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Abstract 
 
Philadelphia chromosome-like acute lymphoblastic leukemia (Ph-like ALL) is an intractable disease and most cases harbor 
genetic alterations that activate JAK or ABL signaling. The commonest subtype of Ph-like ALL exhibits a CRLF2 gene re-
arrangement that brings about JAK1/2-STAT5 pathway activation. However, JAK1/2 inhibition alone is insufficient as a 
treatment, so combinatorial therapies targeting multiple signals are needed. To better understand the mechanisms under-
lying the insufficient efficacy of JAK inhibition, we explored gene expression changes upon treatment with a JAK1/2 in-
hibitor (ruxolitinib) and found that elevated BCL6 expression was one such mechanism. Upregulated BCL6 suppressed 
the expression of TP53 along with its downstream cell cycle inhibitor p21 (CDKN2A) and pro-apoptotic molecules, such 
as FAS, TNFRSF10B, BID, BAX, BAK, PUMA, and NOXA, conferring cells some degree of resistance to therapy. BCL6 inhibition 
(with FX1) alone was able to upregulate TP53 and restore the TP53 expression that ruxolitinib had diminished. In addition, 
ruxolitinib and FX1 concertedly downregulated MYC. As a result, FX1 treatment alone had growth-inhibitory and apopto-
sis-sensitizing effects, but the combination of ruxolitinib and FX1 more potently inhibited leukemia cell growth, enhanced 
apoptosis sensitivity, and prolonged the survival of xenografted mice. These findings provide one mechanism for the in-
sufficiency of JAK inhibition for the treatment of CRLF2-rearranged ALL and indicate BCL6 inhibition as a potentially 
helpful adjunctive therapy combined with JAK inhibition. 
 

Introduction 
Although recent progress in intensified chemotherapy, 
coupled with risk stratification, has substantially improved 
the outcomes of patients with acute lymphoblastic leuke-
mia (ALL), the prognosis of patients with some ALL subsets 
remains poor.1-4 ALL harbor chromosomal abnormalities and 
genetic alterations that affect the differentiation and pro-
liferation of lymphoid precursor cells. These abnormalities 
serve as significant prognostic factors.1-4 
Philadelphia chromosome (Ph)-like ALL has a gene ex-
pression signature similar to that of Philadelphia chromo-
some-positive ALL, but does not have the BCR-ABL1 fusion 
gene.5,6 Ph-like ALL accounts for about 10%-15% of child-
hood and approximately 20% of adult cases of B-cell pre-

cursor ALL, with a peak of 25%-30% in adolescents and 
young adults. Ph-like ALL is associated with a poor prog-
nosis1-3,7-11 and affected patients are less likely to achieve 
minimal residual disease-free remission than those with 
other types of ALL.10 
Genomic alterations in Ph-like ALL affect cytokine recep-
tors, tyrosine kinase signaling, and transcription factors, 
leading to disease heterogeneity. However, the kinases or 
pathways affected allow the identification of various Ph-
like ALL subtypes, including those with CRLF2 rearrange-
ment (IGH-CRLF2 and P2RY8-CRLF2), rearrangement of ABL 
class tyrosine kinase genes, JAK2 rearrangement, EPOR 
mutations, and activating mutations of genes involved in 
JAK/STAT and RAS (NRAS, KRAS, and PTPN11) pathways.1,2,7,9,11 
The subtype with CRLF2 gene rearrangement (hereafter 
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CRLF2-ALL) accounts for up to about 60% of cases of Ph-
like ALL, depending on ethnicity. Rearrangement of the 
CRLF2 gene located on Xp22.3 and Yp11.3 results in CRLF2 
receptor overexpression and is frequently accompanied by 
JAK mutations.1,2,7,9,12,13 Interestingly, about 50% to 60% of 
children with Down syndrome-associated ALL have CRLF2 
rearrangements (usually P2RY8-CRLF2 fusions) and 
JAK2R683G mutations.12 
Although CRLF2 receptor engagement can activate the 
JAK-STAT pathway, CRLF2-ALL shows variable responses 
to type I JAK inhibitors, such as ruxolitinib.4,9,14,15 Adjunctive 
or alternative treatment approaches are therefore required 
to improve clinical outcomes. 
One such approach is the development of a type II JAK2 
inhibitor.16 Heat shock protein 90 inhibition could be an al-
ternative to target JAK2 by inducing its degradation.17 Other 
approaches include combinatorial inhibition targeting JAK2 
together with BCL2 and BCL-xL18 or phosphatidylinositol 3-
kinase/mammalian target of rapamycin.19,20 Recent studies 
have indicated that GSPT1,21 CRKL, MEK1/2,22 HMGN1,23 and 
B-cell receptor-like signaling24 are all important targets for 
better treatment. Additional options include combinations 
of ruxolitinib with chemotherapeutic drugs.25 These 
measures have improved CRLF2-ALL treatment in experi-
ments, but their efficacy in patients is unknown as yet. 
In this study, an alternative approach was taken to provide 
an additional adjunctive option under the hypothesis that 
gene expression changes elicited by JAK inhibitors might 
mitigate the efficacy of treatment with such inhibitors. This 
study focused on BCL6 as such a gene. 
BCL6 is a DNA-binding protein and predominantly functions 
as a transcriptional repressor.26 BCL6 plays an essential role 
in germinal center development. In germinal center B cells, 
BCL6 represses the transcription of genes involved in DNA 
damage response elicited by physiological DNA breaks 
required for immunoglobulin class switch recombination 
and somatic hypermutation.27,28 The constitutive expression 
of BCL6 is caused by chromosomal translocations, somatic 
mutations in DNA sequences involved in silencing BCL6, 
activating mutations of transcription factors driving BCL6 
expression, and deletion/mutation of the gene encoding 
FBXO11 (a component of a ubiquitin ligase that degrades 
BCL6 protein) in diffuse large B-cell lymphoma, contribu-
ting to development of the lymphoma.28,29 BCL6 is also im-
plicated in oncogenesis and maintenance of other 
cancers.27 

Methods  
Reagents 
The reagents used in this study are listed in Online Sup-
plementary Table S1. 

Cell lines 
The cell lines used in this study are listed in Online Sup-
plementary Tables S1 and S2. YCUB530 and KOPN4922,31 were 
provided by Hiroaki Goto (Kanagawa Children’s Medical 
Center) and Takeshi Inukai (University of Yamanashi), re-
spectively. Cells were authenticated using the GenePrint 10 
System (Promega) with Expasy Cellosaurus short tandem 
repeat references, except for YCUB5 and KOPN49, which 
lacked such references. Clinical samples of CRLF2-ALL 
were obtained, with written informed consent to partici-
pation in the study, from patients at Nagoya University Hos-
pital (case 1) and National Hospital Organization Nagoya 
Medical Center (case 2). These patients’ clinical information 
is described briefly in the Online Supplementary Methods. 
The study protocol was approved by the ethics committees 
at Nagoya University, National Hospital Organization Nagoya 
Medical Center, and Aichi Medical University. Gene muta-
tions in CRLF2-ALL cells used in this study are summarized 
in Online Supplementary Table S2. 

Ex vivo drug sensitivity assays 
Cells were cultured in triplicate in the presence of the in-
dicated concentrations of drugs or a vehicle. Viable cells 
were enumerated using a CellDrop BF automated cell 
counter (DeNovix, Wilmington, DE, USA) or by inspection 
under a microscope with the trypan blue dye exclusion 
method. The fraction of surviving cells relative to the con-
trol was calculated for each condition. ZIP synergy scores 
were calculated using the R package synergyfinder (version 
2.2.4).  

In vivo drug sensitivity assays 
Cells (5x106) were transplanted intravenously into NSG 
mice (obtained from The Jackson Laboratory, Bar Harbor, 
ME, USA) that had been pre-conditioned using two intra-
peritoneal injections of busulfan (20 mg/kg) at a 24-hour 
interval. Mice were given enrofloxacin (170 mg/L) in drink-
ing water ad libitum and randomly assigned to the treat-
ment group with ruxolitinib (100 mg/kg/day) by gastric 
gavage twice daily or FX132 (30 mg/kg/day) by intraperi-
toneal injection once daily, or their combination, 5 days 
on, 2 days off for 4 weeks. Animals administered only ve-
hicle served as controls. A Kaplan-Meier analysis of sur-
vival was performed using the R package survival (version 
3.2-7), and the survival curve was generated by the R 
package survminer (version 0.4.8). All animal experiments 
were performed according to protocols approved by the 
Institutional Animal Use and Care Committee of Aichi 
Medical University. 

Other methods 
Additional methods are described in the Online Supple-
mentary Methods. 
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Data availability 
The RNA-sequencing data have been deposited in Ar-
rayExpress under accession number E-MTAB-10755. 

Results 
BCL6 upregulation after treatment with JAK1/2 
inhibitors in CRLF2-ALL 
We first examined the growth-inhibitory effects of a 
class I JAK1/2 inhibitor, ruxolitinib. This drug is clinically 
used to treat JAK-activated myeloproliferative neo-
plasms and is being tested for its efficacy in CRLF2-ALL 
in clinical trials.4 The growth of four CRLF2-ALL and five 
non-CRLF2-ALL cell lines in 5-day ex vivo cultures with 
graded ruxolitinib concentrations was compared. The 
growth of two CRLF2-ALL cell lines, MUTZ-5 and YCUB5, 
was dose-dependently inhibited, but only modestly. The 
growth inhibition of the other two CRLF2-ALL cell lines, 
MHH-CALL-4 and NAGL-1, was blunt enough to be indis-
tinguishable from that of the five non-CRLF2-ALL cell 
lines (Reh, Kasumi-2, Kasumi-7, NALM-1, and NALM-6) 
(Figure 1A). A similar effect was observed using a class II 
JAK inhibitor CHZ86816 (Online Supplementary Figure 
S1A), suggesting that this new type of inhibitor per se 
does not wholly overcome the resistance of CRLF2-ALL 
subsets to JAK inhibition. 
It was hypothesized that gene expression changes eli-
cited by ruxolitinib might mitigate the treatment efficacy 
of this inhibitor. Gene expression profiles in MHH-CALL-
4 and MUTZ-5 cells in the presence or absence of ruxo-
litinib revealed BCL6 to be one of the genes most 
remarkably upregulated by ruxolitinib (Figure 1B). BCL6 
upregulation was confirmed at the protein level by west-
ern blot analysis in four CRLF2-ALL cell lines and 
samples from two patients with CRLF2-ALL (Figure 1C, 
Online Supplementary Figure S1B). Conversely, the five 
non-CRLF2 ALL cell lines did not show such a response 
(Figure 1D). CHZ868 treatment likewise upregulated 
BCL6 expression (Online Supplementary Figure S1C). The 
upregulation of BCL6 transcripts by ruxolitinib or 
CHZ868 treatment was confirmed by quantitative re-
verse transcription-polymerase chain reaction (qRT-PCR) 
(Online Supplementary Figure S1D). However, this study 
did not exclude the possibility that BCL6 protein is ad-
ditionally upregulated post-translationally. Enforced ex-
pression of an active form of STAT5B somewhat reduced 
BCL6 expression and remarkably blunted ruxolitinib’s ef-
fect of upregulating BCL6 (Figure 1E, Online Supplemen-
tary Figure S1E), suggesting a close inverse relationship 
between STAT5 activity and BCL6 expression. Consist-
ently, STAT5 inhibitors upregulated BCL6 in six CRLF2-
ALL cells but not in the non-CRLF2-ALL cell line, Reh 
(Online Supplementary Figure S1F). These findings sug-

gest that ruxolitinib upregulates BCL6 through STAT5 in-
hibition. 

Synergy between a JAK inhibitor (ruxolitinib) and BCL6 
inhibitors in culture 
Given that CRLF2-ALL cells express BCL6 even before ru-
xolitinib treatment (Figure 1C), we investigated whether 
BCL6 inhibition affects cell growth in the absence of JAK 
inhibitors. To this end, three distinct BCL6 inhibitors, 
BI3802,33 BI3812,33 and FX1,32 were used. BI3802 is a BCL6 
degrader, and BI3812 and FX1 interfere with BCL6 inter-
actions with its co-repressors BCOR, NCOR, and SMART. 
These reagents inhibited the growth of four CRLF2-ALL 
cell lines and Kasumi-2 and Kasumi-7 but not Reh, NALM-
1, and NALM-6 cell lines. The growth inhibition of Kasumi-
2 and Kasumi-7 was consistent with the essential roles of 
BCL6 in the maintenance of TCF3-PBX134 (Kasumi-2) and 
MEF2D-rearranged35 (Kasumi-7) ALL (Figure 1F). These 
findings suggest that BCL6 may, at least in part, play roles 
in CRLF2-ALL cell growth. The study of primary CRLF2-
ALL cells (cases 1 and 2 in Figure 1C) was not possible, as 
these cells could not be maintained in culture long 
enough to assess drug sensitivity fully.  
Next, the efficacy of a combination of ruxolitinib and 
either FX1 or BI3812 for the inhibition of CRLF2-ALL cell 
growth was investigated. Figure 2 and Online Supplemen-
tary Figure S2A show a synergy of the combinations. A 
similar synergy was observed in modeled CRLF2-ALL in 
Baf/3 cells (Online Supplementary Figure S2B). Likewise, 
BCL6 knockdown in the CRLF2-ALL cell lines, MHH-CALL-
4 and YCUB5, inhibited their growth (Online Supplemen-
tary Figure S2C, D), which was further inhibited by 
ruxolitinib (Online Supplementary Figure S2D), suggesting 
that the growth inhibitory effects of the BCL6 inhibitors 
were likely specific. Time-course experiments showed 
that a combinatorial effect of ruxolitinib and FX1 on cell 
growth was most pronounced more than 5 days after cul-
ture initiation (Online Supplementary Figure S2E). How-
ever, there was mostly negligible synergy in five 
non-CRLF2-ALL cells (Online Supplementary Figure S2F). 

Combinatorial effect of ruxolitinib and FX1 in vivo 
We next studied the effects of ruxolitinib and FX1 in com-
bination in vivo: FX1 was chosen as the BCL6 inhibitor since 
BI3802 and BI3812 were not amenable to in vivo treat-
ment.33 Of the four CRLF2-ALL cell lines tested in this 
study, YCUB5 and MUTZ5 cells had the highest in vivo 
leukemia-propagating activity (Online Supplementary Figure 
S3A) and were, therefore, used in these experiments. Com-
pared to vehicle-only treatment, FX1 or ruxolitinib treat-
ment alone prolonged the survival of mice transplanted 
with CRLF2-ALL cells, but the combination of FX1 and ru-
xolitinib prolonged survival even further, demonstrating its 
survival benefit (Figure 3A, B left). Consistently, peripheral 
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blood collected at the time of treatment completion con-
tained markedly fewer leukemia cells in mice treated with 
the combination (Figure 3A, B right). A similar observation 
was made for mice transplanted with leukemia cells from 
a patient (case 1) (Figure 3C). Addition of FX1 was well tol-
erated, as suggested by no apparent loss of the treated 
animals’ bodyweight (Online Supplementary Figure S3B). 

Ruxolitinib mitigates TP53-mediated tumor suppression 
To investigate the molecular mechanisms underlying the 
synergy between ruxolitinib and FX1, the gene expression 
of MHH-CALL-4 and MUTZ-5 cells in four treatment con-
ditions were compared: ruxolitinib alone, FX1 alone, their 
combination, and vehicle-only control. Differentially ex-
pressed genes between the conditions were extracted 

Figure 1. Upregulation of BCL6 by ruxolitinib and growth inhibition by BCL6 inhibitors. (A) Growth inhibition of CRLF2-ALL cell 
lines (MHH-CALL-4, MUTZ-5, YCUB5, and NAGL-1) and non-CRLF2-ALL cell lines (Reh, Kasumi-2, Kasumi-7, NALM-1, and NALM-
6) by the JAK1/2 inhibitor, ruxolitinib. Cells were cultured with the indicated concentrations of ruxolitinib for 5 days, and growth 
relative to that of vehicle-treated cells is shown as the mean ± standard deviation (SD). (B) Gene expression changes in MHH-
CALL-4 and MUTZ-5 cells upon treatment with ruxolitinib (1 mM) for 24 h are presented as a volcano plot. BCL6 is represented 
in red. (C) BCL6 upregulation, at the protein level, with ruxolitinib treatment. The CRLF2-ALL cell lines and clinical samples from 
two cases were treated with ruxolitinib (1 mM, 24 h), and a western blot analysis was performed for BCL6, phospho-STAT5, and 
STAT5. GAPDH served as a loading control. (D) Five non-CRLF2-ALL cell lines treated with ruxolitinib were analyzed for BCL6 
protein expression. The MHH-CALL4 cell line was included as a positive control. Asterisks indicate nonspecific bands. (E) YCUB5 
cells overexpressing an active form of STAT5 or control vector were treated with ruxolitinib and analyzed for BCL6 and TP53 ex-
pression. (F) Effects of the BCL6 inhibitors BI3802, BI3012, and FX1 on cell growth. Cells were treated with graded concentrations 
of BCL6 inhibitors for 5 days, and the cell growth relative to that of vehicle-treated cells is shown as the mean ± SD. Ruxo: ru-
xolitinib.

A B

C D E
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Figure 2. Ruxolitinib and BCL6 inhibitors synergistically suppress growth of CRLF2-ALL cells in culture. Combinatorial effects 
of ruxolitinib and BCL6 inhibitors on cell growth. CRLF2-ALL cell lines (MHH-CALL-4, MUTZ-5, YCUB5, and NAGL-1) were treated 
with the indicated concentrations of ruxolitinib, FX1, and BI3812 alone, or a combination of ruxolitinib + FX1 (left) or ruxolitinib + 
BI3812 (right), for 5 days. The ZIP synergy scores are presented. ZIP synergy scores >10 are regarded as representing “strong syn-
ergy.” 
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and subjected to pathway and gene ontology (GO) term 
analysis (Figure 4A). First, the focus was on genes that ru-
xolitinib treatment downregulated compared to vehicle 
control (Ctr > Ruxo). A pathway involving STAT5 activation 
was enriched for such genes, consistent with the known 
activities of JAK1/2 in CRLF2-ALL. Intriguingly, TP53 and 
apoptotic signaling pathways and positive regulation of 
cell death and cell cycle arrest GO terms, among others, 
were likewise enriched. The latter findings suggest that 
ruxolitinib treatment may mitigate tumor-suppressive ac-
tivity by downregulating genes involved in the TP53 path-
way, cell death, and cell cycle arrest. 
The focus was then set on genes FX1 upregulated in ru-
xolitinib-treated cells (Ruxo < Combo). Pathways enriched 
for such genes again included TP53, apoptotic signaling 
pathways, and positive regulation of the cell death GO 
term. These findings suggest that FX1 may counteract, at 
least in part, ruxolitinib-mediated mitigation of tumor-
suppressive activity. This notion was corroborated by gene 
set variation analysis using MSigDB hallmark gene sets 
(Figure 4B). Heatmap presentations of such gene ex-
pression changes are provided in Online Supplementary 

Figure S4A. Indeed, ruxolitinib treatment led to negative 
enrichment of genes representing TP53 and apoptosis 
pathways, but the addition of FX1 largely reversed this ef-
fect (Figure 4B, Online Supplementary Figure S4A, B). 
Pathway activity evaluated by PROGENy analysis was con-
sistent with the results (Online Supplementary Figure 
S4C). In addition, an inhibitor of TP53 transcription activity, 
pifithrin-a, largely antagonized the growth-suppressive 
activity of the BCL6 inhibitors FX1 and BI3812 in culture 
(Online Supplementary Figure S4D), suggesting the in-
volvement of TP53 in BCL6 inhibitor-mediated growth in-
hibition. 
We next investigated whether ruxolitinib, BCL6 inhibitors 
and their combination affect the levels of TP53 protein 
(Figure 5). In four CRLF2-ALL cell lines, ruxolitinib treat-
ment diminished TP53 protein and phospho-STAT5 (a sub-
strate of JAK2) levels while upregulating BCL6. This 
relationship among STAT5 activity, BCL6 expression, and 
TP53 expression agreed with the observation made in 
YCUB5 cells forcedly expressing an active STAT5 (Figure 
1E). TP53 downregulation coupled with BCL6 upregulation 
upon STAT5 inhibition was also in accord (Online Supple-

Continued on following page.
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mentary Figure S1F). In contrast, BCL6 inhibitors BI3812 
and FX1 alone increased TP53 levels; the increase of BCL6 
expression by these inhibitors probably reflected an auto-
inhibitory effect of BCL6.29 Likewise, a BCL6 degrader, 
BI3802, increased TP53 protein. In five non-CRLF2 ALL cell 
lines, there were no appreciable changes in TP53 after 
treatment with either ruxolitinib or BI3802. However, JAK 
activity, reflected by phospho-STAT5 level, was lower in 
the non-CRLF2-ALL cells tested, complicating a direct 
comparison with CRLF2-ALL cells (Figure 5A). 
Of particular note, BCL6 inhibitors restored the TP53 pro-
tein levels that ruxolitinib treatment had lowered (Figure 
5B). p21CIP1 (CDKN1A) expression, a known transcriptional 
target of TP53, accompanied the changes in TP53 levels 
(Figure 5C). A similar result was obtained in two patients’ 
leukemia cells (Figure 5D). Consistently, BCL6 knockdown 
upregulated TP53 and blunted ruxolitinib-mediated TP53 
downregulation (Online Supplementary Figure S2C). 
Given that MDM2 inhibitor-mediated TP53 upregulation 
(Online Supplementary Figure S5A) inhibited the growth of 
CRLF2-ALL cells synergistically with ruxolitinib (Online 
Supplementary Figure S5B), TP53 likely mediates the syn-
ergistic activity of FX1 co-treatment with ruxolitinib. Con-
sistently, no synergy was found between ruxolitinib and 
FX1, BI3812, or an MDM2 inhibitor in a biallelically TP53-
mutated CRLF2-ALL cell line, KOPN49 (Online Supplemen-
tary Figure S5C, D). Notably, however, KOPN49 cells 
retained the ability to upregulate BCL6 upon ruxolitinib or 
FX1 treatment like the other four CRLF2-ALL cell lines 
(Online Supplementary Figure S5E). These findings suggest 
that BCL6 inhibitors counteract TP53 pathway inhibition 

elicited by ruxolitinib. 
BCL6 functions primarily as a transcriptional repressor, 
but ruxolitinib treatment did not appreciably downregu-
late TP53 mRNA levels (Online Supplementary Figure S5F), 
as confirmed by qRT-PCR (data not shown), which is in-
consistent with previous observations made in lymphoma 
cells.36 Instead, ruxolitinib downregulated, and FX1 addi-
tion restored many mRNA encoding molecules that con-
tribute to stabilizing TP5337 (Online Supplementary Figure 
S5F). Furthermore, chromatin immunoprecipitation se-
quencing data made available by Cistrome Data Browser 
(http://cistrome.org.db) showed that BCL6 could bind to 
genomic regions near the transcription start sites of these 
genes (Online Supplementary Figure S5G). These observa-
tions suggest that BCL6 may account for gene expression 
changes that concertedly diminish the amount of TP53 
protein. 
Finally, we focused on the possible involvement of MYC in 
CRLF2-ALL cell growth. It was seen that ruxolitinib or FX1 
alone downregulated MYC target genes and that the com-
bination of ruxolitinib and FX1 did so even further (Figure 
4A, B, Online Supplementary Figure S4), thus the effects 
of ruxolitinib, FX1, and MDM2 inhibitors on MYC expression 
were investigated. Indeed, MYC was downregulated by ru-
xolitinib or FX1 alone at the transcript (Figure 6A) and pro-
tein (Figure 6B) levels. The downregulation was most 
prominent with the combination of the two drugs. A simi-
lar observation was made using BI3012 in place of FX1 (On-
line Supplementary Figure S6A). Since TP53 activation with 
MDM2 inhibitors downregulated MYC expression (Online 
Supplementary Figure S6B),38,39 the ability of BCL6 in-

Figure 3. Ruxolitinib and a BCL6 inhibitor (FX1) synergistically suppress CRLF2-ALL growth in vivo. (A-C) Immunodeficient NSG 
mice were implanted with the indicated cells, (A) YCUB5, (B) MUTZ5, and (C) a CRLF2-ALL patient’s cells, and treated with ruxo-
litinib or FX1, or their combination. Bars represent treatment periods. Deaths were defined as mice found dead or requiring eu-
thanasia. The Kaplan-Meier survival curves and the differences in survival probability estimated by the log-rank test are presented 
(left). Peripheral blood drawn at the time of completion of the treatment was evaluated for tumor burden by flow-cytometric 
analysis after red blood cell lysis, using anti-human CD45 or anti-human CD19 antibodies. Percentages of CD45+ or CD19+ human 
acute lymphoblastic leukemia cells in peripheral blood are presented (middle), with the graphs (right) showing the statistical 
difference (pairwise comparisons by a t test) in tumor burden. Ctrl: control; Ruxo: ruxolitinib; combo: FX1 + ruxolitinib; FSC: for-
ward side scatter; ALL: acute lymphoblastic leukemia; PB: peripheral blood; NS: non-significant. 

C
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hibitors to downregulate MYC is likely due to TP53 activa-
tion. The biallelically TP53-mutated CRLF2-ALL KOPN49 
cell line did not show downregulation of MYC in response 
to FX1, despite retaining the ability to downregulate MYC 
in response to ruxolitinib (Online Supplementary Figure 
S6C). Since MYC knockdown inhibited the cell growth of 
CRLF2-ALL cell lines proportionately to MYC levels (Figure 
6C, D), the concerted downregulation of MYC by ruxolitinib 
and FX1 likely represents one mechanism underlying the 
synergy in growth inhibition between the two drugs. 

Ruxolitinib affects TRAIL- and Fas-mediated tumor 
suppression 
Gene expression analysis revealed the downregulation 
of apoptosis-associated genes in response to ruxolitinib 

treatment and the reversal of this effect following BCL6 
inhibition (Figure 4A, B). As for the “extrinsic” apoptosis 
pathway-associated genes, TNFRSF10B (TRAIL receptor) 
and FAS were noticeably downregulated by ruxolitinib 
treatment and mostly restored by the addition of FX1; 
both are known transcriptional targets of TP5340 (Figure 
7A). 
Indeed, ruxolitinib treatment diminished, but FX1 effec-
tively restored TNFRSF10B and FAS expression in four 
CRLF2-ALL cell lines and two samples from patients. FX1 
alone without ruxolitinib marginally yet reproducibly up-
regulated the two molecules (Figure 7B). Consistently, 
TRAIL diminished the number of viable MHH-CALL-4 and 
MUTZ-5 cells (albeit to a much lesser degree than MHH-
CALL-4), but ruxolitinib treatment blunted this effect of 

Figure 4. Critical involvement of the 
TP53 pathway in the response of CRLF2-
ALL cells to ruxolitinib and FX1. (A) Two 
CRLF2-ALL cell lines, MHH-CALL-4 and 
MUTZ-5, were treated with vehicle, ruxo-
litinib (1 mM), FX1 (20 mM), or their com-
bination for 24 h. After global analysis of 
differentially expressed genes between 
treatment conditions, pairwise compari-
sons of gene expression between the 
treatments were made for pathway 
analysis and represented as a heatmap 
showing −log10(P value). The columns in 
the heatmap indicate the treatment con-
ditions between which the comparison 
was made. For example, “Ruxo<Combo” 
means genes elevated by ruxolitinib+FX1 
treatment compared with ruxolitinib 
treatment alone. (B) Gene set variation 
analysis of genes with MSigDB hallmark 
gene sets. Enrichment scores of the in-
dicated gene sets in MHH-CALL-4 (top) 
and MUTZ-5 (bottom) cells are shown as 
heatmaps. Ruxo: ruxolitinib; Combo: ru-
xolitinib+FX1; Ctr: control.

A
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TRAIL. The addition of FX1 largely restored the responsive-
ness of the cells to TRAIL (Figure 7C). 
Similarly, ruxolitinib treatment blunted, and FX1 addition 

restored sensitivity to FAS-mediated apoptosis in MHH-
CALL-4 cells. Although MUTZ-5, YCUB5, and NAGL1 cells 
were minimally sensitive to FAS-mediated apoptosis, FX1 

Figure 5. Alterations of TP53 protein levels in CRLF2-ALL cells in response to treatment with ruxolitinib and BCL6 inhibitors. (A, 
left) Five non-CRLF2-ALL cell lines and two CRLF2-ALL cell lines (MHH-CALL-4 and MUTZ-5) were treated with vehicle (DMSO), 
ruxolitinib (1 mM; Ruxo), or BI3802 (3 mM) for 24 h and western blot analysis was performed for the expression levels of phospho-
STAT5, total STAT-5, BCL6, TP53, and GAPDH (a loading control). (A, right) CRLF2-ALL cells were treated with vehicle (DMSO), 
BI3802 (3 mM), BI3812 (10 mM), FX1 (20 mM), or ruxolitinib (1 mM; Ruxo) for 24 h and subjected to western blot analysis for the in-
dicated proteins. (B) The CRLF2-ALL cells were treated with the indicated drugs for 24 h and subjected to western blot analysis 
as in (A). In (A) and (B), p53 expression levels were normalized based on GAPDH levels and are presented as bar charts, with 
controls set to 1.0. (C) The CRLF2-ALL cells were treated with the indicated drugs for 24 h and subjected to western blot analysis, 
as in (B), for the indicated proteins. (D) Clinical samples from two patients (case 1 and case 2) with CRLF2-ALL were analyzed 
for the indicated proteins.
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treatment partially sensitized these cells to apoptosis (Fig-
ure 7D). Two patients’ cells were sensitive to TRAIL- and 
FAS-mediated apoptosis, which ruxolitinib blunted but FX1 
addition restored (Figure 7E). However, the biallelically 
TP53-mutated KOPN49 cell line was inert to ruxolitinib or 
FX1 treatment regarding TNFRSF10B/FAS expression and 
FAS-mediated apoptosis (Online Supplementary Figure S7A).   
MDM2 inhibitors largely recapitulated the observations 
made using FX1. The MDM2 inhibitors, NVP-CGM097 and MI-
773, restored TNFRSF10B and FAS expression that ruxoliti-
nib treatment had diminished (Online Supplementary Figure 

S7B). The addition of NVP-CGM097 restored the sensitivity 
of MHH-CALL-4 cells to FAS-mediated apoptosis. The com-
bination of ruxolitinib and MDM2 inhibitor sensitized YCUB-
5 cells to FAS-mediated cell death (Online Supplementary 
Figure S7C). 
These findings suggest that ruxolitinib allows CRLF2-ALL 
cells to evade TRAIL- and Fas-mediated immunological 
elimination. Thus, the use of a BCL6 inhibitor may benefit 
patients in bolstering such elimination, even while off ru-
xolitinib treatment. These effects of BCL6 inhibitors likely 
depend on TP53. 

Figure 6. Ruxolitinib and FX1 treatment downregulates MYC. (A) Changes in expression levels of the indicated genes in MHH-
CALL-4 (upper panel) and MUTZ-5 (lower panel) cells. Cells were treated as in Figure 4A, and gene expression changes are pres-
ented as heatmaps. (B) The MYC protein levels in the indicated four CRLF2-ALL cell lines. These MYC levels normalized to GAPDH 
levels are also depicted. (C, D) The shRNA-mediated knockdown of MYC attenuated the growth of the indicated CRLF2-ALL cells. 
MYC protein levels (C) and cell growth (D) after the knockdown. Ctr: control;  Ruxo: ruxolitinib; Combo: ruxolitinib+FX1.
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Figure 7. Alterations of extrinsic apoptosis pathway gene expression and their relation to sensitivity to TRAIL- and FAS-induced 
cell death. (A) Heatmap representation of changes in the expression of genes involved in the extrinsic apoptosis pathway. The 
HMM-CALL4 and MUTZ-5 cells were treated as in Figure 4A. (B) The CRLF2-ALL cells were treated with vehicle (dimethylsulfoxide, 
DMSO), ruxolitinib (1 mM; Ruxo), FX1 (20 mM), and their combination for 24 h, and the expression of TNFRSF10B (TRAIL receptor) 
and FAS was analyzed by flow cytometry. Ruxolitinib treatment downregulated the two molecules on the cell surface. FX1 treat-
ment counteracted the downregulation (left panel). FX1 treatment alone upregulated the two molecules’ expression compared 
with the control treatment (right panel). (C) Cells were treated with the indicated drugs, as in (A), for 24 h and incubated with 
the indicated concentrations of TRAIL for an additional 12 h. Numbers of viable cells, relative to those not incubated with TRAIL, 
are shown as the mean ± standard deviation. (D) Cells were treated as in (C) but with the indicated concentrations of anti-FAS 
antibody instead. Numbers of viable cells, relative to those not incubated with anti-FAS antibodies are presented. (E) Results of 
clinical sample cells treated as in (C) and (D). Ruxo: ruxolitinib; Ctrl; control; Combo: ruxolitinib + FX1; Ab: antibody. 
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Ruxolitinib and FX1 co-treatment renders CRLF2-ALL 
cells hypersensitive to BCL2 inhibition in apoptosis 
The next focus was on genes affiliated with the “intrinsic” 
pathway of apoptosis. Gene expression (Figure 8A) and 
protein expression (Figure 8B; Online Supplementary Figure 
S8A) analyses suggested that ruxolitinib treatment down-
regulated, and FX1 addition restored, the expression of the 
pro-apoptotic molecules PUMA (BBC3), NOXA (PMAIP1), 
BID, BAX, and BAK. As for anti-apoptotic molecules, ruxo-
litinib downregulated BCLxL, an effect not modified by the 
addition of FX1. Ruxolitinib marginally downregulated MCL1 
and the addition of FX1 further downregulated this mol-
ecule. The ability of FX1 to downregulate MCL1 is likely me-
diated through the upregulation of TP53, as MDM2 
inhibitor-mediated activation of TP53 likewise downregu-
lated MCL1 (Online Supplementary Figure S5A). FX1 and its 
combination with ruxolitinib did not diminish MCL1 in bi-
allelically mutated TP53 KOPN49 cells (Online Supplemen-
tary Figure S8B). These findings suggest that the ruxolitinib 
and FX1 combination lowers the threshold in executing 
apoptosis. However, apoptosis was observed only after 6 
days in CRLF2-ALL cells and only to a moderate extent 
(Online Supplementary Figure S8C). BCL2 may be one ex-
planation of the inertness of CRLF2-ALL cells to apoptosis, 
as the level of this protein did not change appreciably 
upon treatment with ruxolitinib, FX1, or their combination 
in the four CRLF2-ALL cell lines tested (Figure 8B; Online 
Supplementary Figure S8A). Indeed, venetoclax (a BCL2 in-
hibitor)41 induced striking apoptosis of CRLF2-ALL cells 
when combined with ruxolitinib and FX1 even at low con-
centrations (≤30 nM), which itself otherwise had only a 
minor effect (Figure 8C). Venetoclax remarkably diminished 
the mitochondrial membrane potential in the presence of 
both ruxolitinib and FX1, whereas S63845 (a MCL-1 in-
hibitor) or A-1155463 (a BCLxL inhibitor) did so only mod-
estly (Online Supplementary Figure S8D). These 
FX1-mediated apoptosis-promoting effects were again, at 
least partly, mediated through TP53 activation since NVP-
CGM097 produced an effect similar to that of FX1 (Online 
Supplementary Figure S8E); the biallelically TP53-mutated 
CRLF2-ALL KOPN49 cell line was insensitive to NVP-
CGM097 and FX1 (Online Supplementary Figures S8F, G) re-
garding venotoclax-induced apoptosis. 
Overall, these findings suggest that ruxolitinib treatment 
per se does not favor apoptosis. However, the addition of 
FX1 tips the balance toward apoptosis, thus rendering 
CRLF2-ALL cells hypersensitive to venetoclax.  

Discussion 
CRLF2-ALL responds inadequately to type I JAK1/2 in-
hibitors, such as ruxolitinib.4,14,15 This study identified up-
regulated BCL6 as a reason for this. Upregulated BCL6 was 

accompanied by a decrease in TP53 protein, with blunted 
gene expression in the TP53 tumor suppressor pathway. 
Conversely, BCL6 inhibitors restored TP53 levels and its 
downstream gene expression. In addition, ruxolitinib and 
BCL6 inhibitors downregulate MYC in concert. Therefore, 
these two drugs act synergistically in the treatment of 
CRLF2-ALL. Although BCL6 upregulation is implicated in 
imatinib resistance in Ph ALL,42 this study revealed the role 
of BCL6 in ruxolitinib resistance in CRLF2-ALL. 
The following findings support the mechanistic link that 
JAK1/2 inhibition upregulates BCL6, leading to TP53 down-
regulation: (i) STAT5 activity, estimated by p-STAT5, is in-
versely correlated to the levels of BCL6 expression (Figure 
5A); (ii) manipulation of STAT5 activity suggests that STAT5 
harnesses BCL6 expression (Figure 1E; Online Supplemen-
tary Figure S1F);24,42,43 (iii) gene expression analysis coupled 
with publicly available BCL6 chromatin immunoprecipita-
tion sequencing data suggests that BCL6 may downregu-
late molecules contributing to TP53 protein stabilization 
(Online Supplementary Figure S5F, G); and (iv) pharmaco-
logical degradation, inhibition, and knockdown of BCL6 up-
regulated TP53 (Figure 5, Online Supplementary Figure 
S2C). However, the detailed molecular mechanisms under-
lying these observations await further investigation.  
Six out of seven CRLF2-ALL cells used in this study had 
no deletion/mutation of the TP53 gene (Online Supplemen-
tary Table S2); this fact, coupled with the reports that TP53 
mutation/deletion in clinical CRLF2-ALL cells are rare 
(<5%),10,44,45 suggests that upregulated TP53 protein in 
CRLF2-ALL by BCL6 inhibitors is mostly functional. This 
study suggests that the synergy of BCL6 inhibitors with ru-
xolitinib largely relies on TP53 activation (Online Supple-
mentary Figures S4D, S5A-D, S6, S7, and S8B, E-G) but 
does not exclude the possibility of additional mechanisms. 
Because BCL6 deletion provokes systemic inflammation in 
mice,46 this study primarily used the small-molecule in-
hibitors FX1 and BI3812 as probes to infer the effects of 
BCL6 inhibition; these inhibitors diminish the transcrip-
tional suppressor functions of BCL6 by interfering with the 
binding of BCL6 to co-repressors. This interference does 
not provoke inflammation.32 Experiments using these 
probes suggested that the mere expression of BCL6 does 
not predict response to BCL6 inhibitors across subtypes 
of ALL (Figure 1D, F), as in diffuse large B-cell lymphoma.47 

This study implied that CRLF2-ALL is BCL6-dependent, 
particularly when JAK1/2 inhibitors are used, and is there-
fore amenable to BCL6 inhibition. However, a small frac-
tion of CRLF2-ALL, particularly in children with National 
Cancer Institute standard-risk disease, does not show the 
kinase-activated signature (and is thus not considered Ph-
like ALL),3,7 raising the possibility that this non-Ph-like sub-
set does not show BCL6 dependency. It will, therefore, be 
important to identify CRLF2-ALL patients who may benefit 
from the use of BCL6 inhibitors. 
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Figure 8. Alterations of intrinsic apoptosis pathway gene expression and their relation to the sensitivity to venetoclax-induced 
cell death. (A) Heatmap representation of changes in the expression of genes involved in the intrinsic apoptosis pathway. Cells 
were treated as in Figure 4A. (B) Box-plot representations of changes in the expression of selected proteins shown in Online 
Supplementary Figure S8A. The level of protein in untreated cells is set as 1, and the relative protein expression levels upon 
treatment with ruxolitinib, FX1, and their combination are presented. GAPDH protein was used as a loading control. (C) Sensitivity 
of CRLF4-ALL cells to venetoclax-induced cell death in the presence of ruxolitinib, FX1, and their combination. Cells treated with 
dimethylsulfoxide served as a control. The color-coded legend indicates venetoclax concentrations. Cells were treated with the 
indicated drugs for 24 h before treatment with graded concentrations of venetoclax for 12 h. The number of live cells following 
treatment with vehicle alone is set as 1, and the relative values are shown as the mean ± standard deviation. Ruxo: ruxolitinib; 
Ctrl; control; Combo: ruxolitinib + FX1; PI: propidium iodide.
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Previous work suggested the use of a combination of a JAK 
inhibitor and a BCL2/BCLxL dual inhibitor to treat CRLF-
ALL.18 However, BCLxL inhibition could cause life-threaten-
ing thrombocytopenia in a clinical setting, whereas a BCL2 
inhibitor (venetoclax) does not.41 This study revealed that 
ruxolitinib downregulated BCLxL, probably due to de-
creased STAT5 binding to the BCLXL promoter.48 FX1 down-
regulated MCL1 (Figure 8B), likely through TP53-mediated 
mechanisms (Online Supplementary Figure S5A).49 In addi-
tion, ruxolitinib downregulated, and FX1 restored the ex-
pression of the pro-apoptotic proteins PUMA, NOXA, BID, 
BAX, and BAK (TP53 targets).49,50 However, ruxolitinib and 
FX1 did not appreciably affect BCL2 expression (Figure 8A, 
B). Therefore, the ruxolitinib and FX1 combination primes 
CRLF2-ALL cells to venetoclax hypersensitivity (Figure 8C, 
Online Supplementary Figure S8D). 
Although the number of patients’ samples tested was 
small and in vivo treatment schedules/dosing have not 
been optimized, this study illuminates a potential clinical 
utility of a BCL6 inhibitor in conjunction with JAK inhibition 
as a strategy to treat CRLF2-ALL.  
 
Disclosures 
HK has received research funding from FUJIFILM Corpor-
ation, Kyowa Kirin Co., Ltd., Bristol-Myers Squibb, Otsuka 
Pharmaceutical Co., Ltd., Perseus Proteomics Inc., Daiichi 
Sankyo Co., Ltd., Abbvie Inc., CURED Inc., Astellas Pharma 
Inc., Chugai Pharmaceutical Co., Ltd., Zenyaku Kogyo Co., 
Ltd., Nippon Shinyaku Co., Ltd., Eisai Co., Ltd., Takeda Phar-
maceutical Co., Ltd., Sumitomo Dainippon Pharma Co., 

Ltd., Novartis Pharma K.K., and Sanofi K.K., and honoraria 
from Astellas Pharma Inc., Abbvie Inc., Chugai Phar-
maceutical Co., Ltd., and Novartis Pharma K.K. The other 
authors have no disclosures to make.     
 
Contributions 
ST designed the study, performed experiments, and wrote 
the manuscript. TY performed experiments and contributed 
to writing the manuscript. HG, KA, and TI provided  cell 
lines. NM, HY, HK, and FH provided patients’ cells. SK, AO, 
TH, HK, and YH provided technical help. FH contributed to 
writing the manuscript.  
 
Acknowledgments 
The authors thank the staff of the Division of advanced re-
search promotion in the Institute of comprehensive medical 
research at Aichi Medical University for support of analyses. 
 
Funding 
This work was supported by JSPS KAKENHI grant numbers 
18H02645 and 22H02856 (to ST), 18K16103 (to TY), and 
18H02835 (to FH); AMED under grant numbers 
JP17cm0106525 (to TY) and JP20ck0106607 (to FH); a 
grant from the Princess Takamatsu Cancer Research Fund 
(11-24307 to ST) and a grant from The Nitto Foundation (to 
ST).   
 
Data-sharing statement  
The RNA-sequencing data have been deposited in ArrayEx-
press under accession number E-MTAB-10755.

References

   1. Malard F, Mohty M. Acute lymphoblastic leukaemia. Lancet. 
2020;395(10230):1146-1162. 

  2. Shiraz P, Payne KJ, Muffly L. The current genomic and molecular 
landscape of Philadelphia-like acute lymphoblastic leukemia. 
Int J Mol Sci. 2020;21(6):2193. 

  3. Gu Z, Churchman ML, Roberts KG, et al. PAX5-driven subtypes 
of B-progenitor acute lymphoblastic leukemia. Nat Genet. 
2019;51(2):296-307. 

  4. Mullighan CG. How advanced are we in targeting novel subtypes 
of ALL? Best Pract Res Clin Haematol. 2019;32(4):101095. 

  5. Den Boer ML, van Slegtenhorst M, De Menezes RX, et al. A 
subtype of childhood acute lymphoblastic leukaemia with poor 
treatment outcome: a genome-wide classification study. Lancet 
Oncol. 2009;10(2):125-134. 

  6. Mullighan CG, Su X, Zhang J, et al. Deletion of IKZF1 and 
prognosis in acute lymphoblastic leukemia. N Engl J Med. 
2009;360(5):470-480. 

   7. Harvey RC, Tasian SK. Clinical diagnostics and treatment 
strategies for Philadelphia chromosome-like acute 
lymphoblastic leukemia. Blood Adv. 2020;4(1):218-228. 

  8. Herold T, Schneider S, Metzeler KH, et al. Adults with 
Philadelphia chromosome-like acute lymphoblastic leukemia 
frequently have IGH-CRLF2 and JAK2 mutations, persistence of 

minimal residual disease and poor prognosis. Haematologica. 
2017;102(1):130-138. 

  9. Tasian SK, Loh ML, Hunger SP. Philadelphia chromosome-like 
acute lymphoblastic leukemia. Blood. 2017;130(19):2064-2072. 

 10. Jain N, Roberts KG, Jabbour E, et al. Ph-like acute 
lymphoblastic leukemia: a high-risk subtype in adults. Blood. 
2017;129(5):572-581. 

  11. Roberts KG, Li Y, Payne-Turner D, et al. Targetable kinase-
activating lesions in Ph-like acute lymphoblastic leukemia. N 
Engl J Med. 2014;371(11):1005-1015. 

 12. Mullighan CG, Collins-Underwood JR, Phillips LA, et al. 
Rearrangement of CRLF2 in B-progenitor- and Down syndrome-
associated acute lymphoblastic leukemia. Nat Genet. 
2009;41(11):1243-1246. 

 13. Yoda A, Yoda Y, Chiaretti S, et al. Functional screening identifies 
CRLF2 in precursor B-cell acute lymphoblastic leukemia. Proc 
Natl Acad Sci U S A. 2010;107(1):252-257. 

 14. Maude SL, Tasian SK, Vincent T, et al. Targeting JAK1/2 and 
mTOR in murine xenograft models of Ph-like acute 
lymphoblastic leukemia. Blood. 2012;120(17):3510-3518. 

 15. Kim SK, Knight DA, Jones LR, et al. JAK2 is dispensable for 
maintenance of JAK2 mutant B-cell acute lymphoblastic 
leukemias. Genes Dev. 2018;32(11-12):849-864. 

 Haematologica | 108 February 2023  
407

ARTICLE - BCL6 inhibition in CRLF2-rearranged leukemia S. Tsuzuki et al.



 Haematologica | 108 February 2023  
408

ARTICLE - BCL6 inhibition in CRLF2-rearranged leukemia S. Tsuzuki et al.

 16. Wu SC, Li LS, Kopp N, et al. Activity of the type II JAK2 inhibitor 
CHZ868 in B cell acute lymphoblastic leukemia. Cancer Cell. 
2015;28(1):29-41. 

  17. Weigert O, Lane AA, Bird L, et al. Genetic resistance to JAK2 
enzymatic inhibitors is overcome by HSP90 inhibition. J Exp 
Med. 2012;209(2):259-273. 

 18. Waibel M, Solomon VS, Knight DA, et al. Combined targeting of 
JAK2 and Bcl-2/Bcl-xL to cure mutant JAK2-driven 
malignancies and overcome acquired resistance to JAK2 
inhibitors. Cell Rep. 2013;5(4):1047-1059. 

 19. Tasian SK, Teachey DT, Li Y, et al. Potent efficacy of combined 
PI3K/mTOR and JAK or ABL inhibition in murine xenograft 
models of Ph-like acute lymphoblastic leukemia. Blood. 
2017;129(2):177-187. 

 20. Russell LJ, Capasso M, Vater I, et al. Deregulated expression of 
cytokine receptor gene, CRLF2, is involved in lymphoid 
transformation in B-cell precursor acute lymphoblastic 
leukemia. Blood. 2009;114(13):2688-2698. 

 21. Chang Y, Min J, Jarusiewicz JA, et al. Degradation of Janus 
kinases in CRLF2-rearranged acute lymphoblastic leukemia. 
Blood. 2021;138(23):2313-2326. 

 22. Sasaki K, Yamauchi T, Semba Y, et al. Genome-wide CRISPR-
Cas9 screen identifies rationally designed combination 
therapies for CRLF2-rearranged Ph-like ALL. Blood. 
2022;139(5):748-760. 

 23. Page EC, Heatley SL, Eadie LN, et al. HMGN1 plays a significant 
role in CRLF2 driven Down Syndrome leukemia and provides a 
potential therapeutic target in this high-risk cohort. Oncogene. 
2022;41(6):797-808. 

 24. Hurtz C, Wertheim GB, Loftus JP, et al. Oncogene-independent 
BCR-like signaling adaptation confers drug resistance in Ph-like 
ALL. J Clin Invest. 2020;130(7):3637-3653. 

 25. Bhm JW, Sia KCS, Jones C, et al. Combination efficacy of 
ruxolitinib with standard-of-care drugs in CRLF2-rearranged 
Ph-like acute lymphoblastic leukemia. Leukemia. 
2021;35(11):3101-3112. 

 26. Hatzi K, Jiang Y, Huang C, et al. A hybrid mechanism of action 
for BCL6 in B cells defined by formation of functionally distinct 
complexes at enhancers and promoters. Cell Rep. 
2013;4(3):578-588. 

 27. Cardenas MG, Oswald E, Yu W, Xue F, MacKerell AD Jr, Melnick 
AM. The expanding role of the BCL6 oncoprotein as a cancer 
therapeutic target. Clin Cancer Res. 2017;23(4):885-893. 

 28. Saito M, Gao J, Basso K, et al. A signaling pathway mediating 
downregulation of BCL6 in germinal center B cells is blocked by 
BCL6 gene alterations in B cell lymphoma. Cancer Cell. 
2007;12(3):280-292. 

 29. Pasqualucci L, Migliazza A, Basso K, Houldsworth J, Chaganti 
RS, Dalla-Favera R. Mutations of the BCL6 proto-oncogene 
disrupt its negative autoregulation in diffuse large B-cell 
lymphoma. Blood. 2003;101(8):2914-2923. 

 30. Goto H, Naruto T, Tanoshima R, et al. Chemo-sensitivity in a 
panel of B-cell precursor acute lymphoblastic leukemia cell 
lines, YCUB series, derived from children. Leuk Res. 
2009;33(10):1386-1391. 

 31. Tamai M, Kasai S, Akahane K, et al. Glucocorticoid receptor 
gene mutations confer glucocorticoid resistance in B-cell 
precursor acute lymphoblastic leukemia. J Steroid Biochem Mol 
Biol. 2022;218:106068. 

 32. Cardenas MG, Yu W, Beguelin W, et al. Rationally designed BCL6 
inhibitors target activated B cell diffuse large B cell lymphoma. 
J Clin Invest. 2016;126(9):3351-3362. 

 33. Kerres N, Steurer S, Schlager S, et al. Chemically induced 
degradation of the oncogenic transcription factor BCL6. Cell 
Rep. 2017;20(12):2860-2875. 

 34. Geng H, Hurtz C, Lenz KB, et al. Self-enforcing feedback 
activation between BCL6 and pre-B cell receptor signaling 
defines a distinct subtype of acute lymphoblastic leukemia. 
Cancer Cell. 2015;27(3):409-425. 

 35. Tsuzuki S, Yasuda T, Kojima S, et al. Targeting MEF2D-fusion 
oncogenic transcriptional circuitries in B-cell precursor acute 
lymphoblastic leukemia. Blood Cancer Discovery.  
2020;1(1):82-95. 

 36. Phan RT, Dalla-Favera R. The BCL6 proto-oncogene suppresses 
p53 expression in germinal-center B cells. Nature. 
2004;432(7017):635-639. 

 37. Lavin MF, Gueven N. The complexity of p53 stabilization and 
activation. Cell Death Differ. 2006;13(6):941-950. 

 38. Sachdevaa M, Zhua S, Wua F, et al. p53 represses c-Myc 
through induction of the tumor suppressor miR-145. Proc Natl 
Acad Sci U S A. 2009;106(9):3207-3212. 

 39. Olivero CE, Martinez-Terroba E, Zimmer J, et al. p53 activates 
the long noncoding RNA Pvt1b to inhibit Myc and suppress 
tumorigenesis. Mol Cell. 2020;77(4):761-774. 

 40. Sheikh MS, Fornace AJ Jr. Death and decoy receptors and p53-
mediated apoptosis. Leukemia. 2000;14(8):1509-1513. 

 41. Souers AJ, Leverson JD, Boghaert ER, et al. ABT-199, a potent 
and selective BCL-2 inhibitor, achieves antitumor activity while 
sparing platelets. Nat Med. 2013;19(2):202-208. 

 42. Duy C, Hurtz C, Shojaee S, et al. BCL6 enables Ph+ acute 
lymphoblastic leukaemia cells to survive BCR-ABL1 kinase 
inhibition. Nature. 2011;473(7347):384-388. 

 43. Chan LN, Murakami MA, Robinson ME, et al. Signalling input 
from divergent pathways subverts B cell transformation. 
Nature. 2020;583(7818):845-851. 

 44. Roberts KG, Gu Z, Payne-Turner D, et al. High frequency and 
poor outcome of Philadelphia chromosome-like acute 
lymphoblastic leukemia in adults. J Clin Oncol.  
2017;35(4):394-401. 

 45. Waanders E, Gu Z, Dobson SM, et al. Mutational landscape and 
patterns of clonal evolution in relapsed pediatric acute 
lymphoblastic leukemia. Blood Cancer Discov. 2020;1(1):96-111. 

 46. Huang C, Hatzi K, Melnick A. Lineage-specific functions of Bcl-6 
in immunity and inflammation are mediated by distinct 
biochemical mechanisms. Nat Immunol. 2013;14(4):380-388. 

 47. Polo JM, Juszczynski P, Monti S, et al. Transcriptional signature 
with differential expression of BCL6 target genes accurately 
identifies BCL6-dependent diffuse large B cell lymphomas. Proc 
Natl Acad Sci U S A. 2007;104(9):3207-3212. 

 48. Gesbert F, Griffin JD. Bcr/Abl activates transcription of the Bcl-X 
gene through STAT5. Blood. 2000;96(6):2269-2276. 

 49. Pan R, Ruvolo V, Mu H, et al. Synthetic lethality of combined 
Bcl-2 inhibition and p53 activation in AML: mechanisms and 
superior antileukemic efficacy. Cancer Cell. 2017;32(6):748-760  

 50. Maximov GK, Maximov KG. The role of p53 tumor-suppressor 
protein in apoptosis and cancerogenesis. Biotechnol & 
Biotechnological Equipment. 2014;22(2):664-668.


