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Patty acid oxidation dependency of leukemia cells has been docu-

mented in recent studies. Pharmacologic inhibition of fatty acid oxi-

dation, thereby, displays significant effects in suppressing leukemia.
2-Bromopalmitate, a palmitate analogue, was initially identified as an
inhibitor of fatty acid oxidation, and recently recognized as an inhibitor
of protein palmitoylation. However, the effects of 2-Bromopalmitate on
leukemia and its cellular targets remain obscure. Herein, we discover in
cultured cell lines, a transplantable mouse model, and primary blasts that
2-Bromopalmitate presents synergistic differentiation induction with all-
trans retinoic acid in acute promyelocytic leukemia. Moreover, 2-
Bromopalmitate overcomes all-trans retinoic acid resistance in all-trans
retinoic acid-resistant cells and leukemic mice. Mechanistically, 2-
Bromopalmitate covalently binds at cysteine 105 and cysteine 174 of
retinoic acid receptor alpha (RARa) and stabilizes RARa protein in the
presence of all-trans retinoic acid which is known to induce RARo. degra-
dation, leading to enhanced transcription of RARa-target genes.
Mutation of both cysteines largely abrogates the synergistic effect of 2-
Bromopalmitate on all-trans retinoic acid-induced differentiation,
demonstrating that 2-Bromopalmitate promotes all-trans retinoic acid-
induced differentiation through binding RARa. All-trans retinoic acid-
based regimens including arsenic trioxide or chemotherapy, as preferred
therapy for acute promyelocytic leukemia, induce adverse events and
irreversible resistance. We expect that combining all-trans retinoic acid
with 2-Bromopalmitate would be a promising therapeutic strategy for
acute promyelocytic leukemia, especially for overcoming all-trans
retinoic acid resistance of relapsed acute promyelocytic leukemia
patients.

Introduction

It is increasingly recognized that fatty acid oxidation (FAO) plays an important
role in supporting cell growth of many cancers including leukemia."” Accordingly,
inhibition of FAO by chemical compounds has yielded remarkable effects in sup-
pressing cell growth, inducing apoptosis and relieving chemo-resistance, and thus
holds therapeutic potential for leukemia.*® 2-Bromopalmitate (2BP), a palmitate
analogue, was initially identified as an inhibitor of FAO around 50 years ago.”®
Mechanistically, 2BP inhibits carnitine palmitoyltransferase-1(CPT1) and suppress-
es the transfer of fatty acyl into mitochondria for oxidation. ” Over the past decade,
2BP has often been referenced as being a general inhibitor of protein palmitoylation
through covalent binding to protein acyl transferases (PAT).”"* More recently, 2BP
was demonstrated to modulate differentiation of neural stem cell and osteoblast
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which involved protein palmitoylation and histone acety-
lation.""® Overall, the effects of 2BP on leukemia and its
cellular targets remain obscure.

Acute promyelocytic leukemia (APL) is a M3 subtype of
acute myeloid leukemia(AML) genetically characterized
by chromosome translocations involving retinoic acid
receptor o (RARa) on chromosome 17 and promyelocytic
leukemia (PML) on chromosome 15, which generates the
oncogenic PML-RARa fusion protein.'*”” RARa is a lig-
and-dependent transcription factor that binds as het-
erodimers with retinoid X receptor (RXR) to their target
response elements and plays pivotal roles in a series of
physiological processes including cell growth, differentia-
tion, survival, and death. The PML-RARa fusion protein,
however, acts as a transcriptional repressor of RARa-tar-
get genes and results in maturation arrest of myeloid pro-
genitors at the promyelocytic stage.""

All-trans retinoic acid (ATRA), a natural ligand for RAR, is
the first Food and Drug Administration-approved drug for
APL differentiation, which degrades PML-RARa complex
through caspases-dependent or proteasome pathway.
Combinations of ATRA, arsenic trioxide (ATO) or
chemotherapy were developed and have dramatically
improved the complete remission (CR) rate and survival
time of APL patients.”"”" However, current ATRA-based
regimens may cause adverse events including fatal retinoic
acid syndrome, systemic infection or secondary
leukemia.””?” In addition, 5-10% of APL patients fail to
respond to the therapy targeting PML-RARa or relapse after
CR.* More recently, resistance to ATO in APL was reported
by several groups.”** Therefore, it is essential to further
optimize ATRA-based therapy for better prognosis of de
novo or relapsed APL patients. In the present study, 2BP was
identified to present synergistic differentiation induction
with ATRA in APL cells and murine model. Moreover, 2BP
overcomes ATRA resistance in ATRA-resistant cells and
leukemic mice. We expected that 2BP would be a promising
candidate for APL therapy, especially for overcoming ATRA
resistance of relapsed APL patients.

Table 1. Patient data and response to 2BP and/or ATRA.

Methods

Patients and cells

Bone marrow samples were collected from 11 cases of newly
diagnosed APL patients at the Department of Hematology of the
Second Hospital of Dalian Medical University. Patients were diag-
nosed according to the French-American-British classification.
Detailed information of patients is listed in Table 1. Informed con-
sent was obtained from all patients in accordance with the
Declaration of Helsinki, and all manipulations were approved by
the Medical Science Ethic Committee of Dalian Medical
University. Mononuclear cells were isolated by density gradient
centrifugation using Lymphoprep, and cryopreserved. In addition,
3 potential donors for allogeneic bone marrow transplantation
were used to purify normal healthy hematopoietic cells. Human
CD34" cells were enriched from bone marrow mononuclear cells
using MiniMACS (Miltenyi Biotech, Bergisch Gladbach,
Germany) following the manufacturer’s instructions.”
Confirmation of CD34" cells’ phenotype and purity was assessed
by flow cytometry analysis using CD34-PE-Cy7 (BD Biosciences,
San Diego, CA). Purified CD34" cells were grown in serum-free
hematopoietic growth medium (HPGM; Lonza) supplemented
with 10 ng/mL recombinant human interleukin-3 (thIL-3), 10
ng/mL rhIl-6 and 50 ng/mL recombinant human stem cell factor
(PeproTech). The primary APL cells, AML cell lines NB4, HL60,
NB4-MR2, NB4-LR1, and NB4-LR2 were maintained in RPMI
1640 medium (Sigma-Aldrich, St Louis, MO), supplemented with
10% heat-inactivated fetal bovine serum (FBS; Gibco BRL) in a
humidified incubator at 37 °C and 5% CO2/95% air (v/v).

Reagents and antibodies

ATRA, arsenic trioxide, 2-Bromopalmitate(2BP), palmitate acid
(PA), 16BP and 12BP, DNase-free RNase A and propidium iodide
were obtained from Sigma. Rabbit polyclonal antibodies against
RARo, RXRa, Vinculin and PML were obtained from Santa Cruz
Biotechnology (Santa Cruz). Rabbit polyclonal antibodies against
pyruvate kinase M2(PKM2) and B-actin were obtained from Cell
Signaling Technology. Anti-PML-RARa fusion antibody was from
Abcam.

CD11b positive cells% P
No. Sex Age(years) Chromosome Blast WBC(x10°/L) Vehicle 2BP ATRA ATRA/2BP
1 M 2% ND 60.00% 3788 2.10+£0.72 2784035  31.30£2.12 59.11+244  <0.001
2 F 33 ND 5850% 1121 040031 180£0.74  34.17+0.77 61654093  <0.01
3 M 40 ND 92.00% 37.55 2.80+0.93 3.01+0.89 36.56+2.33 6040069  <0.05
4 M 43 46,XY,t(15;17) 69.50% 1.3 1.10£0.17 1.42+0.43 38.28+2.90 65.02+4.13  <0.001
(q22,12)
5 F 43 ND 89.70% 3.16 3.04x0.11 12.8+0.11 33.13+1.25 57.83+3.02 <0.05
6 M 53 46,XY,-8,+22,t(15;17) 77.00% 17.42 0.25+0.19 5.11+0.38 29.51£0.22 59.66+1.51  <0.001
(q22;q12)
7 M 60 46,XY,+10,i(11q), 87.50% 473 19.8+2.22 19.44+2.30 61.55+4.13 75.18+5.50 <0.01
-13,-14,4(15:17) (q22:q12)
8 M 17 46 XY, (15,17)(q22;,912)  89.37% 1.05 14.52+2.44 16.22+1.90 41.85+1.55 48.20+2.13 >(0.05
9 F 26 46,XX 88.50% 2.2 1.40+0.50 1.07+0.92 29.75+1.73 31.22+1.51 >(0.05
10 M 63 ND 92.00% 5.29 8.80+1.33 10.51+1.55 46.25+3.01 45.11£0.73 >(0.05
1n M 67 46 XYt (15;17) (q22;912) ~ 56.00% 1.6 12.80+1.23 11.85+1.87  45.87+0.30 40.33+1.33  >0.05

Mononuclear cells from bone marrow of 11 APL patients were isolated by density gradient centrifugation using Lymphoprep and maintained in RPMI 1640 medium supple-
mented with 10% FBS.The cells were treated with 10 uM 2BP and/or 10'M ATRA for 3 days and CD11b-positive cells were counted by flow cytometry. ND indicates not done. P:

Pvalue between ATRA and ATRA/2BP
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Wright-Giemsa staining kit was from BASO Diagnostic
(Zhuhai, China). Briefly, the cytospin slides were prepared and
solution A was added onto cells for 3-5 mins followed by solution
B for 1 min. The slide was then washed under running water.
Images were taken under inverted microscope.” The images were
quantified according to the shape of the nuclei (0= round, 1=
curveted, 2= polylobulated). The score of each figure was calculat-
ed and normalized by counted cell number. The counting of
leukemic cells was made on at least 100 cells from three independ-
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Statistical analysis
Statistical analyses between the control and treatment groups

female FVB/N mice intravenously after sublethal irradiation.”
Two days after transplantation, the mice were treated with vehi-
cle, 2BP, ATRA, ATO, or combination of these compounds. The
peripheral blood (PB) and bone marrow (BM) cells were collected
for morphological analysis. The spleen and liver were isolated for
hematoxylin and eosin staining. Animal handling was approved
by the committee for humane treatment of animals at Shanghai
Jiao Tong University School of Medicine.

were performed by standard two-tailed Student's r-test. All exper-

iments were repeated at least three times. A value of P<0.05 was
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considered to be statistically significant.
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Figure 1. 2BP enhances ATRA-induced cell differentiation in APL cell lines. (A) Chemical structure of 2-Bromopalmitate (2BP). (B-C) NB4 cells were treated with dif-
ferent concentrations of 2BP for 24 and 48 hours, and growth inhibition and cell viability % were evaluated by trypan-blue exclusion assay. *P<0.05 against vehicle-
treated group. (D) Effects of 2BP on CD34* bone marrow mononuclear cells isolated from 3 healthy donors (#1, #2 and #3) are shown. (E-F) NB4 cells were incubated
with 5 or 10 uM 2BP and/or 10°M ATRA for the indicated hours and growth inhibition (E) and cell viability % (F) were evaluated by trypan-blue exclusion assay.
*P<0.05 between the line-pointed group. (G-K) NB4 cells were incubated with 5 or 20uM 2BP and/or 10®M ATRA for the indicated days and Wright's staining mor-
phology (G), NBT reduction(H), CD11b-(l), CD11c-(J) and CD15-positive(K) cells counted by flow cytometry are shown. Scale bars are 20 um. The images of Wright's
staining (G) were further quantified according to the shape of nuclei (O= round, 1= curveted, 2= polylobulated). The score of each figure was calculated, normalized
by cell number (counted from three independent experiments) and shown at the bottom. The ratio shows the total score/number of cells counted in each condition.
*P<0.05 against ATRA-treated group. All values for percentage of NBT-positive cells represent means + s.d. of triplicate samples in an independent experiment. All
experiments were repeated at least three times with the same results.
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Results

2BP enhances differentiation induction of ATRA in APL
cell lines and primary blasts from APL patients
ATRA-sensitive NB4 cells were treated with different
concentrations of 2BP (Figure 1A) and cell growth was
determined. 2BP inhibited cell growth in a concentration-
dependent manner (Figure 1B), with an increased percent-
age of cells at the G1 stage (Online Supplementary Figure
S1). 2BP treatment induced a slight decrease of cell viabil-
ity at 40 uM in NB4 cells (Figure 1C). The effects of 2BP
on normal CD34* hematopoietic cells purified from bone
marrow samples of 3 healthy donors were also assessed.
The viability of CD34* hematopoietic cells in the 2BP-
treated group was comparable with that in the vehicle-
treated group (Figure 1D). Next, we assessed the cellular
effects of 2BP in combination with ATRA. As depicted in
Figure 1E and E the 2BP and ATRA combination synergis-
tically induced growth arrest without inducing apparent
apoptosis (Online Supplementary Figure S2). Intriguingly,
2BP alone at nontoxic concentrations 5 uM or 10 uM did
not induce apparent differentiation of NB4 cells, but it sig-
nificantly increased ATRA-induced granulocytic differen-
tiation, as evidenced by mature granulocytic morphologic
features (such as smaller cell size, reduced nucleus-cyto-
plasm ratio, condensed chromatin, curveted or polylobu-
lated nuclei) (Figure 1G), increased NBT reduction (Figure
1H), and percentage of CD11b (Figure 1I), CD11c (Figure
1]) and CD15 (Figure 1K) cells. Quantitative analysis based
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on the shape of nuclei demonstrated more mature granu-
locytic cells upon combination of 2BP with ATRA (bottom
panel, Figure 1G). Notably, cotreatment of 2BP with
ATRA also increased the percentage of CD11b and CD11c
positive cells in another APL cell line, HL60 (Online
Supplementary Figure S3). More importantly, the synergistic
effect exhibited by the use of 2BP and ATRA combination
in differentiation could also be seen in primary blasts from
APL patients. The percentage of CD11b-positive cells
treated with ATRA and 2BP was significantly increased in
7 out of 11 samples compared with the ATRA-treated
group (Table 1). Notably, two APL samples with complex
chromosome abnormalities (No. 6 and No. 7) which usu-
ally do not respond well to ATRA-based therapy dis-
played significant differentiation under treatment with
ATRA and 2BP. Collectively, these data demonstrated that
2BP presents a synergistic differentiation-enhancing effect
in APL cells when used in combination with ATRA.

As mentioned above, combination of ATO with ATRA
have dramatically improved the CR rate of APL patients,
and is now used as a frontline treatment of APL.""*
Therefore, we further evaluated the effect of the combina-
tion of ATO and 2BP on NB4 cells by flow cytometry. As
shown in Online Supplementary Figure S4A, upon treatment
of ATO/2BP, the expression of CD11b and CD11c was
significantly increased on day 2 and day 3 compared with
ATO-treated cells. Moreover, addition of 2BP enhanced
the granulocytic differentiation of NB4 cells induced by
ATRA/ATO (Online Supplementary Figure S4A). These data
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Figure 2. 2BP enhances ATRA-induced APL cell differentiation in vivo. ATRA-sensitive leukemic (leu) mice were treated with vehicle (5% DMSO, 5% cremophor, 90%
saline), 2BP (5 mg per kg body weight, intraperitoneally), ATRA (10 mg per kg body weight, intraperitoneally) or ATRA/2BP daily for five continuous days a week.
Normal FVB/N mice were taken as negative controls. When the first vehicle-treated leukemic mice were moribund, all mice were killed and analyzed. (A) The survival
(%) and lifetime (day) of leukemic mice in each group were recorded and Kaplan-Meier survival analysis was shown. The numbers of mice are indicated in paren-
theses, and *P<0.05 against ATRA-treated mice. (B) Cytologic analysis of peripheral blood (PB) and bone marrow (BM) cells derived from different agent-treated mice
by Wright's staining. Scale bars are 20 um. The images were quantified as described in Figure 1G and shown at the bottom. *P<0.05 against ATRA-treated mice.
Leu represents leukemia. (C) The macroscopic appearance/the weight (mg/g bw) of spleen (top panels) are shown. Each column represents the mean with bar as
s.d. of 3 mice in an independent experiment, and *P<0.05 between the line-pointed group. (D) The leukemic invasions in spleen and liver were analyzed by hema-

toxylin and eosin (H&E) staining.

haematologica | 2019; 104(1)




- 106 haematologica | 2019; 104(1)

°
S
s

Y. Lu et al.
A B |_JIVE) c D
DMSO 107M ATRA [ 2BP(SM)
'Y - L 501 [ 2BP(10pM)
‘ 3 P « 701 CATRA _ Normal (5)
o & . oo ATRAZBR(SIM) Tas Leu-Vehicle (8)
s ® S o) M ATRAZBR(I0uM) £ Leu-2BP (10)
- P 3 L Leu-ATRA (10)
' e ‘ ) P g Leu-ATRA/2BP(19) *
. — =1 7 :" =25
0
e > [i i :
& > : T 1o 00 &
& [ i ___ e
2 @By | PFRE z
s W W o »
- ) ; E O Noml velicle 2BP ATRA ATRAZBP
— — 3
O 4 R A o 3% :
® I e 2 Normal Leu-vehicle Leu:2BP Leu-ATRA Leu-ATRA/2BP
\ ¢ w0 ! =l Ve i
3. ® gnd g . ok
o® . mbe » i W0 008
Ay ; il e o N
: - z i o
® _ —— ML e 85555 - = s 9 P
v B ° 3@ °%
1 o
z 12 '.‘ " ‘
]
Zos @ ,‘ 3.0
S
& —.

P
K

CDI5" cells%

0
ATRA(M) 0 ) 0 0% 10% 108
2BP(uM) 0 5 10 0 5 10

[N

o) melide semrhe =Lozlle
1 2 3 days

o ¢
=

Score / Cell count
o
3

°

[N

o

Score / Cell count
°© © - =—
P

o

leukemia leukemia
ATRA  ATRA/2BP

Normal T P =T~ B Normal

vehicle 2BP ATRA  ATRA/2BP vehicle 2BP

Figure 3. 2BP overcomes ATRA resistance in vitro and in vivo. (A-B) ATRA-resistant NB4-MR2 cells were treated with 5 uM or 10 uM 2BP in combination with ATRA
for 3 days. The Wright's staining morphology (A) and percentages of CD11b (upper panel, B) and CD11c (middle panel, B) and CD15 (bottom panel, B) expression
are shown. Scale bars are 20 um. The images were quantified as described in Figure 1G and shown at the bottom. *P<0.05 against ATRA-treated group. (C-D) ATRA-
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ATRA-treated group.

indicated that 2BP could enhance the differentiation effect
of ATO on APL cells in vitro.

2BP enhances differentiation induction of ATRA in vivo

Subsequently, the effect of 2BP was further evaluated
on transplantable APL mice. We intravenously trans-
planted a high dose (4x10°) of ATRA-sensitive leukemic
blasts from transgenic mice expressing human PML-
RARa into sublethally irradiated isogenic FVB/N recipi-
ents to generate ATRA-sensitive leukemic mice.”
Leukemic mice were treated intraperitoneally with 5
mg/kg body weight of 2BP with or without ATRA on
day 2 after transplantation. Twenty-five days after trans-
plantation, mice in the vehicle group started to be frail
and sluggish, and rapidly died off in the following 3 days.
The lifetime of mice in ATRA-treated group lasted as
long as 35 days. In contrast, 2BP combined with ATRA
extended lifetime and survival of leukemic mice to 45
days (Figure 2A). Consistently, more morphologically
differentiated cells were observed in peripheral blood
(PB) and bone marrow (BM) of leukemic mice that
received ATRA and ATRA/2BP (Figure 2B). Further quan-
titative analysis based on the shape of nuclei showed
more mature granulocytic cells upon combination of 2BP
with ATRA (bottom panel, Figure 2B). In addition,
enlarged spleens were found in vehicle-treated mice,
which could be alleviated when treated with ATRA or
ATRA/2BP (Figure 2C). Histological examination
revealed that ATRA/2BP treatment inhibited the infiltra-
tion of leukemia cells into the spleen and liver (Figure
2D). These results suggested that the leukemic infiltra-
tion to spleen was reduced in presence of 2BP. Taken

together, these data demonstrated the potential of 2BP to
synergistically induce the maturation of promyelocytes
with ATRA in vivo.

In addition, we evaluated the effect of 2BP on ATO in
APL murine model.*" Consistent with the in vitro data
(Online Supplementary Figure S4A), administration of
ATO/2BP extended the survival of leukemic mice com-
pared to that in the ATO-treated group (Online
Supplementary Figure S4B). These data supported that 2BP
enhanced the effect of ATO on APL in vivo. In addition,
the lifespan of leukemic mice that received
ATRA/ATO/2BP is comparable to that when treated with
ATRA/ATO (Online Supplementary Figure S4B). The effect
of 2BP on the combination of ATRA/ATO deserves fur-
ther evaluation.

To evaluate the in vivo acute toxicity and identify a clin-
ically relevant dose of 2BP in mice, the maximum tolerat-
ed dose (MTD) was determined.” Athymic nude mice
were injected intraperitoneally with a single dose of 2BP
at 50,100,200 mg/kg/dose. At 100 mg/kg, treated mice
were alive at day 14, whereas at 200 mg/kg, the mice died
on day 2, suggesting that the best-tolerated concentration
of 2BP is 100 mg/kg.

2BP induces the differentiation of ATRA-resistant APL
in vitro and in vivo

Since ATRA resistance has been a major obstacle in clin-
ical APL therapy, the ATRA/2BP combination was also
designed to be examined to relieve ATRA resistance. NB4-
derived subclones, including NB4-MR2, NB4-LR1 and
NB4-LR2 were tested. In accordance with previous reports,
these subclones were refractory to ATRA-induced matura-




Relative folds of

RARa mRNA

Relative folds of

RARa protein
o o~

-8 8%

72 hours

E NB4

24 48

NB4

72 _hours
[“RXRa

2-Bromopalmitate promotes APL differentiation

48 72hours
[“RARa

- Z

[4p-actin

°
@

Relative folds of

RARa mRNA

0 6 12 24 48 72 hours

0 6 12 24 48 72hours

Py

s .
90000, TGM2
70000-
= W e . i
- “«B-actin -ﬁ<ﬂ-uﬂin S & 50000- i
22 i — LT 40 12
g5 = oo Tz P00t 2 .
Egos S5, poo 23 é; oo 2 2 4
2 23
2 04 2 B8] H &0 o 0 [
3% o s S8 = 2204 RARp s RIG-E = 600, RIG-G S
& 0 6 12 24 48 72hours Z& 04 35 100 25
S22 o - N & DMSOATRA 2BF ATRA2BP 30 20
& DMSOATRA 2BP ATRA)2BP 400.
HL60 HL60 LRI 560 15
ATRA . 4 . 4 ATRA A Z40 10 200 -
0 6 12 24 48 72 hours w . L iy 28P 4+
Py “RARa RARG 0] 5] N
) 0 0 pry
== = . = . Pactin L IRE-1 . 10 PUI 1.51MPO
- <p-actin - <p-actin o
s < Tnol 3
W - P00 e 22003 2" 6 10
2808 S <001 23 127 Qon ¢ 220
2z 23512y ¢ 1 52 4 & ”
i€ 04 28 o0g| 20 S Eos 05 are
Z2 o s S 2304 ! 10 2 ]
0 6 12 24 48 72hours 23 04 -2
< s~ ol H H N o o 0
g 2 3 . 2 . b3 :
22 0 OATRA 207 ATRAZ2BP DMSOATRA 2BPATRAZBE e b % 9 i i S ,i%z\
LR2
ATRA -+ -
WP - - i
?«mm

4p-actin

MSOATRA 2BP ATRAZ2BP

Figure 4. 2BP stabilizes RAR« protein and enhances transcriptional activity of RARa. (A-D) NB4(A-B) and HL60(C-D) cells were incubated with 5 uM of 2BP for indi-
cated hours. The mRNA (B and D) and protein (A and C) of RARa were detected by quantitative real-time PCR and western blots. -actin was detected as the loading
control. P value between the line-pointed group is shown. (E) NB4 and HL60 cells were incubated with 5 uM of 2BP for indicated hours and protein of RXRa was
detected by western blot with p-actin as the loading control. (F-G) ATRA-sensitive NB4 and HL60 (F) or ATRA-resistant NB4-MR2, NB4-LR1, and NB4-LR2 cells (G)
were treated with 5 uM 2BP in the presence or absence of ATRA for 48 hours and RARa protein was detected by western blot. The protein bands on the gels were
quantified by densitometry from three independent experiments and shown in the bottom panel (A,C,E,F and G). Scanning was performed at optimal exposure time
where band intensity was proportional to the concentration of protein present. Gel photographic images were stored as GRAYSCALE pictures in TIF format and were
processed using ImageJ Software. P value between the line-pointed group is shown. (H) NB4 cells were treated with 5 uM 2BP and/or 10°M ATRA for 48 hours, and
the expression of indicated genes was detected by quantitative real-time PCR with specific primers. ** and *** indicated P value between 2BP plus ATRA and ATRA
was < 0.01 and < 0.001, respectively. Each experiment was repeated three times.

tion (Figure 3A and Online Supplementary Figure S5). In con-
trast, ATRA combined with 2BP could induce granulocytic
differentiation of NB4-MR2 (Figure 3A-B), NB4-LR1 and
NB4-LR2 (Online Supplementary Figure S5) cells as evi-
denced by mature granulocytic morphologic features and
increased CD11b and CD11c expression, indicating that
2BP could overcome ATRA resistance of promyelocytes.

In vivo, ATRA-resistant leukemic blasts from transgenic
mice expressing human MRP8-PML-RARa mutant were
intravenously transplanted into sublethally irradiated iso-
genic FVB/N recipients to generate ATRA-resistant
leukemic mice.® Twenty-six days later, all vehicle-treated
leukemic mice died abruptly (Figure 3C). ATRA-treated
leukemic mice died in 27 days, verifying that the ATRA
resistance was lethal for leukemic mice. In contrast,
administration of 2BP along with ATRA overcame the
resistance and extended the survival of leukemic mice to
36 days (Figure 3C). It was discovered that 2BP with
ATRA facilitated the remission of swollen spleen on
ATRA-resistant leukemic mice (Figure 3D). Consistent
with this, more morphologically differentiated cells were
observed in PB and BM in the ATRA/2BP-treated group
(Figure 3E). These data indicated that 2BP presents a
potential to overcome ATRA resistance.

2BP accumulates RARc. protein and enhances
ATRA-dependent transcriptional activity of RARa

As previously documented, administration of ATRA
induced a progressive degradation of wild-type RARa as
well as the PML-RARa chimeric protein.”*" To elucidate
the mechanism of the positive effect of 2BP on APL cell
differentiation, RARa and PML-RARa fusion protein in
NB4 cells under 2BP treatment were detected. Treatment
of 2BP for 48 hours significantly increased RARa protein
level (Figure 4A), but not its mRNA level in NB4 (Figure
4B) and HL60 cells (Figure 4C-D). In contrast, RXRa, the
binding partner of RARa protein in transactivating target
genes as heterodimers, was not affected by 2BP (Figure
4E). Furthermore, we detected the effects of 2BP on RARa
protein in the presence of ATRA, which was documented
to induce degradation of RARa.* When NB4 and HL60
cells were cotreated with ATRA and 2BP, the protein level
of RARa was increased compared to ATRA-treated group
(Figure 4F). Moreover, accumulated RARa protein induced
by 2BP in the absence (MR2 and LR1) or presence of
ATRA (MR2 and LR2) could also be seen in ATRA resist-
ance NB4-MR2, NB4-LR1 or NB4-LR2 cells (Figure 4G). In
addition, using immunofluorescent staining with anti-
PML antibody, we observed that ATRA restored the PML-

haematologica | 2019; 104(1) 107 -




N I A

- 108 haematologica | 2019; 104(1)

A

vehicle 2BP

e

2BP concentration(nM) D
2500

Response (RU)

-5
-100 -50 0 50 100
Time(sec)

150 200 250

0 F

OH

o

2-Bromopalmitate(2BP)
OH

Br

o
16-Bromododecanoic acid(16BP)
OH
o}

400 200 100 5025 5 1 0
RARa _ <RARq.
|

T e e —— —— —— —— < \/inCUlin

— e — — < Vinculin

<«PKM2

20 30 45 60 min

<RARa

0 2BP PA 16BP 12BP

—

Br
12-Bromododecanoic acid(12BP)
OH

Br

< B-actin

Figure 5. 2BP directly binds with RARa.. (A-B) Cellular thermal shift assay (CETSA) was performed on NB4 cells as described in the Methods section. The effects of
2BP on RARaq, vinculin and PKM2 at different temperatures (A) and different doses (B) were evaluated by Western blot analysis. (C) SPR analysis of the binding
between 2BP and RARa. The recombinant RARa protein was immobilized on an activated CM5 chip. 2BP was then flowed across the chip at increasing concentra-
tions. (D) The recombinant RAR« protein was incubated with biotin-2BP for the times indicated, and the mixtures were blotted with anti-biotin antibody. The mem-
brane stained with Ponceau S is shown on the bottom. (E-F) NB4 cells were treated with PA, 2BP, 16BP or 12BP (chemical structure shown on E) for 3 days and
CD11b-positive cells were counted by flow cytometry and RARa expression was detected by western blot are shown. ***P<0.001 against vehicle-treated group. All

experiments were repeated three times with the same results.

RARa~disrupted PML nuclear body, which was decreased
by the addition of 2BP (Online Supplementary Figure S6A).
Western blot analysis using an antibody against PML-
RARa fusion protein showed that 2BP could increase the
amount of PML-RARa in NB4 cells (Online Supplementary
Figure S6B), suggesting that 2BP may also stabilize PML-
RARa fusion protein.

Next, we asked whether the transcriptional activity of
RARa protein was also enhanced by the ATRA/2BP com-
bination following the accumulation of protein level.
Consistent with previous reports, ATRA, but not 2BP,
increased the expression of RARa target genes including
RARB, CCAAT/enhancer-binding protein o(C/EBPa),
retinoic acid inducible gene-E (RIG-E), RIG-I, RIG-G, inter-
feron regulatory factor 1 (IRF-1), transglutaminase
2(TGM2), and ubiquitin-like modifier activating enzyme
7(UBE1L) gene and decreased that of myeloperoxidase
(MPO) in NB4 cells (Figure 4H).** More intriguingly, the
modulation of these expressions by ATRA was signifi-
cantly enhanced by the cotreatment of 2BP with ATRA in
NB4 cells (Figure 4H). Taken together, these data indicated
that 2BP accumulates RARa protein and enhances ATRA-
dependent transcriptional activity of RARa.

To further confirm the role of the stabilized RARa pro-
tein in the synergistic differentiation-inducing effect of
2BP in combination with ATRA, AMS580, a selective RARa
agonist,” was applied to NB4 cells. The results showed
that, similar to that seen under ATRA treatment, 2BP
could enhance AM580-induced differentiation of NB4
cells (Online Supplementary Figure S7A-B). Moreover,
administration of AM580 induced a loss of RARa pro-
teins, which could also be accumulated by addition of 2BP
(Online Supplementary Figure S7C). On the other hand, Ro
41-5253, a highly specific RARa antagonist,” could effec-
tively antagonize the synergistic differentiation-inducing
effect of the 2BP and ATRA combination in NB4 cells
(Online Supplementary Figure S7A-B). These data indicated
that maintenance of RARa protein contributed to the
enhancing effect of 2BP on ATRA-induced differentiation.

2BP directly targets RARa

2BP has been reported to be active in covalently binding
target proteins because it is from the a-halo-carbonyl
group.”’ To further elucidate the mechanism of 2BP on
ATRA-induced APL differentiation, we detected the possi-
bility of RARa protein as a cellular target of 2BP. To this
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haematologica | 2019; 104(1) 109 -



end, cellular thermal shift assay (CETSA), a method used
to evaluate the binding of compounds to target proteins in
cells and tissue samples based on the biophysical principle
of ligand-induced thermal stabilization of target pro-
teins,®* was applied in NB4 cells. We observed that 2BP
treatment markedly increased the thermal stability of
RARa protein at temperatures examined compared to
vehicle treatment (Figure 5A). Furthermore, RARa protein
was accumulated by 2BP in a concentration-dependent
manner (Figure 5B). Vinculin, a cytoskeletal protein associ-
ated with cell-cell and cell-matrix junctions® and pyruvate
kinase M2(PKM2), a rate-limiting enzyme in glycolysis*?¥
were taken as negative controls (Figure 5A-B). These data
suggested that 2BP interacts with RARa in APL cells.

The binding between 2BP and RARa protein was fur-
ther evaluated by surface plasmon resonance (SPR) assay
using a biacore platform. The sensorgrams showed that
2BP rapidly associated with immobilized recombinant
RARa protein at an equilibrium dissociation constant of
28.97 nM (Figure 5C). Moreover, the response signal dur-
ing the dissociation phase did not return to the baseline
level for 2BP, indicating that 2BP could not be completely
eluted from RARa (Figure 5C). These data suggested that
2BP is covalently bound to RARa protein. Experiments
with biotin-tagged 2BP (hereafter named biotin-2BP") fur-
ther supported that biotin-2BP could covalently bind with
recombinant RARa protein, and this binding displayed a
time-dependent saturation (Figure 5D).

Mechanistically, covalent binding of 2BP with targets is
more possible between the a-halo-carbonyl group and
cysteines within proteins.” Thereafter, we compared the
effect of 2BP analogs, including palmitate acid (PA), 16BP
and 12BP with 2BP on ATRA-induced differentiation of
APL cells. These analogs either lack a bromine atom or
have a bromine atom in a different position (Figure SE).
The results showed that, unlike 2BP, the three compounds
did not present a synergistic effect with ATRA as evi-
denced by the percentage of CD11b-positive cells (upper
panel, Figure 5F). In addition, the three compounds did not
accumulate RARa, as 2BP did (bottom panel, Figure 5F).
These data indicated that the a-halo-carbonyl group is
essential for the binding of 2BP with RARa.

Cys105 and Cys174 of RARa is the binding site
for 2BP

To further determine the specific cysteine (Cys) residue
that is modified by 2BP in RARa protein, we purified and
incubated recombinant RARa protein with 2BP, followed
by mass spectrometry (MS) analysis. There are 18 cys-
teines located in different domains within RARa protein
(Figure 6A). We identified 90% of the RARa protein
sequence and 15 cysteine-containing peptides of the
recombinant RARa incubated with and without 2BP (data
not shown). The m/z ratio of the Cys105-containing pep-
tide SSGYHYGVSACEGCK (Figure 6B) and Cys174-con-
taining peptide KKEVPKPECSESY (Figure 6C) was meas-
ured as 1,660.66 and 1,579.75 in the absence of 2BP and
1,857.86 and 1,776.96 in the presence of 2BP. The calculat-
ed mass shift was consistent with the addition of one mol-
ecule of 2BP. As for Cys105, MS/MS analysis of both
unmodified and modified Cys105-containing peptide gave
a partial series of y-ion fragments corresponding to the
predicted sequence. Both MS/MS spectra had the same
mass from y1 to y4, whereas the mass shifted 254.22 Da
for the Cys105-containing fragment (from y5 to y12) in

N I A

the modified peptide spectra (Figure 6B).

To verify the binding of 2BP with Cys105 and Cys174,
we incubated synthesized biotin-2BP with purified wild-
type (WT) or Cys105/Cysl74 double-mutated (DM)
RARa proteins. Mutation of Cys105/Cys174 remarkably
diminished the binding of RARa with 2BP in vitro (Figure
6D), indicating that 2BP covalently modified Cys105 and
Cys174 of RARa.

Finally, we knocked down the endogenous RARa and
re-expressed flag-tagged Cys105/Cys174 DM RARa into
NB4 cells and evaluated the effects of 2BP. The results
showed that 2BP enhanced the differentiation effect of
ATRA in RARa-WT expressing but not RARa-DM
expressing NB4 cells, indicating that 2BP presents a syner-
gistic effect with ATRA through binding with
Cys105/Cys174 (Figure 6E). Consistent with this, DM
RARa could not be efficiently accumulated by 2BP in the
presence of ATRA in NB4 cells (Figure 6F). Collectively,
these data indicated that 2BP enhanced the ATRA-induced
differentiation through binding to Cys105/Cys174 within
RARa protein.

Discussion

For the past decades, much effort has been devoted to
identifying novel compounds with specific targets that
would maximize the therapeutic effects of ATRA.***#
For example, our group reported that pharicin B, a novel
natural ent-kaurene diterpenoid derived from Isodon
pharicus leaves, stabilizes RARa protein and presents syn-
ergistic differentiation induction with ATRA in AML cells.
It can also overcome retinoid resistance in two ATRA-
resistant NB4 subclones.® Wang ez al. identified a novel
synthetic small compound, named LG-362B, targeting
PML-RARa and blocking ATRA resistance on cellular dif-
ferentiation and transplantable murine models.”® More
recently, Li et al. reported that pseudokinase Tribble 3
(TRIB3) promotes PML-RARa-driven APL by interacting
with PML-RARa and disturbing the TRIB3/PML-RARa
interaction through an o-helix peptide Pep2-S160 pro-
duced significant anti-APL effects.” All these studies
sought to elucidate APL pathogenesis and find more ther-
apeutic options for APL patients.

In the present work, we have demonstrated that 2BP
presents synergistic differentiation induction with ATRA in
APL cell lines, primary APL blasts and in an APL murine
model. Moreover, 2BP overcomes ATRA resistance both i
vitro and in vivo, demonstrating therapeutic potential in APL.
The cellular target of 2BP here, differently to previously
reported CPT1 in FAO and PAT in protein palmitoylation,
is RARa protein which triggers differentiation of leukemia
cells through transcriptional mechanism. The binding of
2BP with RARa prevented the degradation of RARa pro-
tein and sustained its transcriptional activity, leading to the
differentiation-enhancing effect of 2BP. Recently, multiple
investigations have indicated that RAR is a potential drug
target for cancer and metabolic diseases.” Thus, our data
provides a new candidate to probe potential pathophysio-
logical and therapeutic roles of RARa.

Notably, 2BP also stabilized PML-RARa, which was
well-documented to block hematopoietic differentiation
through interfering transcriptional activity of RARa, and
the therapeutic effects of both ATRA and ATO relied on
the degradation of this fusion protein.””"*" Howeuver,
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forced expression of PML-RARa could increase ATRA
sensitivity in U937 cells® and restore ATRA sensitivity in
NB4.007/6 ATRA-resistant cells,” demonstrating a dual
role for the fusion protein in leukemogenesis. On the
other hand, a number of compounds capable of restrain-
ing ATRA-dependent PML-RARa proteolysis have been
shown to enhance ATRA-induced differentiation,” indi-
cating that a mechanism independent of PML-RARa
degradation that drives granulocytic maturation does
exist. Therefore, how stabilized PML-RARa. protein con-
tributes to 2BP-enhanced cell differentiation deserves fur-
ther exploration.

Combination of ATO with ATRA serves as a frontline
treatment of APL. ATO is also used as the best salvage
therapy agent for ATRA-resistant APL patients.”"****
Mechanistically, ATO induced PML-RARo degradation
through direct binding to cysteine residues in PML moiety
of the fusion protein.” However, resistance to ATO in APL
was reported by several groups.”*Here, we observed an
increase of APL cell differentiation and leukemia mice sur-
vival upon cotreatment of ATO with 2BP, suggesting that
an approach combining ATO with 2BP warrants further
investigation as a therapeutic strategy for APL patients.

The effects of 2BP on cell differentiation have been
observed in neural stem cell and osteoblast.""® However,
no direct differentiation-associated target of 2BP has been
identified. Interestingly, different from our results,
research from Chen et al. showed that 2BP treatment
impaired ATRA-induced neuronal differentiation in vitro
which involved the palmitoylation of P300 and acetyla-
tion of histones H3 and H4." Further investigation of 2BP-
RARa interaction in the context of neural cells may offer
some clues for better understanding the controversial
effect of 2BP towards ATRA.

Most of the 2BP-targeted enzymes, whether in lipid or
nonlipid processing, contain cysteine residues in or near
the enzyme active site, suggesting a-halo-carbonyl elec-
trophilic alkylation mediates the observed irreversible
inhibition."” In the present work, we identified that of all
the 18 cysteines within RARa sequence, Cys105 and

Cysl74 are the major residues for 2BP binding.
Substitution of WT RARa with Cys105/Cys174 DM sig-
nificantly decreased the synergistic differentiation activity
of 2BP as well as the accumulation of RARa protein in the
presence of ATRA, indicating that despite the potential
promiscuous cellular targets of 2BP,'® the binding of 2BP
with RARa at Cys105/Cys174 is responsible for, albeit
partially, preventing ATRA-triggered degradation of RARa
which helps differentiation. Previous studies have showed
that ATRA-triggered degradation of RARc was mediated
by the ubiquitin-proteasome pathway.* Our data thus
suggested that the binding of 2BP may influence the pro-
teasomal degradation of RARa protein.

Overall, RARo. modulation in the treatment of APL has
generated considerable interest in the development of
RAR modulators and uncovered a promising strategy for
these diseases. Our discoveries demonstrate that by tar-
geting RARa, 2BP not only helps ATRA-induced APL dif-
ferentiation, but also reverts ATRA resistance in vitro and
in vivo. Combining ATRA with 2BP could be a potential
candidate for ameliorating ATRA-associated adverse
effects and clinical relapsed APL.
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