Information S1: Figure S4A), and we found
that, irrespective of the diet, all tumors expressed high levels of
MYB (Figure S4B). Flow cytometry analysis revealed that all ob-
tained tumors displayed an identical immunophenotype to the par-
ental iMyb MyPL1 cell line (Supporting Information S1: Figure S4C)
and that the tumors arising in the doxycycline-treated group
were GFP-negative (Figure 3| and Supporting Information S1:
Figure S4D). This finding indicates that cells with Myb knockdown
(GFP-positive cells) were not expanding in vivo and were overgrown
by cells without expression of the shRNA vector (GFP-negative
cells; Supporting Information S1: Figure S4D). These data demon-
strate that MYB expression is essential for the in vivo expansion of
murine T-ALL.

Molecular and transcriptional changes upon Myb
knockdown in murine T-ALL

MYB has been described as a pioneering factor that can open closed
chromatin and promote transcription by facilitating H3K27 acetylation
(H3K27ac) through its coactivators CBP/p300 and by recruiting key
members of the oncogenic T-ALL core regulatory circuit.3-¢%¢1 we
performed H3K27ac ChlPseq on MyPL1 and MyPL2 cells, and we
identified a total of 607 genes in the vicinity of super-enhancer re-
gions, 147 of which were found in both cell lines (Figure 4A,B). Analysis
with Enrichré?>¢® showed that these 607 genes were strongly
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associated with the T-cell lineage, and with genes that are down-
regulated in mouse thymocytes with Myb knockout (Figure 4C-E).
Upon Myb knockdown in iMyb MyPL1 cells, we observed a strong
reduction in the global levels of the activating H3K27ac histone
mark (Figure 4F,G). Overall, these findings suggest that loss of Myb
might decrease CBP/p300-mediated H3K27 acetylation and super-
enhancer-driven expression of oncogenic networks. These results are

consistent with earlier studies on myeloid leukemia, in which the ex-
pression of MYB-dependent genes was decreased by blocking the
interaction between MYB and CBP/p300.%¢

To better understand the transcriptional consequences of Myb
knockdown in murine T-ALL, we treated iMyb MyPL1 cells with
doxycycline for four consecutive days and collected samples daily for
RNA sequencing. The knockdown of Myb resulted in progressive
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FIGURE 3 MYB s essential for the expansion of murine T-ALL. (A) Schematic representation of the generation of two mouse cell lines, MyPL1 and MyPL2, that
were derived from thymomas of R26-Myb'¥/!s; Pten™™: | ck-Cre'®’* mice that developed T-ALL. Immortalized cell lines were posteriorly lentivirally transduced with a
tetracycline-inducible vector to express a shRNA targeting Myb (iMyb) and a constitutive eGFP reporter, thus generating iMyb MyPL1 and iMyb MyPL2 cells.

(B) Pseudocolor scatterplot of flow cytometry analysis of CD8 (horizontal axis) and CD4 (vertical axis) surface markers on iMyb MyPL1 (double positive CD4"CD8")
and iMyb MyPL2 (double negative CD4 CD8") cells. (C) Immunoblotting analysis of Myb protein levels in iMyb MyPL1 and iMyb MyPL2 cells. Following doxycycline
treatment, both cell lines showed a strong and progressive reduction in Myb protein levels. The control condition (CTR) consists of iMyb MyPL1 or iMyb MyPL2 cells
that were cultured without doxycycline in the medium; D1-D5 are 5 consecutive days of treatment with 1 ug/mL of doxycycline hyclate in the culture medium; Actin
protein levels were used as loading control. (D) Line chart depicting the ratio of luminescence detected with the CellTiter-Glo luminescent cell viability assay,
normalized to the control condition. Loss of MYB caused a drastic reduction in the number of cells over time, compared to the control. A representative result from
three independent experiments is shown. (E) Schematic representation of in vivo Myb knockdown in iMyb MyPL1. This murine T-ALL cell line (4 x 10°/mouse) was
transplanted intravenously into NSG mice that were randomly assigned, on experimental day 4, to a treatment group that was fed a diet with 200 mg/kg doxycycline
(DOX) or to a control group with a standard diet (CTR). (F) Bioluminescence in NSG mice that were transplanted with iMyb MyPL1. Bioluminescence measurements on
days 13, 21, and 27 posttransplantation show a steep bioluminescence increase in the control group, but not in the treatment group. (G) Bar chart showing the
bioluminescence quantification in control mice (n = 8, in gray) and doxycycline-treated mice (n = 6, in blue) from panel F. The knockdown of Myb significantly delayed
the bioluminescence increase of iMyb MyPL1 cells in NSG mice. A Mann-Whitney test was used for statistical analysis at each timepoint. ns, nonsignificant, p = 0.45;
***p =0.0007; **p =0.0012. (H) Kaplan-Meier survival curve of NSG mice that were transplanted with iMyb MYPL1 cells and were treated as described in panel F.
The doxycycline-treated mice survived longer than control mice (median survival of 47 days versus 27 days, respectively), and a log-rank Mantel-Cox test showed
that the difference between groups was statistically significant. ***p = 0.0002. (I) Contour plot of flow cytometry analysis of iMyb MyPL1 tumor cells from control

(CTR, in green) or doxycycline-treated (DOX, in gray) mice showing the eGFP signal on the horizontal axis and the forward scatter area on the vertical axis.

transcriptomic changes over time (Figure 4H), peaking on days
3 and 4, with around 2400 genes significantly upregulated or
downregulated (Supporting Information S2: Table S6). We then
performed a strict selection of all the genes that were upregu-
lated or downregulated at all days (p-adj < 0.005), and compared
that list to the 364 super-enhancers identified in MyPL1 (Figure 41).
We found that 34 genes in super-enhancer regions were down-
regulated upon Myb knockdown, including Gata3, Ets1, Stat5a, and
Ezh2, and were very significantly associated with loss of Myb in
mouse thymocytes (p-adj=1.18x10™°, combined score =505.7;
Figure 4J). On the other hand, 27 genes in super-enhancer regions
were upregulated after Myb knockdown, and several of these genes
seem to be involved in the p53 pathway (p-adj=6.42 x 107¢, com-
bined score = 275.6; Figure 4K) or in the regulation of the cell cycle,
including Cdknla (p21), Mxd4, Trp53inp1, Btg2, and Sh3bgrl2. Taken
together, these results highlight the antileukemic effects resulting
from the loss of MYB in T-ALL.

MYB is essential for cell cycle and survival in murine
T-ALL

Focusing on the RNAseq data alone, we observed that the differentially
expressed genes significantly match the knockout of Myb in murine
thymocytes, both for downregulated (p-adj=7.05x 1074 combined
score = 365.31; Figure 5A) and upregulated genes (p-adj=2.02 x 10712,
combined score =339.49; Figure 5A). On day 4, the upregulated
genes were weakly related to the p53 pathway and apoptosis
(p-adj=3.50%10"> and 7.91x 107>, combined score=32.6 and 26.3,
respectively; Figure 5B). On the other hand, the downregulated genes
were very strongly associated with pathways regulating DNA replication
and cell cycle (p-adj=1.52x 10" and 9.88 x 10™#2, combined score =
1191 and 694, respectively; Figure 5B). Overall, Myb knockdown caused
downregulation of cyclins and other proteins that promote cell cycle
progression, while simultaneously upregulating prominent inhibitors of cell
cycle progression, such as Cdknla (p21) and Rbl2 (p130; Figure 5C).
Furthermore, Gene Set Enrichment Analysis64 showed an association
between the gene signature following Myb knockdown at day 4 and the
gene sets corresponding to targets of the DREAM complex, which has
been previously described as a master coordinator of cell cycle-dependent
gene expression,®>%® and with genes that are upregulated upon loss of
RB1 (Figure 5D), a well-known inhibitor of DNA replication and cell cycle
progression.®”

Since these molecular analyses strongly point to MYB being a key
regulator of cell cycle progression in T-ALL, we performed cell cycle
analysis on the iMyb MyPL1 cell line using propidium iodide (PI)
staining. The absence of MYB induced a strong cell cycle arrest over
time, with a nearly complete accumulation of cells in GO/G1, and a
proportional decrease in the S and G2/M fractions by day 4
(Figure 5E). Because MYB has been described to play an anti-
apoptotic role in multiple cancers,>¢*?“® we also performed annexin
V/propidium iodide apoptosis assay on iMyb MyPL1 cells. Loss of
Myb resulted in a progressive accumulation of apoptotic cells, with
over two-thirds of the cells undergoing apoptosis by day 5
(Figure 5F). On the other hand, the loss of MYB in iMyb MyPL2 cells
only caused a mild cell cycle block in GO/G1, but still triggered a
strong induction of apoptosis (Figure 5E,F). Unlike what has been
previously reported for human T-ALL cell lines with MYB-duplica-
tion,2® flow cytometry analysis did not reveal differentiation of iMyb
MyPL1 or MyPL2 cells upon Myb knockdown (Supporting Information
S1: Figure S5), although mRNA expression of Cd4, Cd8a, Cd8b1, and
Cd3e was mildly upregulated in iMyb MyPL1 cells (Cd4, 0.43-fold,
p-adj. = 0.026; Cd8a, 0.52-fold, p-adj. = 1.6 x 10™*3; Cd8b1, 0.56-fold,
p-adj.=2.1x107%; Cd3e, 0.77-fold, 4.4 x107*?). In conclusion, the
loss of MYB inhibited cell cycle progression and triggered apoptosis
of murine T-ALL cells.

MYB is essential for cellular division and survival in
human T-ALL

Since Myb knockdown triggered a robust cell cycle arrest and apoptosis
in our T-ALL mouse model, we decided to further investigate the
consequences of loss of MYB expression in human T-ALL. We per-
formed MYB knockdown in two human T-ALL cell lines with different
immunophenotypes and MYB duplication statuses. Jurkat is a mature
single positive CD4 (CD3"CD4'CD8") TAL-LMO cell line with PTEN
frameshift and missense mutations and is wild type for MYB. Con-
versely, RPMI-8402 is an immature double-negative (CD3"CD4 CD8")
TAL-LMO cell line with a SIL-TAL1 translocation, PTEN missense and
frameshift mutations, and MYB duplication. Both cell lines were lenti-
virally transduced with the abovementioned lentiviral vector for in-
ducible shRNA MYB knockdown (iMYB).** Following the induction of
shRNA expression, a strong reduction in the levels of MYB protein was
observed in both cell lines (Figure 6A). We then monitored the effect
of sustained MYB loss for 7 days and observed that, despite the
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differences in differentiation stage and MYB CNG status, a similar ef-
fect occurred in both cell lines, with a gradual drop in cell counts
starting from day 3 (Figure 6B). This effect coincided with a cell cycle
block, as shown by an accumulation of cells in GO/G1 that went up
from 81% to 91% by day 7 (Figure 6C). Furthermore, a simultaneous
increase in cell death occurred, with 59%-92% of cells undergoing
apoptosis by the 7th day (Figure 6D). Similar to Myb KD in murine
T-ALLs, MYB KD in Jurkat also resulted in a reduction of total H3K27ac

(A) SuperEnhancer Plot SuperEnhancer Plot

levels (Supporting Information S1: Figure S6A,B). Moreover, we ana-
lyzed TAL1 levels upon MYB KD in Jurkat, since these cells harbor a
microinsertion, upstream of TAL1, that creates a de novo MYB binding
site and recruits a super-enhancer complex that drives TAL1 over-
expression.31 In line with this notion, MYB KD in Jurkat also caused a
decrease in TAL1 expression (Supporting Information S1: Figure S6C).
To validate this antileukemic effect in vivo, we transplanted iMYB
Jurkat cells into immunocompromised NXG mice, which were
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FIGURE 4 Loss of Myb decreases H3K27 acetylation and downregulates genes in MYB-driven super-enhancers. (A) Hockey stick plot showing the levels of H3K27
acetylation in regulatory regions in the vicinity of genes, highlighting some of the super-enhancer regions (in blue) found in MyPL1 (CD4"CD8") and MyPL2 (CD4 CD8") mouse
T-ALL cell lines. (B) Venn diagram showing the overlap between the super-enhancers found in MyPL1 and MyPL2. Despite representing cell types in distinct differentiation
stages, MyPL1 and MyPL2 T-ALL cell lines share around 24.2% (147/607) of the super-enhancers, including genes highlighted in panel A, such as Ets1, Myc, Dad1, lkzf1, and
Sox4. (C-E) Bar graphs of enrichment analysis using the 607 super-enhancer regions found in MyPL1 and MyPL2 cells. The super-enhancers found match significantly the genes
that are downregulated in mouse thymocytes upon knockout of Myb (C), and appear to be strongly related to T-cell identity (D, E). (F) Western blot analysis showing the global
levels of H3K27 acetylation (H3K27ac) in iMyb MyPL1 and iMyb MyPL2 cells that were either treated with 1 pg/mL doxycycline (Myb KD) for 48 h or not (CTR). Total histone
H3 (H3) levels were used as a loading control. (G) Bar graphs showing the normalized (against H3) quantification of epigenetic marks from panel F. **p (iMyb MyPL2) = 0.0063
and *p (iMyb MyPL1) = 0.0029. (H) Principal component (PC) analysis of RNAseq data of iMyb MyPL1 cells that were either treated with 1 pg/mL doxycycline (Myb KD,
triangle) or not treated (CTR, circle) for 4 consecutive days and four replicates. Replicates cluster per day of treatment, and transcriptomic changes caused by Myb knockdown
increase over time. (I) Venn diagram showing the overlap between the super-enhancers found in MyPL1 and the up- or downregulated genes upon Myb knockdown. (J) Bar
graph of enrichment analysis using the 34 genes in super-enhancer regions that are downregulated following Myb knockdown in iMyb MyPL1 cells. These genes match
significantly the genes that are downregulated upon loss of Myb in mouse thymocytes, showing that MYB drives specifically super-enhancers in genes such as Ccnd3, Stat5a,

Ets1, and Ezh2 and promotes their expression. (K) Bar graph of enrichment analysis using the 27 genes in super-enhancer regions that are upregulated following Myb
knockdown in iMyb MyPL1 cells. This gene signature is significantly associated with the p53 pathway.

randomly separated into two groups (n=11/group) on experimental
day 4, and given either a conventional diet or a doxycycline-containing
diet. At experimental day 42, leukemia progression was compared
between both groups. To this end, five randomly selected mice from
each group were killed, and the leukemic burden in their bone marrow
was analyzed by determining the percentage of human CD45"/GFP*
cells by flow cytometry (Figure 6E). At this intermediate time point,
leukemic infiltration was detected in the bone marrow of all control
animals, but no Jurkat cells were found in mice treated with doxycycline
(Figure 6F,G). The remaining six mice in each cohort were used for
survival analysis (Figure 6H). Control mice had a median survival of
50.5 days, while all doxycycline-fed mice survived until the end of the
experiment, at day 130 (Figure 6l), with no signs of Jurkat cells in their
bone marrow (data not shown). In conclusion, MYB was required for the
expansion and survival of human T-ALL cells, both in vitro and in vivo.

Targeting the transcriptional activity of MYB in
murine and human T-ALL

Since our data showed that MYB is a dependency factor in both mouse
and human T-ALL, the inhibition of its transcriptional activity might be
an attractive strategy for T-ALL therapy. The transcriptional activity of
MYB involves DNA binding and the recruitment of coactivators, such
as CBP or its paralogue p300, via the transactivation domain of MYB.
In particular, the MYB residue E308 is essential for this interaction, as
was elegantly shown in the Booreana mouse strain, which has a
naturally occurring Myb E308G mutation and is resistant to induction
of myeloid leukemia.®’ Here, we blocked the interaction between MYB
and its transcriptional coactivators CBP/p300 using MYBMIM, a cell-
penetrant peptidomimetic inhibitor.3¢ As a control peptide, we used an
inactive version of MYBMIM, named TG3, in which three key MYB
residues for this CBP/p300 interaction were mutated. Both the mouse
cell lines derived from the Myb/Pten"* mice and the human T-ALL cells
were sensitive to the treatment with MYBMIM, and no significant
effects were seen upon treatment with TG3 in the concentration range
used (Figure 7A,B). Probably due to being more immediate than the
shRNA-mediated knockdown of Myb, MYBMIM achieved a faster an-
tileukemic effect and caused over 50% viability reduction of all T-ALL
cell lines after 48 h with concentrations ranging from 10 to 40 uM. To
assess whether blocking the interaction between MYB and CBP/p300
is comparable to the antileukemic effect of MYB loss by shRNA, we
treated Jurkat and KOPT-K1 cells with a single concentration of
MYBMIM and TG3 for 48 h and performed viability and apoptosis
assays, as well as cell cycle analysis. We found that besides preventing
the expansion of T-ALL cells, MYBMIM also caused a reduction in their

viability (Figure 7C). Furthermore, our results show that blocking the
interaction between MYB and CBP/p300 caused a mild cell cycle ar-
rest in GO/G1 while simultaneously triggering cell death in T-ALL cell
lines (Figure 7D,E).

Next, using MYBMIM ex vivo, we treated five T-ALL PDXs with
either chromosomal translocation, genomic duplication, or wild-type
MYB. Similar to the effects seen in the cell lines, all PDXs had their
viability reduced by over 50% after 48 h with MYBMIM concentrations
ranging from 10 to 40 uM, but no significant differences were seen
when TG3 was used in the same concentration range (Figure 7F,G).

Taken together, our findings suggest that the CBP/p300-
dependent functions of MYB are essential for maintaining an onco-
genic program in T-ALL, which might be associated with the gen-
eration of super-enhancers by acetylating H3K27, opening chromatin,
and recruiting transcription factors that promote an oncogenic T-ALL
core regulatory circuit.

DISCUSSION

MYB is highly expressed in ALL, and a subset of T-ALL cases harbor
genomic aberrations that further potentiate the expression or activity
of this proto-oncogene. Previous studies have associated MYB with a
malignant role in the induction, pathogenesis, and maintenance of
several cancers.??>~?” However, its role in T-ALL is still relatively
poorly understood.

In this study, we used the PeCan database and found a negative
association between increased copy number of MYB, which leads to
higher MYB levels, and the event-free survival of pediatric T-ALL patients.
However, we could not validate the prognostic value of MYB CNG in an
independent validation T-ALL cohort. Using our previously described
approach,”® we generated a mouse with conditional Myb over-
expression?® and used it to assess the effects of Myb overexpression in
two different spontaneous T-ALL mouse models. We demonstrated that
the gain of Myb synergizes with Pten deletion to accelerate the initiation
of T-cell malignancies. The T-ALL mouse model driven by the loss of Pten
resembles human TAL-LMO T-ALL, which often displays a more mature
immunophenotype,>®71° along with frequent mutations affecting the
PI3K pathway,”®>” and where the consistently high MYB levels have
been reported to sustain the TAL1-driven oncogenic feed-forward cir-
cuit.?° Our Myb/Pten'** model added an extra layer of complexity to the
original Pten-deletion model,%” and hinted that Myb overexpression may
cooperate with Pten loss, particularly during the events associated with
the initiation of the malignant transformation. During T-cell transforma-
tion, Pten-null thymocytes accumulate multiple oncogenic hits, including
reciprocal t(14:15) chromosomal translocations involving the T-cell
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FIGURE 5 Loss of Myb halts cell cycle progression and induces cell death in murine T-ALL. (A, B) Bar graphs of enrichment analysis using a gene expression
signature of iMyb MyPL1 cells that suffered from Myb knockdown, or not, on experimental day 1 (A) and day 4 (B). Enrichment analysis showed that the gene
signature of Myb knockdown in iMyb MyPL1 matches significantly the genes that are affected by Myb knockout in mouse thymocytes (A), both for the downregulated
genes (in blue), and the upregulated genes (in red). After 4 days without MYB (B), iMyb MyPL1 cells showed very significant downregulation of genes involved in DNA
replication and cell cycle progression (in blue), and an upregulation of genes implicated in the p53 pathway, and in apoptosis (in red). (C) Heatmap of messenger RNA
expression of genes that are involved in cell cycle regulation after 4 days in untreated (CTR1-4) and doxycycline-treated iMyb MyPL1 cells (Myb KD1-4). (D) Gene set
enrichment analysis of targets of the DREAM complex and upregulated genes upon loss of RB1. (E) Stacked bar chart of the percentage of cells per phase of the cell
cycle in untreated (CTR) iMyb MyPL1 (in blue) or iMyb MyPL2 (in orange) cells or in doxycycline-treated cells on experimental days 1, 3, and 5. Myb knockdown led to
a decreased number of cycling cells, as shown by the accumulation of cells in GO/G1, and the reduced proportion of cells at the S and G2/M phases of the cell cycle. A
representative result from two independent experiments is shown. (F) Stacked bar chart of the percentage of viable, early apoptotic, or late apoptotic cells (as
determined by Annexin/PI staining) in either untreated (CTR), or doxycycline-treated iMyb MyPL1 or iMyb MyPL2 cells on experimental days 1, 3, and 5. A
representative result from two independent experiments is shown. FDRq, false discovery rate g-value; NES, normalized enrichment score.
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FIGURE 6 Loss of MYB blocks cell cycle progression and causes cell death in human T-ALL. (A) Immunoblotting analysis of MYB protein levels in Jurkat and

RPMI-8402 T-ALL cell lines that have been lentivirally transduced with a tetracycline-inducible vector to express an shRNA targeting MYB (iMYB). Following 2 days
of doxycycline treatment, the transduced cells showed a strong reduction in MYB protein levels. The control condition (CTR) had no tetracyclines in the medium.
The treated condition had 1 pg/mL of doxycycline hyclate (DOX) added to the culture medium. Actin was used as the loading control. (B-D) iMYB Jurkat (in blue) and
iMYB RPMI-8402 (in pink) were treated with 1 ug/mL of doxycycline hyclate in the culture medium for 7 consecutive days (D1-D7), or not (CTR), and were analyzed
for cell viability (B), cell cycle (C), and apoptosis (D). A representative result from two independent experiments is shown. (B) Line chart of the ratio of luminescence
detected with CellTiter-Glo normalized against the control condition. (C) Stacked bar charts showing the percentage of cells per phase of the cell cycle and (D) the
percentage of viable, early apoptotic, or late apoptotic cells per day. (E) Schematic representation of the in vivo experiment with iIMYB Jurkat cells. iMYB Jurkat cells
(9 x 10°/mouse) were transplanted intravenously into immunodeficient NXG mice (n = 5/group), which were given four days post-transplantation either a normal diet
(CTR mice) or a diet containing 200 ppm of doxycycline (DOX mice). On day 42, the percentage of human CD45-positive (hCD45") Jurkat cells in the bone marrow
was analyzed. (F) Photograph of femurs from CTR and DOX mice at day 42. Pallor is observed in femurs of CTR mice, as a consequence of the replacement of bone
marrow cells with hCD45" Jurkat cells. This pallor was not seen in DOX mice. (G) Bar chart representing the percentage of hCD45"/eGFP" Jurkat cells detected in
the bone marrow of the CTR and DOX mice. **p = 0.0043. (H) Schematic representation of the in vivo survival experiment with iMYB Jurkat cells showing that mice that
were treated with DOX from day 4 until the end of the experiment had significantly increased survival. (I) Kaplan-Meier survival curve of NXG mice that were
transplanted with iMYB Jurkat cells and were treated as described in E (n = 6/group). A log-rank Mantel-Cox test showed that the survival of DOX mice was significantly
higher than that of control mice (median survival of CTR mice was 50.5 days, and DOX mice did not show any sign of disease up to day 130).

receptor alpha/delta locus and Myc.>>% We have confirmed the presence
of these Myc translocations in Pten-null T-ALLs. More research will be
necessary to determine whether the MYC mutational status plays an
essential role in the observed accelerated leukemia initiation upon MYB
gain in the Pten'** model. On the other hand, Myb overexpression did not
influence the initiation of leukemia in the Lmo2-driven T-ALL model.

Overexpression of LMO2 hinders T-cell differentiation, both in mice and
humans, and promotes an accumulation of self-renewing immature cells
associated with the development of early T-cell precursor ALL (ETP-
ALL),*04771-74 \yhich is often characterized by high levels of LYL1.%7° In
AML, MYB is known to generate oncogenic super-enhancers and recruit
an aberrant complex of transcriptional coactivators that includes LMO2
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FIGURE 7

Peptidomimetic blockade of MYB triggers cell death in T-ALL. (A, B) Line chart of the ratio of luminescence detected using CellTiter-Glo cell viability

assay (hereafter called relative viability) upon treatment of cell lines with 10-40 uM of MYBMIM (colored line) or its inactive version, named TG3 (black line),
normalized to the untreated condition. (A) MyPL1 and MyPL2 are murine R26-Myb'"'s; Pten"; [ ck-Cre'3’* T-ALL cell lines. (B) RPMI-8402, P12-Ichikawa, Loucy,
KOPT-K1, and Jurkat are human T-ALL cell lines. (C) Bar chart showing the relative viability of Jurkat and KOPT-K1 cells at the beginning of the experiment (0 h), and
48 h later, when treated with either 30 uM (for Jurkat) or 20 uM (for KOPT-K1) of MYBMIM, TG3, or untreated (CTR 48 h). (D) Stacked bar charts showing the
percentage of cells per phase of the cell cycle and (E) the percentage of viable, early apoptotic, or late apoptotic cells at 48 h. A representative result from two
independent experiments is shown. (F) Scheme of generation of T-ALL patient-derived xenografts (PDXs) through intravenous injections, followed by their ex vivo
treatment with either TG3 or MYBMIM. (G) Line chart of the relative viability of T-ALL PDX with either chromosomal translocation (TRB::MYB), genomic gain of MYB
(MYB CNG), or wild-type MYB (MYB WT), upon treatment with 10-40 uM of MYBMIM (colored line) or TG3 (black line), normalized to the untreated condition.

and LYL1.”¢ In the context of T-ALL, MYB also forms super-enhancers to
activate the transcription of oncogenes and promote a core regulatory
circuit.34%° For example, somatic noncoding mutations that create de
novo binding motifs for MYB in TAL1, LMO1, or LMO2 genes have been
demonstrated to result in the recruitment of transcriptional machinery
and cause aberrant overexpression of those oncogenes.®**277 The TAL1
transcriptional complex recruited by MYB in the super-enhancers also
includes and requires the involvement of LMO2,®! thus suggesting that
these two proteins can cooperate in T-ALL. However, the role of MYB is
highly context-dependent,”® and even though LMO2 seems to promote a
positive regulatory network in ETP-ALL,’2 MYB has yet to be implicated
in the regulation of this LMO2-LYL1 oncogenic axis. Furthermore, LMO2-
LYL1 cases display relatively low levels of MYB, compared to other T-ALL
subgroups (Figure 1B).2 Taken together, these considerations seem to
indicate that LMO2-LYL1 T-ALLs might not require sustained MYB
overexpression for malignant transformation and maintenance.

Using a validated doxycycline-inducible shRNA-mediated knock-
down approach,?>* we observed that MYB sustained MyPL cell lines
by promoting cell cycle progression and inhibiting apoptosis. This
finding is concordant with previous reports about the role of MYB in
hematopoietic malignancies.?>”? Nonetheless, Lahortiga and colla-
borators have reported that the loss of MYB had only a minor impact
on viability, proliferation, and cell cycle in human T-ALL cell lines.?® Our
results showed that the consequences of Myb loss were progressive
(Figure 4H), and it took several days for the cell cycle arrest and
apoptosis to become evident (Figure 6B-D). This might indicate that
T-ALL cells can temporarily tolerate lower MYB levels down to a
certain threshold before succumbing. It is possible that the time point
chosen by Lahortiga and colleagues was too early for the detection of
significant cell cycle arrest and apoptosis.

Although the in vivo Myb knockdown in MyPL1 cells improved
mouse survival, the NSG mice still developed GFP-negative and
knockdown-resistant tumors. A similar outcome was reported by De
Dominici and collaborators, using the same inducible shRNA on Phi-
ladelphia chromosome-positive (Ph*) leukemia cells.?® In their in vivo
study, inducible MYB KD in Ph* leukemia cells increased the survival
of the recipient mice, which ultimately still developed tumors that
regained MYB expression. Those tumors displayed a lower GFP in-
tensity, possibly associated with a reduced expression of MYB shRNA.
In our study, it is unclear whether the GFP-negative MyPL1 tumors
resulted from silencing of the retroviral insert or simply arose due to
clonal selection of nontransduced cells. Regardless, these findings
seem to reiterate the importance of MYB during T-ALL maintenance.

Our results suggest that MYB may be a good therapeutic target for
T-ALL, since both lentiviral knockdown and pharmacological inhibition of
MYB resulted in antileukemic effects in all examined T-ALL cell lines and
PDXs, irrespective of their immunophenotype, T-ALL subgroup, and
even MYB duplication status. Transcription factors are generally re-
garded as difficult targets for therapy due to their short half-life,®° and
up to now, no clinical-grade MYB-targeting strategy exists.>>® For this
reason, researchers frequently attempt to identify druggable down-
stream targets rather than targeting the transcription factor directly. De

Dominici and colleagues identified several downstream targets of MYB
that are critical for its oncogenic function in Ph+ leukemia, and they
were able to partially mitigate the antileukemic consequences of MYB
silencing by ectopically expressing CDK®, cyclin D3, BCL2, and silencing
p21. Afterward, they combined the CDK4/6 inhibitor palbociclib with a
BCL2 antagonist compound and observed a synergistic antileukemic
effect in vivo.?®> We found a similar upregulation of the p21 gene,
Cdknla, and downregulation of Ccnd3 in MyPL1 cells following Myb
knockdown, along with many other genes involved in the regulation of
the cell cycle (Figure 4G). However, we could not validate Cdké and Bcl2
as targets of MYB in MyPL1 cells.

Other groups have successfully demonstrated the therapeutic
potential of MYB targeting in vivo for other hematopoietic cancers
while showing that transient MYB targeting is compatible with normal
hematopoiesis.2¢%7%2 |n this study, we tried a peptidomimetic ap-
proach®® based on blocking the interaction between MYB and its
coactivators, CBP and p300, aimed at disrupting the oncogenic super-
enhancer and transcription factor complexes, and we validated its
antileukemic potential in T-ALL.

In conclusion, our data indicate that MYB overexpression plays an
oncogenic role in cooperation with the loss of Pten to promote the for-
mation of T-ALL. Furthermore, the tools used in this study allowed us to
validate both the direct inhibition of MYB as well as the disruption of the
MYB-CBP/p300 interaction as promising alternative therapeutic ap-
proaches for patients with chemotherapy-resistant or relapsed T-ALL.
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