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Introduction

Acute myeloid leukemia (AML) is one of the deadliest forms 
of leukemia and is expected to cause 10 370 deaths in year 2013 
in the United States alone.1 Standard therapy for AML utilizes 
cytarabine in combination with daunorubicin. However, a lack 
of response to therapy and frequent patient relapse makes the 
management of AML difficult.2 As new therapeutics have not 
been approved for AML in decades, there is an urgent and 
unmet need for new therapeutic intervention to improve patient 
outcomes.

Myeloid cell leukemia sequence-1 (Mcl-1), an anti-apoptotic 
protein in the B-cell lymphoma-2 (Bcl-2) family of proteins, is 
reported to contribute to the pathogenesis and drug resistance 

in AML. Relapsed primary human AML samples revealed a 
marked elevation in Mcl-1 protein levels,3,4 and Mcl-1 was shown 
to be necessary to sustain translocation-driven murine AML 
at both induction and relapse.5 The FMS-like tyrosine kinase-
3-internal tandem duplications (FLT3-ITD) mutation, a prog-
nostic marker that indicate frequent relapse and poor survival 
in patients, can drive Mcl-1 upregulation.6 While ABT-737 and 
its analogs ABT-263 and ABT-199 are clinically promising selec-
tive Bcl-2 inhibitors against leukemia that do not inhibit Mcl-1 
function,7-9 resistance to these compounds frequently occurred 
through Mcl-1 upregulation.10 Mcl-1 upregulation was further 
implicated in multidrug resistance and stroma-mediated drug 
resistance.11-13 Therefore, a selective pharmacologic inhibitor of 
Mcl-1 might be effective in treating AML.
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Acute myeloid leukemia (AML) is one of the deadliest leukemias for which there is an urgent and unmet need for 
the development of novel treatment strategies. Multiple drug resistance mechanisms mediate poor drug response and 
relapse in patients, and a selective Mcl-1 inhibitor has been speculated to be a promising agent in the treatment of AML. 
Here, we describe that maritoclax, a small molecule Mcl-1 inhibitor, induces Mcl-1 proteasomal degradation without tran-
scriptional downregulation. Maritoclax killed AML cell lines and primary cells with elevated Mcl-1 levels through selective 
Mcl-1 downregulation, and synergized with ABT-737 to overcome Mcl-1-mediated ABT-737 resistance. Maritoclax was 
more effective than daunorubicin at inducing leukemic cell death when co-cultured with HS-5 bone marrow stroma 
cells, while being less toxic than daunorubicin against HS-5 stroma cells, primary mouse bone marrow cells, and hema-
topoietic progenitor cells. Moreover, maritoclax administration at 20 mg/kg/d intraperitoneally caused significant U937 
tumor shrinkage, as well as 36% tumors remission rate in athymic nude mice, without apparent toxicity to healthy tissue 
or circulating blood cells. In summary, our studies suggest that maritoclax belongs to a novel class of Mcl-1 inhibitors that 
has the potential to be developed for the treatment of AML.



©
20

14
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

1078	C ancer Biology & Therapy	 Volume 15 Issue 8

However, a body of evidence suggests that Mcl-1 inhibition 
might impair physiological function. Genetic Mcl-1 knockout 
caused peri-implantation embryonic lethality in mice,14 and the 
organ-specific knockout of Mcl-1 resulted in acute failure of hema-
topoietic stem cells and the heart.15-17 Nonetheless, a number of 
anti-cancer agents approved for use or in clinical trials to treat can-
cer could downregulate Mcl-1, such as sorafenib, PKC412, and fla-
vopiridol.18-20 Given that genetic and pharmacologic modulations 
of a protein are fundamentally different, it is possible that there 
exists a margin of safety between the anti-cancer and toxic effects 
of Mcl-1 small molecule inhibitors in the treatment of AML.

We recently discovered that a selective Mcl-1 inhibitor, mari-
nopyrrole A (hereafter referred to as maritoclax), demonstrated an 
unique mechanism of action to downregulate Mcl-1 through pro-
teasomal degradation.21,22 In this report, we determined that mari-
toclax potency strongly correlated with elevated levels of Mcl-1 
in both AML cell lines and primary human AML samples inde-
pendent of transcriptional repression. Maritoclax could overcome 
ABT-737 resistance and synergize with ABT-737 to kill ABT-
737-resistant AML cells. Maritoclax also remained potent against 
U937 cells cultured with stroma, while being less toxic toward 
the HS-5 human stroma cell line, primary mouse bone marrow, 
and hematopoietic progenitor cells compared with daunorubicin. 
Finally, in athymic nude mice bearing U937 xenografts, 20 mg/
kg/d intraperitoneal (IP) injection of maritoclax caused signifi-
cant tumor reduction without apparent toxicity to organs or cir-
culating blood. Overall, we demonstrated that Mcl-1 inhibition 
through maritoclax can potentially be developed as a viable strat-
egy for the treatment of Mcl-1-overexpressing AML cells.

Results

Maritoclax downregulates Mcl-1 expression through protea-
somal degradation without transcriptional repression

Maritoclax is found naturally in a marine-derived strain of 
Streptomyces as the (−) enantiomer,23 but the racemic compound 
was used in previous biological assays testing maritoclax as a 

Mcl-1 inhibitor.21,22 We confirmed that the (+)-, (−)-, and race-
mic maritoclax demonstrate similar biological activity in viability 
assays against U937 and Mcl-1-IRES-Bim K562 cells (Fig. S1A 
and B).

Maritoclax induced endogenous Mcl-1 downregulation in 
U937 cells that could be completely reversed by MG132 treat-
ment in a concentration-dependent manner (Fig.  1A). As pro-
longed proteasome inhibition may disrupt transcription and 
synthesis, MG132 was added to U937 cells in the last 3 h of a 
12-h incubation with maritoclax. U937 cells not treated with 
maritoclax demonstrated a 4-fold increase in Mcl-1 protein lev-
els, and maritoclax-treated cells demonstrated a 6.5-fold increase 
in Mcl-1 protein levels when incubated with MG132 (Fig. 1B). 
We then analyzed Mcl-1 mRNA expression in the presence of 
maritoclax over 24 h by qRT-PCR, and determined that Mcl-1 
mRNA levels following treatment did not significantly differ 
from basal levels (ANOVA, P > 0.05).

Maritoclax kills primary human AML cells overexpressing 
Mcl-1 through Mcl-1 downregulation

We therefore surveyed the potency of maritoclax treat-
ment in four primary human AML patient samples with vary-
ing prognoses (Fig. 2A; Table S1). AML samples 555 and 477 
were sensitive to maritoclax treatment (EC

50
 = 7.2 μM, 8.8 μM 

respectively), while samples 559 and 574 were resistant at EC
50

’s 
above 40 μM. Interestingly, when we probed for Bcl-2 family 
expression in the primary patient samples, maritoclax-sensitive 
samples 555 and 477 expressed elevated Mcl-1 levels while sam-
ples 559 and 574 contained markedly lower Mcl-1 protein levels 
(Fig. 2B). Sensitivity to maritoclax in primary patient samples 
correlated with the protein levels of Mcl-1, but not with the levels 
of Bcl-2 or Bcl-xL. We further observed that maritoclax caused 
the downregulation of Mcl-1, but not that of Bcl-2 or Bim, in a 
concentration-dependent manner in patient sample 555 leading 
to induction of caspase-3 cleavage (Fig. 2C).

Maritoclax overcomes Mcl-1-mediated drug resistance in 
AML cells

Given that maritoclax potency correlated with Mcl-1 protein 
levels in primary AML patient cells, we surveyed the potency 

Figure 1. Maritoclax induces Mcl-1 proteasomal degradation but not transcriptional repression. (A) U937 cells were treated with DMSO or 2.5 μM mari-
toclax with the indicated concentrations of MG132 for 12 h, and protein expression was analyzed by immunoblotting. (B) U937 cells were treated with 
DMSO or 2.5 μM maritoclax for 9 h before adding 10 μM MG132 for 3 h, and protein expression was analyzed by immunoblotting. (C) U937 cells were 
treated with 2.5 μM maritoclax for the indicated times, and MCL1 mRNA expression was analyzed by qRT-PCR.
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of maritoclax at 48 h in a panel of AML cell lines (Fig. 3A and 
B). We further observed that parental AML cell lines HL60 
and Kasumi-1, which express elevated Mcl-1, were sensitive to 
maritoclax (EC

50
 = 2.0 μM, 1.7 μM respectively). On the other 

hand, parental KG-1 and KG-1a cell lines expressing lower Mcl-1 
protein levels were more resistant to maritoclax treatment (EC

50
 

= 6.1 μM, 5.5 μM respectively). The U937 cell line expressed 
the highest levels of Mcl-1 among tested cell lines, and demon-
strated the highest sensitivity to maritoclax treatment (EC

50
 = 

1.4 μM).
Previous studies indicated that Mcl-1 upregulation is a major 

mechanism of resistance to selective Bcl-2 inhibitor ABT-737 
in cancer cells.10 Therefore, we generated a panel of ABT-737-
resistant (ABTR) cell lines through prolonged culture with ABT-
737. While parental AML cell lines were very sensitive to ABT-737 
treatment, ABTR cell lines demonstrated markedly increased 
resistance to ABT-737 (Fig. 3B). Remarkably, all ABTR pheno-
types in the tested AML cell lines demonstrated elevated Mcl-1 
levels (Fig.  3A). Both HL60/ABTR and Kasumi-1/ABTR cell 
lines remained sensitive to maritoclax treatment (EC

50
 = 1.7 μM, 

1.8 μM respectively). The KG-1/ABTR and KG-1a/ABTR cell 
lines demonstrated an increase in resistance to maritoclax (EC

50
 

= 7.7 μM, 7.3 μM respectively), where we also observed Bcl-xL 
upregulation compared with parental cell lines. The multi-drug 
resistant HL60/VCR cell line, expressing high levels of p-gp, was 
resistant to ABT-737 treatment (EC

50
 > 50 μM), but was sensi-

tive to maritoclax treatment (EC
50

 = 1.8 μM). We confirmed that 
maritoclax caused a time-dependent downregulation of Mcl-1 in 
the HL60/ABTR cells, leading to caspase-3 activation and PARP 
cleavage, a marker for the activation of caspase-dependent apop-
tosis (Fig. 3C). A number of previous approaches demonstrated 
that the inhibition of Mcl-1, both pharmacologically by kinase 
inhibitors and genetically by siRNA approaches, synergized with 
ABT-737 to sensitize ABTR cells.24,25 Indeed, combining esca-
lating concentrations of ABT-737 with a sub-optimal concentra-
tion of maritoclax resulted in significant synergistic interactions, 
sensitizing both HL60/ABTR and KG1a/ABTR cell lines to cell 
death (Fig. 3D). At higher ABT-737 concentrations in the HL60/
ABTR cell line, the addition of maritoclax tended to be additive, 
which was likely a result of off-target effects.

Maritoclax overcomes stroma-mediated drug resistance in 
AML cells

The culture of AML cells with bone marrow stroma mimics 
the tumor microenvironment, resulting in decreased leukemic 
proliferation and drug resistance.26 A study has suggested Mcl-1 
upregulation as a mechanism of resistance in AML cells cultured 
with stroma.12 We therefore assayed the effects of maritoclax on 
leukemic cells co-cultured with bone marrow stroma in a novel 
system. After allowing U937 cells expressing luciferase (U937-
luc) to attach to cultured human stroma cell line HS-5, we treated 
the cells with maritoclax or daunorubicin. After treatment, we 
measured luciferase activity to specifically assay the viability of 
the leukemic cells. While the single-cultured U937-luc cells were 
sensitive to maritoclax at the EC

50
 of 0.75 μM, co-cultured cells 

were slightly more susceptible at the EC
50

 of 0.56 μM (Fig. 4A). 
On the other hand, co-cultured U937-luc cells were 2-fold more 
resistant to daunorubicin at the EC

50
 of 1.01 μM, compared with 

single-cultured cells at the EC
50

 of 0.52 μM (Fig. 4B). We con-
firmed that the susceptibility of co-cultured U937-luc cells was 
not due to toxicity to HS-5 cells, as maritoclax was in fact less 
toxic for the HS-5 cells compared with daunorubicin at all con-
centrations tested (Fig. 4C).

Maritoclax kills mouse AML cell line C1498 while being 
less toxic than daunorubicin to primary mouse bone marrow 
cells

We examined the potency of maritoclax compared with 
ABT-737 and daunorubicin in the mouse AML cell line C1498. 
The C1498 cell line was sensitive to daunorubicin and marito-
clax treatment at the respective EC

50
 of 1.86 μM and 2.26 μM, 

while being more resistant to ABT-737 with an EC
50

 of 4.66 μM 
(Fig.  5A). We further confirmed that maritoclax induced cell 
death in the C1498 cell line through Mcl-1 degradation (Fig. 5B). 
Maritoclax was able to induce a concentration-dependent Mcl-1 
degradation in C1498 cells to induce caspase-3 cleavage and sub-
sequent PARP cleavage (Fig. 5B).

As Mcl-1 has been reported to be necessary for hemato-
poietic stem and progenitor cell survival,15 we tested whether 
maritoclax was toxic to mouse bone marrow cells. After treat-
ing freshly isolated mouse bone marrow cells with maritoclax, 
ABT-737, and daunorubicin, we observed that maritoclax was 

Figure 2. Maritoclax potency correlates with Mcl-1 expression in primary human AML. (A) The EC50 of maritoclax in 4 primary human AML samples were 
assayed by treating samples with maritoclax over 48 h. Error bars = SD (n = 3). (B) The expression of Bcl-2 family proteins were detected for the same 4 
primary human AML samples through immunoblotting, with the Raji Burkitt lymphoma cell line as positive control. (C) Primary human AML case #555 
was treated with the indicated concentrations of maritoclax for 24 h, and protein expression was analyzed by immunoblotting.
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the least toxic to the bone marrow cells in the panel of 3 drugs 
(Fig.  5C). Maritoclax demonstrated more than 10-fold higher 
EC

50
 against the primary bone marrow cells at 3.70 μM, com-

pared with ABT-737 and daunorubicin’s EC
50

 at 0.24 μM and 
0.11 μM respectively.

Next, we specifically assayed the relative toxicity of marito-
clax and daunorubicin to mouse hematopoietic progenitor cells 
by seeding mouse primary bone marrow cells to methylcellulose 
medium supplemented with growth factors and cytokines. In 

vehicle-treated plates, we could detect the multipotential CFU-
GEMM colonies, the more differentiated monocytic/granulo-
cytic CFU-GM colonies, as well as erythroid CFU-E and BFU-E 
colonies (Fig. S2). After incubating the bone marrow cells with 
daunorubicin for 7 d, we could not detect any colonies at any of 
the tested concentrations (Fig. 5D). On the other hand, mari-
toclax was significantly less toxic to these progenitor colonies 
than daunorubicin. Maritoclax was the least toxic to CFU-GM 
colonies.

Figure 3. Maritoclax induces apoptosis through Mcl-1 degradation in Mcl-1-dependent AML cell lines. (A) The Bcl-2 family protein expression for a 
number of parental and drug-resistant AML cell lines. (B) The effective concentration for 50% viability (EC50) of parental and drug-resistant AML cell lines 
in response to ABT-737 and maritoclax treatment. (C) Detection of Mcl-1 degradation and caspase activation by immunoblotting in the HL60/ABTR cell 
line with 2 μM maritoclax over the indicated time. (D) HL60/ABTR (top) and KG1a/ABTR (bottom) cell lines were treated with a single concentration of 
maritoclax (2 and 1 μM, respectively) and the indicated concentrations of ABT-737 to measure viability. Error bars = SD (n = 3).
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Maritoclax significantly reduces U937 xenograft tumor bur-
den in female athymic nude mice

As maritoclax was less toxic than daunorubicin to primary 
bone marrow and hematopoietic progenitor cells in vitro, we 
next determined the toxicity of maritoclax in mice. The MTD 
and LD

50
 of maritoclax in female athymic nude mice were 

20 mg/kg and 25 mg/kg respectively as once-daily intraperito-
neal (IP) injections. At MTD, we occasionally observed tempo-
rary somnolence in treated mice lasting 1–2 h.

We engrafted U937 tumors to female athymic nude mice, and 
treated the animals daily with a single IP injection of vehicle or 
20 mg/kg maritoclax following tumor staging. A statistically sig-
nificant decrease in tumor volumes for maritoclax-treated animals 
was observed starting one day after treatment initiation (Student 
t test, P < 0.05) (Fig.  6A). Maritoclax significantly decreased 
the U937 xenograft tumor size for the duration of treatment 
(ANOVA, P < 0.0001). We observed a significant decrease in 
the weights of the nude mice treated with maritoclax (ANOVA, 
P < 0.001), which however was not more than 5% of the initial 
weights of the animals (Fig. 6B). We speculate that the decrease 
in weights of maritoclax-treated animals compared with vehicle 
control is a result of the corresponding decrease in tumor volumes.

We continued to observe the tumor burden for 17 d after ter-
minating treatment, allowing the classification of the responses 
as complete response (CR), partial response (PR), stable disease 
(SD), or progressive disease (PD). In vehicle-treated mice, 80% 
of mice were classified as PD, as tumor volumes increased more 
than 50% compared with tumor volume at staging, and 20% as 
SD. On the other hand, we observed a 36.4% CR rate with non-
palpable tumors and a 22.7% PR rate, demonstrating more than 
50% decrease in tumor volume compared with that at staging, for 
maritoclax-treated animals. Cumulatively, 59.1% of treated tumors 
were responsive to maritoclax and continued to demonstrate 
diminished tumor size at 45 d following initial treatment (Table 1).

We assayed the effects of maritoclax treatment on peripheral 
blood counts in the same athymic nude mice bearing U937 xeno-
grafts at day 16 of treatment to confirm if maritoclax was toxic to 
the hematopoietic system. Maritoclax treated animals did not dem-
onstrate significantly depleted blood cell populations as detected 
through CBC compared to vehicle treated animals (Table  2). 
Two recent reports showed that Mcl-1 depletion leads to rapid 
and acute cardiac failure.16,17 We examined the heart sections from 
both treatment arms with Masson trichrome staining in addition 
to HE. We could not observe any histopathological abnormalities 
in hearts of maritoclax-treated animals to suggest heart dysfunc-
tion (Fig. 6C). We further did a complete toxicological assessment 
of other major organs of the tumor-bearing athymic nude mice 
from both maritoclax and vehicle treatments at 16 d (n = 3). We 
were unable to detect any histopathological abnormalities in the 
liver, kidneys, brain, or spleen (data not shown).

Discussion

The Bcl-2 family proteins are central to the regulation of apop-
tosis, the dysregulation of which is a hallmark of cancer. ABT-737 

and its analogs are extremely potent against Bcl-2-dependent 
cancers, but lack efficacy toward Mcl-1-overexpressing cancer 
cells.4 As studies have indicated that Mcl-1 can be necessary for 
the survival of AML cell populations, it became likely that the 
small molecule inhibition of Mcl-1 would be a promising strategy 
for the treatment of AML.5,27

Maritoclax was identified in a natural compound library 
screen as a novel class of Bcl-2 family inhibitors that selectively 
induces the proteasomal degradation of Mcl-1.21,22 In this report, 
we demonstrated that maritoclax induced the proteasomal degra-
dation of Mcl-1 without interfering with its transcription (Fig. 1), 
unlike previously identified Mcl-1 inhibitors such as flavopiri-
dol or sorafenib.18,20 Maritoclax potency highly correlated with 
Mcl-1 protein levels in both AML cell lines and primary patient 
samples, where we observed time- and concentration-dependent 
Mcl-1 downregulation (Figs.  2 and 3). Caspase-3 and PARP 
cleavage occurred subsequent to apparent Mcl-1 downregulation, 

Figure 4. Maritoclax induces leukemic cell death in co-culture with HS-5 
stroma while sparing stroma cells. U937-luc cells were cultured with or 
without HS-5 stroma cells and treated with maritoclax (A) or daunoru-
bicin (B) for 48 h, and luciferase activity was measured. (C) HS-5 cells 
were treated with daunorubicin or maritoclax for 48 h, and viability was 
assayed. Error bars = SD (n = 3).
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suggesting that caspase-dependent apoptosis was activated in 
response to Mcl-1 degradation (Fig. 3C). Indeed, inhibition of 
maritoclax-induced Mcl-1 degradation by proteasome inhibitor 
MG132 suppressed caspase activation and apoptosis.21 Therefore, 
the mechanism of action of maritoclax is distinct from canonical 
BH3 mimetics or kinase inhibitors. Instead, maritoclax appears 
to cause the proteasomal degradation of Mcl-1, which in turn 
may release previously sequestered BH3-only and multi-domain 
pro-apoptotic Bcl-2 family proteins to activate intrinsic apoptotic 
pathways.

Eichhorn et  al. recently questioned maritoclax as a selec-
tive Mcl-1 inhibitor, as the compound did not apparently dem-
onstrate selectivity between HeLa and RS4;11 cells.28 We also 
observed that maritoclax was not effective in HeLa, HEK293, 
or MEF cells (Table S2), suggesting that maritoclax sensitivity is 
cell type specific. Proteasomal Mcl-1 degradation through mari-
toclax might be mediated by other factors, such as the recruit-
ment of specific E3 ubiquitin ligases. While the overexpression of 

Mcl-1 in HeLa cells might not have altered sensitivity to marito-
clax,28 the co-expression of Mcl-1 and Bim sensitized K562 cells 
to maritoclax,21 suggesting that Mcl-1 in complex with BH3-only 
proteins such as Bim might facilitate maritoclax to induce Mcl-1 
degradation. Therefore, cells lacking such factors required for 
maritoclax-mediated proteasomal degradation of Mcl-1 could be 
resistant to maritoclax treatment. As we have previously deter-
mined that maritoclax does not modify the Ser159 phosphory-
lation status of Mcl-1, phosphorylation-dependent E3 ubiquitin 
ligases of Mcl-1 such as β-TRCP or FBW7 may not be involved 
in maritoclax-induced Mcl-1 degradation.29,30 However, the pre-
cise mechanism by which maritoclax recruits Mcl-1 to the pro-
teasome remains to be elucidated.

The feasibility of selective Mcl-1 inhibition has been chal-
lenged by genetic Mcl-1 knockout models, which demonstrated 
that Mcl-1 is necessary for hematopoietic stem cell survival and 
cardiac muscle function.15-17 However, our data indicate that 
a margin of safety can potentially exist for Mcl-1 inhibition 

Figure 5. Maritoclax spares bone marrow while inducing apoptosis in mouse AML C1498 through Mcl-1 degradation. (A) Mouse AML cell line C1498 
was treated with the indicated concentrations of maritoclax, ABT-737, or daunorubicin to measure cell viability. Error bars = SD (n = 3). (B) C1498 cells 
were treated with the indicated concentrations of maritoclax or ABT-737 for 24 h, and protein expression was analyzed by immunoblotting. (C) An in 
vitro culture of primary mouse bone marrow was treated with the indicated concentrations of maritoclax, ABT-737, or daunorubicin for 48 h to measure 
cell viability. Error bars = SD (n = 3). (D) Primary mouse bone marrow was seeded in methylcellulose medium to allow for progenitor cell growth, and 
treated with the indicated concentrations of maritoclax or daunorubicin for 7 d, and the CFU-GEMM, CFU-GM, BFU-E, and CFU-E colonies were counted.
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through maritoclax between leukemic cell death and hematopoi-
etic cell toxicity. We observed that maritoclax and daunorubicin 
were similarly efficacious against the mouse AML cell line C1498 
in vitro, but maritoclax was less toxic to an in vitro culture of 
bone marrow (Fig.  5C). Furthermore, maritoclax was signifi-
cantly less toxic to hematopoietic progenitor cells compared with 
daunorubicin in the colony formation assay for hematopoietic 
stem cells (Fig.  5D). Given that daunorubicin was approved 
by the FDA for the treatment of AML, this in vitro evidence 
suggests that a therapeutic window for maritoclax might exist. 
Interestingly, maritoclax was the least toxic to CFU-GM, the lin-
eage from which AML originates. As maritoclax may be more 
selective toward AML than bone marrow cells, AML may indeed 
become Mcl-1-dependent as they transform.5 In our study in 
nude mice with U937 xenografts, 20 mg/kg/d maritoclax can 
reduce leukemic tumor volume without apparent depletion of 
peripheral blood counts or toxicity to the heart in histopathologi-
cal analyses (Fig. 6; Table 2). We did not detect a statistically 
significant depletion of any hematopoietic cell populations in 

the CBC, suggesting that maritoclax concentrations in the bone 
marrow did not reach the toxic dose that would affect hemato-
poietic progenitor cell survival. Therefore, a margin of safety 
could exist for Mcl-1 inhibition through maritoclax, at least in 
athymic nude mice.

We demonstrated that maritoclax could overcome drug resis-
tance in AML cells. All ABTR AML cell lines expressed mark-
edly elevated Mcl-1 protein levels compared with their respective 
parental cell lines (Fig. 3A). Maritoclax sensitized these ABTR 
cells to ABT-737 treatment, synergistically killing resistant AML 

Figure 6. Maritoclax is effective in vivo against U937 xenografts in athymic nude mice. (A) The tumor volumes of nude mice bearing U937 xenograft 
through daily treatment with vehicle or 20 mg/kg maritoclax. Error bars = SD. (B) The body weight of the same nude mice throughout the course of 
treatment, expressed as percent change relative to initial treatment. (C) Histological analyses of the heart sections by H&E and Masson trichrome from 
a representative nude mouse from each treatment arm 16 d after initial treatment.

Table 1. Classification of tumor response to maritoclax 17 d following 
treatment termination

CR PR SD PD

Vehicle 0% 0% 20.0% 80.0%

Maritoclax 36.4% 22.7% 0% 40.9%

Tumors in athymic nude mice were observed 17 d following treatment ter-
mination and classified as follows: complete response (CR) where tumors 
were not palpable, partial response (PR) where tumor volume was less than 
50% of that at initial staging, progressive disease (PD) where tumor volume 
was greater than 50% of that at initial staging, and stable disease (SD) where 
tumor sizes were between those at PR and PD.

Table 2. The complete blood count (mean ± SEM) from mice treated with 
vehicle or maritoclax for 16 d

Vehicle Maritoclax

WBC (103/mm3) 1.8 ± 0.7 2.3 ± 0.9

RBC (106/mm3) 7.32 ± 0.4 7.71 ± 0.2

Hgb (gms/dL) 11.8 ± 0.8 12.6 ± 0.5

HCT (% vol.) 32.6 ± 2.1 35.7 ± 1.3

Platelets (103/mm3) 550 ± 242 653 ± 241

MCV (fL) 44.5 ± 0.7 46.3 ± 0.3

MCH (pg) 16.1 ± 0.3 16.3 ± 0.1

MCHC (g/dL) 36.4 ± 0.4 35.4 ± 0.1

Neutrophils (%) 63.7 ± 7.8 84.7 ± 7.4

Bands (%) 0.3 ± 0.3 0.0 ± 0.0

Lymphocytes (%) 33.0 ± 8.5 14.7 ± 7.2

Monocytes (%) 2.3 ± 0.9 0.3 ± 0.3

Eosinophils (%) 0.7 ± 0.3 0.3 ± 0.3
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cell lines (Fig. 3D). We also observed that maritoclax potency 
was not affected by p-gp expression, suggesting that marito-
clax is not a substrate for p-gp mediated drug efflux (Fig.  3). 
Furthermore, we demonstrated that while U937-luc cells cultured 
with HS-5 stroma are more resistant to daunorubicin, they none-
theless remained sensitive to maritoclax treatment (Fig. 4A and 
B). U937-luc cells cultured with stroma demonstrated decreased 
proliferation, which may have caused increased resistance to the 
chemotherapeutic daunorubicin. However, maritoclax induces 
Mcl-1 downregulation to activate apoptosis, and may not depend 
on cell-cycle entry. As a subset of leukemic stem cells are quies-
cent and resistant to chemotherapy,31 Mcl-1 inhibitors may better 
target these leukemic stem cells than current chemotherapeutic 
drugs.

In summary, we showed that maritoclax belongs to a novel 
class of Bcl-2 family inhibitors that induces the selective degra-
dation of Mcl-1 through the proteasome to kill AML cells that 
express elevated levels of Mcl-1. We found that maritoclax can 
overcome stroma-mediated drug resistance and ABT-737 resis-
tance while sparing bone marrow and hematopoietic progenitor 
cells. We also showed that maritoclax can significantly shrink 
U937 xenograft tumors without causing apparent toxicity to 
normal blood cells and the heart. Our studies collectively dem-
onstrated that maritoclax has the potential to be developed as 
an exciting and promising new therapeutic for the treatment of 
AML.

Materials and Methods

Antibodies and compounds
Antibodies were obtained from the following sources: hMcl-

132; mMcl-1 (Rockland 600-401-394S); Bcl-232; Bcl-xL (Sigma 
B9429); Bim (Sigma B7929); β-actin (Sigma A5441); PARP 
(Cell Signaling 9542); cleaved caspase-3 (Cell Signaling 9661); 
GAPDH (Imgenex IMG5019A); p-glycoprotein (Millipore 
MAB4120). Maritoclax was synthesized as enantiomers or race-
mic mixture as previously described (maritoclax refers to racemic 
mixture unless otherwise indicated).33 ABT-737 and daunorubi-
cin hydrochloride were obtained from Abbott Laboratories and 
Sigma (D8809), respectively.

Cell culture and transfection
All cell lines were obtained from ATCC and maintained 

per the manufacturer’s recommendations in complete medium 
with 1% antibiotic/antimycotic solution (Cellgro 30-004-CI) at 
37  °C and 5% CO

2
 unless otherwise specified. Kasumi-1 cells 

were cultured in RPMI 1640 with 10% FBS for treatment stud-
ies. Indicated compounds were added to cells with <1% DMSO. 
The HL60/ABTR, KG-1/ABTR, KG-1a/ABTR, and Kasumi-1/
ABTR cell lines were created through prolonged incubation of 
the parental cell lines in maintenance medium with escalating 
concentrations of ABT-737, up to 50 μM. The Mcl-1-IRES-
Bim K562 cell line was generated as previously described.21 The 
MSCV-luciferase-IRES-YFP vector was obtained from Dr Gerard 
Grosveld (St. Jude Children’s Research Hospital) and transduced 

to U937 cells as described previously34 to generate U937-luc 
clones. Immunoblotting was done as previously described after 
cells were lysed in 1% CHAPS or RIPA lysis buffer.21

Real-time reverse transcription polymerase chain reaction 
(qRT-PCR)

Total mRNA was extracted from 1–5 × 106 U937 cells with 
TRIzol reagent (Ambion), and a cDNA library was created using the 
SuperScript III First-Strand Synthesis System (Life Technologies) 
with Oligo(dT)

20
 per manufacturers’ recommendations. Real-

time polymerase chain reaction (qPCR) was then performed on 
the Bio-Rad CFX96 Real-time PCR Detection System with the 
Quantitect SYBR Green PCR Kit (Qiagen 204141) according 
to the manufacturer’s recommendations in triplicate with spe-
cific human MCL1, GAPDH, and ACTB primers, and relative 
MCL1 mRNA expression was normalized to the geometric mean 
of GAPDH and ACTB expression. The following specific prim-
ers were used: sense 5′-AGAAAGCTGC ATCGAACCAT-3′ and 
antisense 5′-CCAGCTCCTA CTCCAGCAAC-3′ for human 
MCL1, sense 5′-GACCCCTTCA TTGACCTCAA CTACATG 
and antisense 5′-GTCCACCACC CTGTTGCTGT AGCC-
3′ for human GAPDH, and sense 5′-CCACCATGTA 
CCCAGGCATT-3′ and antisense 5′-AGGGTGTAAA 
ACGCAGCTCA-3′ for human ACTB.

Cell viability assay
Cell viability was determined following 48 h of treat-

ment unless otherwise specified by the indicated compounds 
by measuring intracellular ATP levels with the CellTiter Glo 
Luminescent Cell Viability Assay kit (Promega G7571) accord-
ing to the manufacturer’s recommendations, unless otherwise 
specified.

Primary human AML
Peripheral blood from AML patients with >60% circulating 

malignant cells were separated on ficoll-hypaque (specific grav-
ity 1.077). After centrifugation, mononuclear cells were col-
lected from the interface and washed twice by resuspension in 
PBS. Fresh samples were used for viability assays except case 477, 
which was frozen in 10% DMSO and 90% FBS prior to rapid 
thawing at 37 °C followed by resuspension in IMDM media with 
10% FBS prior to pelleting, washing, and seeding at 1 × 106 cells/
mL in the same media. Frozen cells were used for immunoblot 
analysis.

In vitro culture of U937 with stroma cells
HS-5 cells were seeded at 4 × 105 cells/mL in maintenance 

media. After 8 h, U937-luc cells were seeded at 5 × 105 cells/
mL, and the medium was changed to 45% DMEM, 45% RPMI 
1640, and 10% FBS. After 8 h, cells were treated with the indi-
cated compounds for 48 h. To measure viability, d-luciferin 
(Gold Biotechnology, LUCK-100) was added, and luminescence 
was measured according to the manufacturer’s recommendations.

In vitro culture of primary mouse bone marrow
The bone marrow was collected from the femur and tibia of 

male C57BL/6J mice, and washed twice in IMDM medium. 
Viable cells by trypan blue staining were seeded at 1 × 106 cells/
mL in IMDM medium with 10% FBS, and treated immediately 
for cell viability assay.
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Primary mouse bone marrow colony formation assay
The bone marrow was collected from the femur and tibia of 

female C57BL/6J mice, washed twice in IMDM medium, and 
viable cells by trypan blue staining were seeded at 2 × 105 cells/
mL in methylcellulose medium with recombinant cytokines and 
EPO (MethoCult GF M3434, StemCell Technologies) accord-
ing to the manufacturer’s recommendations in the presence of 
DMSO, maritoclax, or daunorubicin (<0.25% DMSO) for 7 d 
before counting and classifying colony forming unit (CFU) and 
blast forming unit (BFU) lineages as granulocyte/erythroid/
megakaryocyte/macrophage (CFU-GEMM), granulocyte/mac-
rophage (CFU-GM), blast-forming erythroid (BFU-E), and 
colony-forming erythroid (CFU-E).

Animal models
Female athymic nude (NCI Athymic NCr-nu/nu 01B74) mice 

were obtained from Jackson Laboratories. Four 6-wk-old mice 
were injected with PTD7 with <3% DMSO with or without 
maritoclax intraperitoneally (IP) to determine the maximum tol-
erated dose (MTD), defined as the maximum dose of maritoclax 
that the animals received without causing mortality or greater 
than 10% loss in body weight.

For the U937 xenograft model, 6-wk-old female athymic nude 
mice were used. In total, 31 mice were subcutaneously trans-
planted with 5 × 106 U937 cells in a 200 μL solution of PBS with 
50% BD Matrigel (BD Biosciences) on both flanks. Tumor vol-
umes were measured by electronic caliper and calculated by the 
formula: volume = length × width2 / 2. Mice bearing tumors at 
150–200mm3 volume were randomly assigned to control (100 μL 
PTD) or maritoclax (20 mg/kg in 100 μL PTD) treatment, with 
treatment beginning the same day of staging. The weight and 
tumor sizes were measured each day immediately prior to treat-
ment. Sixteen days following initial treatment, 6 tumor-bearing 
mice from maritoclax-treated and 7 tumor-bearing mice from 
vehicle-treated mice were sacrificed for whole blood collection 
under CO

2
 anesthesia for complete blood count (CBC) analysis, 

and major organs (brain, heart, lungs, liver, kidneys, and spleen) 
were fixed in 10% formalin for 48 h and transferred to 70% 
ethanol. Assessment of mice toxicology was performed in hema-
toxylin and eosin (HE) and Masson trichrome-stained sections 

of these organs by an experienced animal pathologist, and pic-
tures of histological sections were taken with the Olympus BX51 
microscope and DP71 digital camera using cellSens Standard 
1.6 imaging software (Olympus America). Treatment continued 
for the remaining 7 control and 11 maritoclax-treated mice until 
28 d after initial treatment, when treatment stopped and tumor 
volumes were observed until 45 d after initial treatment. Tumors 
were then classified: complete remission (CR) as not palpable, 
partial remission (PR) as more than 50% decrease in tumor size 
from initial volume, stable disease (SD) as tumor sizes between 
PR and progressive disease (PD), and PD as greater than 50% 
increase in tumor size from initial volume.

Statistics
All statistical analyses were performed using GraphPad Prism 

version 5.00 for Windows (GraphPad Software, www.graphpad.
com). EC

50
 calculations for viability were calculated through 

nonlinear regression with normalized data assuming variable 
slope. The Bliss model of independence was used for the deter-
mination of synergy, where the expected additive effect at a given 
concentrations of drug A and B (E

AB
) was the sum of the indi-

vidual effects minus the product of their effect (E
AB

 = E
A
 + E

B
 

− E
A
E

B
).35
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