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PBA2, a novel inhibitor of the [3-catenin/CBP @
pathway, eradicates chronic myeloid leukemia
including BCR-ABL T3151 mutation

Ke Yang'", Kai Fu'", Hong Zhang', Xiaokun Wang', Kenneth KW.To? Caibo Yang?®, Fang Wang', Zhe-Sheng Chen*
and Liwu Fu"”

Abstract

Background BCR-ABL is a constitutively active tyrosine kinase that stimulates multiple downstream signaling
pathways to promote the survival and proliferation of chronic myeloid leukemia (CML) cells. The clinical application

of specific BCR-ABL tyrosine kinase inhibitors (TKIs) has led to significantly improved prognosis and overall survival in
CML patients compared to previous treatment regimens. However, direct targeting of BCR-ABL does not eradicate
CML cells expressing T315-mutated BCR-ABL. Our previous study revealed that inhibiting CREB binding protein (CBP)
is efficacious in activating 3-catenin/p300 signaling, promoting cell differentiation and inducing p53/p21-dependent
senescence regardless of BCR-ABL mutation status. We hypothesize that the specific inhibition of CBP may represent a
novel strategy to promote (3-catenin/p300-mediated differentiation and suppress cancer cell proliferation for treating
CML patients.

Methods The anticancer efficacy of PBA2, a novel CBP inhibitor, in CML cells expressing wild-type or T315l-mutated
BCR-ABL was investigated in vitro and in vivo. Cell differentiation was determined by the nitroblue tetrazolium (NBT)
reduction assay. The extent of cellular senescence was assessed by senescence-associated 3-galactosidase (SA-B-Gal)
activity. Cytotoxicity was measured by MTS assay. RNA interference was performed to evaluate the cell proliferation
effects of CBP knockdown. The interaction of 3-catenin and CBP/p300 was examined by co-immunoprecipitation
assay.

Results PBA2 exhibited significantly higher anticancer effects than imatinib in CML cells harboring either wild-type
or T315l-mutated BCR-ABL both in vitro and in vivo. Mechanistically, PBA2 reduced CBP expression and promoted
[-catenin-p300 interaction to induce cell differentiation and senescence.

Conclusion Our data supported the rational treatment of CML by inhibiting the 3-catenin/CBP pathway regardless
of BCR-ABL mutation status.
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Introduction
Chronic myeloid leukemia (CML) is a clonal malignant
disorder of pluripotent hematopoietic stem cells (HSCs).
It is characterized by the presence of Philadelphia chro-
mosome (Ph) translocation t(9;22)(q34;q11) encoding
the BCR-ABL fusion gene, which constitutively activates
multiple downstream signaling pathways, resulting in
survival and proliferation of cancer cells [1, 2]. Although
most CML patients attain a durable complete cytogenetic
response with imatinib, the first-line BCR-ABL tyrosine
kinase inhibitor (TKI), minimal residual disease persists
in almost all patients, which confers disease recurrence
upon treatment cessation. Significantly, imatinib discon-
tinuation resulting from resistance or intolerance occurs
in up to 30% of patients within the first five years of ther-
apy [3, 4]. The most frequent drug resistance mechanism
is kinase domain mutations, notably the T315I mutation,
which reduces or completely ablates drug efficacy [5-8].
With the availability of second-generation BCR-ABL
inhibitors, such as nilotinib and dasatinib, better treat-
ment response could be achieved in most CML patients
harboring various BCR-ABL mutations. However, BCR-
ABL T315I kinase domain mutation confers high-level
resistance to all three drugs (imatinib, nilotinib, and
dasatinib). Despite the significant antileukemic potency
of ponatinib, a third-generation BCR-ABL TKI against
T3151 mutation, its side effects and long-term toler-
ability limited its clinical use. Worse still, ponatinib was
temporarily suspended in 2013 due to the occurrence of
severe cardiovascular thrombotic events. However, con-
sidering the potent antileukemic activity of ponatinib, the
combination of low-dose ponatinib with other antican-
cer agents working on different molecular pathways has
been recommended for CML treatment [9-12]. There-
fore, to discover more promising therapeutic options, it is
important to explore BCR-ABL-independent targets for
treating CML patients with various BCR-ABL mutations,
including T315L

It is well established that HSCs have multipotency and
self-renewal capacities [13, 14]. HSCs undergo continu-
ous differentiation to produce multiple lineages of dif-
ferent blood cells, while properly maintaining the HSC
pool size throughout life by precisely balancing differen-
tiation and self-renewal [15]. The Wnt pathway has been
implicated in self-renewal and differentiation of HSCs.
It is regulated by B-catenin, which recruits CREB bind-
ing protein (CBP) or E1A binding protein p300 (p300)
and binds to T cell factor (TCF)/lymphocyte enhancer
factor-1 (LEF) in the nucleus to activate transcription
of target genes in mammalian cells [16]. The dichoto-
mous behavior of CBP and p300, recruited by B-catenin
in self-renewal and differentiation, has been reported in
HSCs, respectively [15, 17, 18]. Aberrations in the Wnt/
[-catenin pathway are known to play critical roles in the
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carcinogenesis of CML. Accumulating evidence revealed
that activation of the Wnt pathway promotes cancer
cell proliferation and survival, and confers resistance to
the TKIs. Our previous study revealed that B-catenin
recruited significantly more CBP than p300 in CML cells.
Inhibition of CBP could enhance the binding of 3-catenin
to p300, thereby promoting cell differentiation and p53/
p21-dependent senescence in CML cells harboring either
wild-type or T315I-mutated BCR-ABL both in vitro and
in vivo [19]. It follows that the specific inhibition of CBP
may represent a novel treatment strategy to promote
[B-catenin/p300-mediated differentiation and to suppress
cancer cell proliferation for the treatment of CML cells,
including those expressing T315I-mutated BCR-ABL.

Materials and methods

Reagents

PBA2 was synthesized by PharmaBlock Sciences (Nan-
jing), Inc, and its purity is more than 99% (Fig. 1a). PBA2
was dissolved in DMSO to prepare a stock solution (10
mM) and it was diluted with the cell culture medium
to the desired concentration in different experiments.
Imatinib mesylate was obtained from Selleck Chemicals
(Shanghai) (Fig. 1b). MTS was purchased from MACK-
LIN (Shanghai) and dissolved in PBS, followed by fil-
tration with a 0.22 um filter to produce the sterile MTS
solution.

Cell culture

The human CML cell line K562 was purchased from the
American Type Culture Collection (ATCC) (Manas-
sas, VA, USA) and the murine 32D myeloid cells stably
expressing either wild-type (32D-WT) or T315I-mutated
BCR-ABL (32D-T315I) was a kind gift provided by Pro-
fessor Pan JX (Sun Yat-sen University Ophthalmic Hospi-
tal, Guangzhou). BCR- ABL expression in these cells was
routinely confirmed by Western blot. HEK293T cell line
was purchased from ATCC and cultured in Dulbecco’s
Modified Eagle Medium (DMEM) medium containing
10% FBS, 100U/ml penicillin, and 100U/ml streptomy-
cin. CML cells were maintained in RPMI 1640 medium
supplemented with 10% FBS, 100U/ml penicillin, and
100U/ml streptomycin in the humidified incubator
containing 5% CO, at 37 °C. Additionally, the 32D-WT
and 32D-T315I cells were supplemented with 0.5 ng/ml
WNT3a to imitate the cellular feature of activated Wnt
signaling in CML cells.

NBT assay

After incubation with PBA2 or imatinib, K562, 32D-W T,
and 32D-T315I cells were cultured in 96-well plates for
72 h. The nitroblue tetrazolium (NBT) reduction assay
was conducted as previously described [20].
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Fig. 1 PBA2 overcomes resistance to imatinib in BAR-ABL T315I-mutated cell. a-b Chemical structures of PBA2 and imatinib. ¢ Cell viability of K562, 32D-
WT and 32D-T315I treated with PBA2 and imatinib using MTS assay. d Cell morphology of K562, 32D-WT and 32D-T315I treated with indicated treatments
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SA-B-Gal staining

The senescence-associated [3-galactosidase (SA-B-Gal)
activity was measured by the Senescence p-Galactosidase
Staining Kit (Beyotime Biotechnology, China). SA-B-
Gal staining was performed according to the protocol
of the manufacturer. Senescent cells were identified as
blue-stained cells under an Olympus IX71S8F inverted
microscope.

Cytotoxicity assay

The cytotoxic effect of PBA2 and imatinib on CML cells
expressing wild-type or T315I-mutated BCR-ABL was
evaluated by MTS assay. Approximately 10,000 cells were
seeded into the round-bottom 96-well plates, followed by
treatment with the indicated concentrations of PBA2 or
imatinib for 48 h. After that, 20 ul MTS was added into
each well and incubated at 37 C for 3—4 h. Finally, the
OD values were detected at 490 nm. The cell viability was
calculated using the formula: (Experimental group OD-
Blank group OD) / (Control group OD-Blank group OD)
X 100%.

Cell proliferation assay

To test the effect of CBP knockdown on cell proliferation,
1000 cells expressing ShRNA were seeded into the round-
bottom 96-well plates. The 20 ul MTS solution was added
into each well and OD values were detected at 490 nm
every 24 h. The curves of cell proliferation were drawn
using GraphPad Prism.

RNAi
The different shRNA sequences were separately inserted
into pLKO.1-eGFP-puro plasmid using T4 DNA ligase.
These plasmid vectors were co-transfected with psPAX2
and pMD2.G into HEK293T cells for 48 h to produce
lentiviral particles using the Neofect DNA transfection
agent (NEOFECT, Beijing). The viral supernatants were
collected using 0.45 pm filters before transfecting tar-
get cells with 10 pg/ml polybrene. After 24 h, the viral
supernatants were removed and the fresh complete cul-
ture medium was added. Then the transfected cells were
subjected to puromycin selection (1-2 pg/ml) to generate
cells stably expressing indicated shRNA. The RNA inter-
ference efficiency was confirmed by qRT-PCR and West-
ern blot.

The shRNA sequences are as follows:

CREBBP (human).

shRNA1 (5'- GCTATCAGAATAGGTATCATT-3)),

shRNA2 (5-GCGTTTACATAAACAAGGCAT-3),

shRNA3 (5- ATCGCCACGTCCCTTAGTAAC-3),

Crebbp (mouse).

shRNA1 (5- CGCGAATGACAACACAGATTT-3)),

shRNA2 (5'- TAACTCTGGCCATAGCTTAAT-3),

shRNA3 (5- GAGGATCATTAACGACTATAA-3)).
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qRT-PCR
The qRT-PCR assay was performed according to the
manufacturer’s instructions. The total RNA from cells
was extracted using the EZB RNA Purification Kit
(EZBioscience). Then, the extracted RNA was converted
into ¢cDNA through reverse transcription assay using
the Color Reverse Transcription Kit (EZBioscience). The
obtained cDNA templates were mixed with primers and
2x SYBR Master Mix (EZBioscience). Finally, the PCR
amplification reaction was conducted with the ROCHE
480 instrument. Primer sequences are as follows:

CREBBP (F: CACAGAACCAGTTCCCGTCA, R: GG
GTTAGGAAGAGCAGCACCQ)

GAPDH (F: TTCTTTTGCGTCGCCAGCC, R: TCCC
GTTCTCAGCCTTGACG)

Crebbp (F: GCCCATTGTGCATCTTCACG, R: GGCT
GGTTCATGTAGGGGAG)

Gapdh (F: TGTCAAGCTCATTTCCTGGTATG, R: TT
ATGGGGGTCTGGGATGGA)

Western blot

The cells were lysed in radioimmunoprecipitation assay
(RIPA) lysis buffer supplemented with phenylmeth-
anesulfonyl fluoride (PMSF, 1 mM). Equal amounts of
the whole cell lysate were separated on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to polyvinylidene fluoride (PVDF) mem-
branes, blocked with 5% skimmed milk at room tem-
perature for 1 h and incubated with primary antibodies
overnight at 4 °C. After the incubation of secondary
antibodies, the protein bands were detected using the
enhanced chemiluminescence (ECL) HRP substrate and
visualized using Kodak X-AR film. Antibodies against
phosphorylated BCR-ABL, BCR-ABL, phosphorylated
GSK3pB, GSK3p, p-catenin, p53, p21, and cyclinD1 were
from Cell Signaling Technology (Danvers, USA). CBP,
p300, JUN, phosphorylated PI3K, PI3K, phosphorylated
AKT, and AKT were purchased from Santa Cruz Bio-
technology Inc (Paso Robles, CA, USA). The glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) antibody
was from KangCheng Biotech Inc (Shanghai, China).

Co-immunoprecipitation (IP) assay

Total cell lysates were prepared in the ice-cold IP lysis
buffer. The supernatant of cell lysate was precleared
by Protein G Plus/Protein A-agarose beads to reduce
nonspecific binding. Then, either mouse IgG or anti-B-
catenin antibody was added to the supernatant and incu-
bated at 4 °C overnight. The bound proteins were washed
three times with lysis buffer and dissociated with the
beads via boiling and centrifugation. The immunoprecip-
itated proteins were then analyzed by standard western
blot.
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In vivo tumor xenograft models

All mouse experiments were conducted with the permis-
sion of the Institutional Animal Care and Use Committee
(IACUC) of Sun Yat-Sen University Cancer Center (No.
L102012015120F). Female BALB/c nude mice were pur-
chased from Gempharmatech-GD (Guangdong, China).
To detect the antitumor effect of PBA2, 1x107 cells of
K562, 32D-WT, and 32D-T315I cells were subcutane-
ously implanted into the left flank of BALB/c nude mice
separately. Mice bearing CML tumor xenografts (approx-
imately 100 mm?®) were treated once daily by oral gavage
with vehicle, imatinib (100 mg/kg) or PBA2 (at indicated
concentrations) for 10 consecutive days. Tumor volume
was calculated using the formula: LxW?x0.5 (L and W
indicate the length and width of tumors, respectively).

Mice survival models

32D-W'T or T315I cells were injected into the tail vein of
BALB/c nude mice. At 72 h after tumor cells injection,
mice were treated once daily by oral gavage with vehicle,
imatinib (100 mg/kg) or PBA2 (9 mg/kg) for up to 25
days. Moribund animals were sacrificed as per IACUC
guidelines. On necropsy, the mice had marked spleno-
megaly due to tumor cell infiltration.

Statistical analysis

All experiments were repeated at least three times and
the data are presented as mean+SD or mean+SEM. The
data was compared using One-Way ANOVA or unpaired
two-tailed Student’s ¢-test. Kaplan-Meier survival curves
were used to estimate cumulative survival probabilities
with a Log-rank test. The GraphPad Prism software was
used for statistical analyses. A value of p<0.05 was con-
sidered statistically significant.

Results

PBA2 overcomes imatinib-resistant CML cells harboring
T315l-mutated BCR-ABL

Imatinib is a potent antitumor drug against CML patients
harboring BCR-ABL, however, it shows little efficacy
in those with BCR-ABL T315I mutation. Our previ-
ous screening experiments identified that PBA2 pos-
sessed significant antiproliferative effects against BaF3
cells expressing wild-type or T315I-mutated BCR-ABL
[21]. The inhibitory effect of PBA2 and imatinib on the

Table 1 1C,, values of PBA2 and imatinib in CML cell lines

Cell lines 1C5, Mean +SD (uM)

PBA2 Imatinib
K562 0.652+0.041 0.201+£0.018
32D-WT 1.817+£0.100 0.153+0.009
32D-T3151 3.987+0455 11.860+0.705

1C5, values derived from cytotoxicity assays. ICs, values represent mean+SD of
at least 3 independent experiments
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cell growth of K562, 32D-WT, and 32D-T315I cells
was determined by cytotoxicity assay. As expected,
32D-T3151 was resistant to imatinib compared with 32D-
WT (IC;, WT=0.2 uM vs. T3151=12 uM) (Table 1). The
cell viability of K562 and 32D-WT cells was significantly
inhibited by both imatinib and PBA2. Importantly, PBA2
also showed superior efficacy against 32D-T315I cells
than imatinib (IC;; PBA2=4.0 uM vs. imatinib=12 pM)
(Fig. 1c; Table 1). Besides, a significantly enlarged and
flattened cell morphology occurred in CML cells treated
with PBA2, consistent with the distinctive features of cel-
lular senescence (Fig. 1d). Nevertheless, this altered cell
morphology was not observed in the imatinib group.

PBA2 induces cell differentiation and senescence in CML
cells

The emergence of enlarged and flattened CML cells fol-
lowing exposure to PBA2 appealed to us to explore
whether PBA2 could induce cell senescence. To this end,
SA-B-Gal staining assays were performed. The staining
results showed a remarkably greater number of SA-B-Gal
positive cells (dark blue-stained cells) in the PBA2 group
than in the imatinib group and the negative control
group in K562, 32D-W'T, and 32D-T315I cells, indicat-
ing that PBA2 could induce cell senescence in both BCR-
ABL wild-type and T315I-mutated CML cells (Fig. 2a-d).
In addition, we also detect whether PBA2 could promote
cell differentiation. Notably, NBT reduction assays sug-
gested PBA2 exhibited a significant cell differentiation-
inducing ability in all three cell lines, while imatinib
failed to contribute to cell differentiation (Fig. 2e-g).
These observations demonstrated that PBA2 possessed
the function to induce cell differentiation and senescence
in CML cells.

PBA2 reduces CBP expression and promotes p53/p21-
mediated senescence

Next, we explored the possible mechanism underly-
ing PBA2 induced cell differentiation and senescence.
According to our previous study [19], the binding of
B-catenin to CBP and p300 determined CML cell pro-
liferation and differentiation, respectively, independent
of BCR-ABL mutation status. The inhibition of CBP
impaired the p-catenin/CBP-mediated cell prolifera-
tion and facilitated B-catenin/p300-mediated cell differ-
entiation, which could be used as an effective treatment
strategy for CML harboring the imatinib-resistant BCR-
ABL-T315I mutant. As PBA2 was found to significantly
promote cell differentiation and senescence, the effect of
PBA2 on CBP expression was also evaluated.

In the absence of Wnt stimulation, B-catenin is known
to be sequentially phosphorylated within the destruc-
tion complex consisting of Axin, APC, CK1 and glyco-
gen synthase kinase-3p (GSK-3p). Then phosphorylated
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Fig. 2 PBA2 promotes CML terminal differentiation and senescence. a The representative images of senescent cells were taken by the Olympus IX71
inverted microscope following treatment with PBA2 and imatinib. b-d Senescence status was assessed in K562, 32D-WT, and 32D-T315I cells treated with
indicated concentrations of PBA2 and imatinib for 72 h using the 3-galactosidase staining assay. Senescent cells were identified as blue-stained cells
under an Olympus IX71 inverted microscope. e-g K562, 32D-WT, and 32D-T315I cells were incubated with the indicated concentrations of PBA2 and
imatinib for 72 h. Differentiation status was determined using the NBT reduction assay. The data represent mean + SEM derived from three independent
experiments. Significant changes are indicated as follows: *, p < 0.05; **, p<0.01, compared to the control group (unpaired Student’s t-test)

[-catenin is recognized and subsequently ubiquitinated
by ubiquitin E3 p-transducin repeat-containing pro-
tein (B-TrCP). Then, ubiquitinated B-catenin is rapidly
degraded by the proteasome [22]. Therefore, inhibition
of GSK3p is known to promote the cellular accumulation

of B-catenin. PBA2 significantly decreased the expres-
sion of GSK3p, while imatinib showed little effect on
GSK3pB expression (Fig. 3a). Additionally, compared
with imatinib, PBA2 markedly reduced the expression
of CBP but slightly increased the expression of p300 in
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Fig. 3 PBA2 inhibits CBP expression and promotes p53/p21-dependent senescence of BCR-ABL-WT and BCR-ABL-T315I cells. a Western blot analysis of
the expression of CBP, p300, p-GSK3 and total GSK3B in K562, 32D-WT, and 32D-T315I cells treated with PBA2 or imatinib at the indicated concentrations
for 48 h. b The mRNA level in CML cells following treatment with PBA2 or imatinib at the indicated concentrations for 48 h by gPCR assay. ¢ Western blot
analysis of the indicated proteins in K562, 32D-WT, and 32D-T315I cells incubated with imatinib or PBA2 at indicated concentrations for 48 h
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K562, 32D-WT and 32D-T315I cells (Fig. 3a). Notably,
the qPCR assay demonstrated that PBA2 decreased the
mRNA level of CBP in CML cells, which indicated that
PBA2 inhibited the expression of CBP through transcrip-
tional regulation (Fig. 3b).

We further investigated the mechanism by which PBA2
induced CML cell senescence. The western blot results
of senescence-associated proteins indicated that PBA2
contributed to the accumulation of p53 and p21 in K562,
32D-WT and 32D-T315I (Fig. 3c). In addition, PBA2
was found to significantly decrease the expression of
cyclin D1 (a CBP downstream molecule), but remarkably
increase the expression of Jun (a p300 downstream pro-
tein) (Fig. 3c). These observations suggested PBA2 pro-
moted p53/p21-mediated senescence.

Knockdown of CBP inhibits cell proliferation of CML cells
To evaluate the effect of CBP knockdown on CML cell
proliferation, we transfected CML cells with lentiviral
vectors carrying shNC, shCREBBP, or shCrebbp plasmids
using RNA interference (RNAI) technology. The western
blot analysis demonstrated the successful CBP knock-
down in K562, 32D-WT, and 32D-T315I (Fig. 4a). In
addition, the mRNA level was also significantly decreased
in CML cells (Fig. 4b). Then, 1000 CML cells expressing
shRNA were seeded into 96-well plates and the OD val-
ues were detected every 24 h for consecutive five days.
The cell growth curve showed CBP knockdown inhib-
ited cell proliferation in K562, 32D-WT, and 32D-T3151
(Fig. 4c). The viable cells of CML cells with CBP knock-
down were significantly reduced compared with the
control counterparts (Fig. 4d). Overall, CBP inhibition
suppressed cell proliferation of CML cells.

PBA2 shows superior antitumor efficacy in CML tumor
xenograft models

Given that PBA2 overcame resistance to imatinib in CML
cells in vitro, the in vivo antitumor activity of PBA2 was
investigated in tumor xenograft models of CML. In K562-
derived tumor-bearing mice, tumor growth was signifi-
cantly inhibited in the PBA2 or imatinib group compared
with the vehicle-treated group (Fig. 5a, b). The tumor
volume and weight were markedly reduced in the PBA2
or imatinib-treated mice (Fig. 5¢c, d). A similar signifi-
cant superior antitumor effect of PBA2 or imatinib over
vehicle control was also observed in 32D-WT-bearing
mice (Fig. 5e-h). Notably, in the 32D-T315I-driven xeno-
graft model, CML tumor growth was remarkably sup-
pressed by PBA2 (Fig. 5i-j). Compared with the vehicle
group, PBA2, but not imatinib, prominently decreased
the tumor volume and weight (Fig. 5k-1). During in
vivo experiments, no animal deaths or significant body
weight loss were observed in all groups, indicating the
well-tolerated antitumor profiles of PBA2 and imatinib.
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These results demonstrated that PBA2 exhibited signifi-
cant antitumor efficacy in both BCR-ABL wild-type and
T315I-driven mouse xenograft models, regardless of
BCR-ABL mutation status.

Furthermore, we also studied the effect of PBA2 on
survival in mouse models where 32D-WT or 32D-T3151
cells were intravenously injected in BALB/c nude mice. In
the 32D-WT-driven model, the median survival period of
vehicle-treated mice was 35 days and daily oral treatment
with PBA2 (9 mg/kg) prolonged the median survival
time to 46 days (Fig. 5m). These results were comparable
to those receiving daily oral administration of 100 mg/
kg imatinib, where the median survival was 43 days
(Fig. 5m). However, in the 32D-T315I-driven model, the
oral administration of imatinib displayed no appreciable
effect on survival time (Fig. 5n). In contrast, PBA2 (9 mg/
kg) treatment was found to significantly prolong survival
time to 47 days, compared to 35 days in vehicle-treated
mice and 27 days in imatinib-treated mice (Fig. 5n).

PBAZ2 significantly enhances 3-catenin/p300 interaction
and inhibits BCR-ABL signaling
To further investigate the mechanism of the anti-tumor
effect of PBA2, the interaction of B-catenin to CBP
versus p300 and BCR-ABL signaling was evaluated.
The cytoplasmic and nuclear expression of p-catenin
were detected, respectively. We found PBA2 increased
[-catenin expression in a concentration-dependent man-
ner in the cytoplasm and nucleus of K562, 32D-WT and
32D-T315I cells, indicating B-catenin was significantly
stabilized and its nuclear accumulation was increased by
PBA2 (Fig. 6a, b). Despite p-catenin accumulation in the
nucleus following PBA?2 treatment, the significant inhibi-
tory effect of PBA2 on CBP suggested that PBA2 may
result in a switch of B-catenin binding from CBP to p300.
Consistently, the results from the Co-IP assay indicated
that PBA2 enhanced the interaction of B-catenin and
p300 in CML cells expressing wild-type or T315I mutant
BCR-ABL (Fig. 6¢). The above findings indicated that
PBA2 significantly reduced CBP expression but increased
B-catenin level, thereby promoting the interaction of
[B-catenin/p300 to trigger cell differentiation and senes-
cence in CML cells independent of BCR-ABL mutation
status. As shown in Fig. 6d, it is noteworthy that although
both imatinib and PBA2 exhibited significant inhibitory
effects against wild-type BCR-ABL and its downstream
PI3K/AKT pathway, only PBA2 effectively inhibited
BCR-ABL-T315I signaling.

Discussion

The long-term maintenance of HSCs homeostasis is
regulated by balancing self-renewal and differentiation.
Activation of the Wnt signaling pathway contributes to
the accumulation of P-catenin in the nucleus and the
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experiments

recruitment of transcriptional factors of the TCF/LEF
family, and subsequent activation of downstream target
genes, which plays a critical role in determining the fate
of HSCs towards self-renewal and differentiation [23, 24].
Differentiation-inducing agents including all-trans reti-
noic acid (ATRA), have shown promising therapeutic effi-
cacy and significantly improved survival of hematological

malignancies, particularly in acute promyelocytic leuke-
mia (APL) treatment [25]. However, there is generally a
lack of effective differentiation therapy in CML. To this
end, a dichotomous model has been proposed where
specific interaction of -catenin with either CBP or p300
could regulate self-renewal and differentiation of HSCs,
respectively [15, 24]. We have previously reported that
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[B-catenin recruits more p300 when CBP expression is
silenced in CMLs expressing wild-type or T315I mutant
BCR-ABL [19]. It follows that the suppression of CBP
could switch the balance towards p-catenin/p300-medi-
ated cell differentiation, representing an entirely novel
approach for the treatment of CML patients and possess-
ing the therapeutic potential to treat those with either
wild-type or T315I-mutated BCR-ABL.

The successful clinical application of histone deacety-
lase inhibitors (HDACIi) has increased the interest in the
development of histone acetyltransferase inhibitors. The
two histone acetyltransferases, CBP and p300, have been
studied widely. Notably, CBP inhibitors have been inves-
tigated in certain cancer types, including solid tumors
and hematological malignancies [26, 27]. C646, a CBP/

p300 inhibitor, suppressed cell proliferation and tumor
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growth of glioblastoma in vitro and in vivo, respectively
[28]. In addition, C646 exhibited inhibitory effects on cell
migration, invasion, and lung metastasis of osteosarcoma
[29]. Another CBP/p300 inhibitor B029-2 presented

marked antitumor effects in hepatocellular carcinoma
(HCC) in vitro and in vivo by disrupting the meta-
bolic reprogramming of HCC cells [30]. The selective
B-catenin/CBP inhibitor, ICGO001, significantly restrained
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the cell proliferation of HER2-positive breast cancer,
which was associated with decreased levels of HER2 [27].
Importantly, ICG001 also contributed to the differentia-
tion of pre-B acute lymphoblastic leukemia (ALL) cells
and the decrease of self-renewal capacity in ALL. ICG001
eradicated the drug-resistant primary leukemia cells and
significantly prolonged the survival of the mouse model
of primary ALL when combined with chemotherapy [31].
These important results suggested that CBP inhibitors
possessed promising antitumor efficacy in different types
of cancer.

Consistent with these observations, we found that
PBA2, a novel potent CBP inhibitor, remarkably sup-
pressed cell proliferation in CML cells harboring either
wild-type or the T315I-mutated BCR-ABL, which was
correlated with p-catenin/p300-mediated cell differen-
tiation and senescence (Fig. 7). Cellular senescence is
considered a potent tumor-suppressive mechanism as it
hampers cell division and proliferation. Two well-estab-
lished tumor suppressive networks, p53/p21 and p16/p-
Rb, are known to induce cell senescence and arrest cell
proliferation. In this study, the results demonstrated
that the increased interaction of B-catenin and p300 was
implicated in p53/p21-mediated cell senescence. PBA2
also exhibited potent antitumor effects in mouse mod-
els of CML with wild-type or T315I-mutated BCR-ABL.
Moreover, PBA2 significantly prolonged the survival of
tumor-bearing mice harboring T3151 mutation com-
pared with imatinib. These findings demonstrated that
PBA2 could achieve remarkable antitumor efficacy in
both imatinib-sensitive and -resistant CML in vitro and
in vivo, supporting the rational treatment of CML by
targeting CBP, and further clinical investigations of the
novel compound PBA2 are warranted.

Conclusion

PBA2 exhibited several important and novel biologi-
cal properties that supported its further clinical devel-
opment. It is highly effective against CML expressing
wild-type or T3151 mutant BCR-ABL. The significant
antitumor activity is presumably mediated by a novel
mechanism related to the induction of cell differentiation
and senescence. Importantly, PBA2 was shown to inhibit
tumor growth and prolong survival in mouse models of
wild-type and T315I-mutated BCR-ABL-driven CML.
Numerous BCR-ABL TKIs have been reported to sup-
press the proliferation of CML cells expressing BCR-ABL,
however, the vast majority of them are not efficacious
against those harboring BCR-ABL-T315I mutation [6,
32]. We found a novel compound, PBA2, that exhibited
highly potent antitumor efficacy in both imatinib-sensi-
tive and -resistant CML in vitro and in vivo. These signif-
icant findings support the conclusion that inhibiting CBP
is a promising strategy for the treatment of CML, and the
safety profile of PBA2 is warranted to investigate in fur-
ther studies.
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