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Bcl-2, Bel-xg, Mcl-1, and Al are the predominant anti-
apoptotic members of the Bcl-2 family in somatic cells.
Malignant B lymphocytes are critically dependent on
Bcl-2 or Bel-xy, for survival. In contrast, a new study by
Glaser and colleagues in the January 15, 2012, issue of
Genes & Development (pp. 120-125) demonstrates that
Mcl-1 is essential for development and survival of acute
myelogenous leukemia cells. These results provide new
impetus for the generation of selective Mcl-1 inhibitors.

Acute myelogenous leukemia (AML) is a hematological
malignancy in which the bone marrow is replaced by
clonal, immature cells of myeloid origin. Considered po-
tentially curable with chemotherapy and/or stem cell trans-
plantation, AML nonetheless accounts for >9000 deaths
per year in the United States. Moreover, the fact that 70%
of patients diagnosed with AML still die from this disorder
highlights the urgent need for improved therapies. In the
January 15, 2012, issue of Genes & Development, Glaser
et al. (2012) reported that murine AML cells are critically
dependent on the anti-apoptotic protein Mcl-1 for survival.
In this perspective, we provide a context for this finding
and discuss its potential implication for the therapy of AML
as well as other neoplasms.

Mcl-1: family resemblances

Since its initial identification as a prosurvival factor by
Vaux and coworkers in 1988 (Vaux et al. 1988), Bcl-2 has
been the subject of extensive speculation and study. We
now know that it is the founding member of a “family” of
proteins that can be structurally and functionally subdi-
vided into three groups (Strasser et al. 2011). Proteins in
the first group, which consists of Bel-2, Bel-x;, Bel-w, and
Al, as well as Mcl-1, exhibit structural homology across
multiple Bcl-2 homology (BH) domains and share the

[Keywords: acute myeloid leukemia; apoptosis; Mcl-1; Bel-xy]
4Corresponding authors.

E-mail kaufmann.scott@mayo.edu.

E-mail gores.gregory@mayo.edu.

Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.186189.111.

ability to inhibit apoptosis triggered by a variety of stimuli.
Members of the second group, which consists of Bax, Bak,
and Bok, also share extensive sequence homology with the
anti-apoptotic family members but have acquired the
ability to directly permeabilize the outer mitochondrial
membrane, thereby releasing cytochrome c and other
mitochondrial intermembrane components that contribute
to activation of caspase-9 and subsequent apoptotic
events. The third group, consisting of structurally dis-
similar proteins such as Bad, Bid, Bik, Bim, Noxa, and
Puma, share sequence homology only in an «-helical
region known as the BH3 domain. These so-called BH3-
only proteins are thought to be intracellular stress
sensors that trigger apoptosis by either directly binding
and activating Bax and Bak, as demonstrated for Bim,
truncated Bid, and Noxa (Gavathiotis et al. 2010; Dai et al.
2011), or binding and neutralizing the anti-apoptotic
family members, as exemplified by Bad. Conversely, the
anti-apoptotic family members inhibit apoptosis by binding
and sequestering activated BH3-only proteins as well as
activated Bax and Bak (Cheng et al. 2001; Llambi et al. 2011).
The interactions between these various family mem-
bers are becoming increasingly well understood. X-ray
crystallography and nuclear magnetic resonance (NMR)
have indicated that the anti-apoptotic family members,
including Mcl-1, have the appearance of a catcher’s mitt
with an extended hydrophobic groove (Yan and Shi 2005).
This groove accommodates the a-helical BH3 domain
that is exposed on the surfaces of activated BH3-only
proteins and is thought to be similarly, albeit transiently,
exposed on Bax and Bak during their oligomerization (Yan
and Shi 2005; Dewson et al. 2008; Llambi et al. 2011).

The turnstiles of Mcl-1 regulation

Despite the structural and functional similarities of the
anti-apoptotic Bcl-2 family members, there are also in-
creasingly well-recognized differences. Compared with
Bcl-2 or Bel-xp, Mcl-1 is particularly short-lived, with
a half-life of only 2-4 h in most cells (Quinn et al. 2011).
In addition, an exceptionally large number of pathways
regulate Mcl-1 transcription, translation, and degradation
(Fig. 1). Because of the rapid turnover of Mcl-1, these
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A . BH4-like Transmembrane Figure 1. Regulation of Mcl-1 levels. (A) Do-
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pathways can fine-tune Mcl-1 expression in response to
a wide variety of cellular inputs on an hour-by-hour
basis.

The short half-life of Mcl-1 is thought to reflect, in large
part, unique features of its N terminus. Unlike other anti-
apoptotic Bcl-2 family members, Mcl-1 contains at its N
terminus two sequences rich in proline, glutamic acid,
serine, and threonine (so-called PEST sequences) that
target it for rapid proteasomal degradation (Warr and Shore
2008; Quinn et al. 2011). At least three E3 ubiquitin ligases
are thought to contribute to this rapid turnover: MULE,
B-TrCP, and SCFF®W’ (Zhong et al. 2005; Ding et al. 2007;
Wertz et al. 2011). Of these E3s, FBW7 is particularly in-
teresting in the context of neoplastic diseases because its
mutational inactivation, which is known to occur in a
subset of T-cell acute lymphocytic leukemias and cancers
of the bile duct, stomach, pancreas, prostate, lung, and en-
dometrium, can decrease Mcl-1 degradation, resulting in
increased Mcl-1 protein levels and resistance to chemo-
therapeutic agents (Wertz et al. 2011). Mcl-1 can likewise
be stabilized when the deubiquitinase USP9X, which is
overexpressed in some malignancies, binds Mcl-1 and
removes degradation-inducing Lys 48-linked polyubiqui-
tin chains (Schwickart et al. 2010).

In addition to being modulated by expression of the
various ligases and deubiquitinases, Mcl-1 ubiquitylation
and deubiquitylation are regulated by Mcl-1 phosphory-
lation. In particular, the ability of E3 ligases to bind and
modify Mcl-1 is dependent on phosphorylation of Mcl-1
at certain sites within its PEST sequences (De Biasio
et al. 2007). For example, phosphorylation of Thr 163 by
extracellular signal-regulated kinase (ERK) prolongs the
Mcl-1 half-life. On the other hand, this Thr 163 phos-
phorylation can also serve as a priming phosphorylation
for subsequent glycogen synthase kinase-3 (GSK3)-medi-
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Mcl-1 under certain circumstances, creates a rec-
ognition site for GSK3. GSK3-mediated phos-
phorylation of Mcl-1 on Ser 159 then creates
the recognition site for the E3 ubiquitin ligase
Fbx7, which generates Lys 48-linked ubiquitin
chains that result in proteasome-mediated Mcl-1
degradation.

ated phosphorylation at Ser 159, which promotes Mcl-1
ubiquitylation and degradation. Phosphorylation of Mcl-
1 Thr 92 by the cyclin-dependent kinase 1 (cdkl)/cyclin
Bl complex also enhances Mcl-1 proteasomal degrada-
tion. In addition, binding to the BH3-only protein Noxa
can enhance Mcl-1 degradation, although the mecha-
nism is incompletely understood.

Like Mcl-1 degradation, Mcl-1 expression is regulated
on multiple levels. For example, several transcription
factors, including ATF5, E2F1, STAT3, PU.1, and NFkB,
bind and activate the MCL1 promoter (Warr and Shore
2008; Quinn et al. 2011). Like all transcriptional mecha-
nisms, these are often cell type- and cellular context-
specific.

Once synthesized, Mcl-1 transcripts can be influenced
by microRNAs (miRs), which regulate both mRINA stabil-
ity and translation. Three miRs have been demonstrated to
regulate Mcl-1 to date: miR29b, miR133b, and miR193Db,
with miR29b being the most extensively studied (Mott
et al. 2007; Garzon et al. 2009). This miR appears to re-
duce Mcl-1 cellular protein levels by reducing translation,
as steady-state Mcl-1 mRNA levels are unchanged by
miR29b overexpression (Mott et al. 2007). Conversely,
loss of miR29b is a mechanism for enhanced Mecl-1
protein expression in cancers, especially AML, as de-
scribed in greater detail below (Garzon et al. 2009).

Given the rapid cellular turnover of Mcl-1, it is not sur-
prising that its cellular levels are also sensitive to other
factors that decrease or increase translation. For example,
endoplasmic stress-associated elF2a phosphorylation in-
hibits translation and represses cellular Mcl-1 levels (Fritsch
et al. 2007), whereas activation of the mammalian target of
rapamycin complex 1 (mTORC1) enhances translation and
promotes tumor cell survival by increasing Mcl-1 levels
(Mills et al. 2008).



A unique role for Mcl-1 in hematopoietic cells

In contrast to BCL2, which was originally cloned because
of its location at a common breakpoint in follicular lym-
phoma, MCL1 was originally identified because the mes-
sage it encodes is up-regulated during phorbol ester-
induced maturation of ML-1 AML cells (Kozopas et al.
1993). Subsequent studies demonstrated that Mcl-1 is
expressed at particularly high levels during the commit-
ment of cells to myeloid differentiation (Craig 2002).

In addition, Mcl-1 plays a critical role in the survival of
hematopoietic stem cells and early myeloid precursors.
Growth factors such as stem cell factor and IL-3, acting
through the Jak/STAT and Akt pathways, up-regulate
Mcl-1 in early myeloid progenitors (Craig 2002; Opferman
2007). Conversely, conditional knockout of Mcll re-
sults in the death of hematopoietic stem cells and com-
plete marrow ablation within 12-21 d (Opferman et al.
2005). In addition to hematopoietic stem cells, the com-
mitted progenitors of granulocytes and macrophages
appear to be particularly dependent on Mcl-1 (Opferman
2007).

Extending the results to AML

The term AML encompasses a genetically and phenotyp-
ically heterogeneous group of neoplasms in which the
marrow is replaced to varying degrees with clonal, im-
mature hematopoietic cells and production of normal
marrow elements is generally impaired. A wide variety of
pathogenic alterations occur in this group of disorders
(Frohling et al. 2005), including (but not limited to) (1)
activating alterations in the c-Kit and FLT3 receptor ty-
rosine kinases, (2) activating mutations in the NRAS gene,
(3) chromosomal translocations that impair the ability of
retinoic acid receptora to facilitate maturation of pro-
granulocytes, (4) alterations in core-binding factor that
result in recruitment of nuclear corepressor complexes
and impaired expression of genes normally involved in
hematopoietic differentiation, and (5) fusion of the N
terminus of the MLLI gene to a wide range of partners,
creating long-lived products that activate expression of
homeobox (HOX) genes and disrupt programs required for
lineage commitment of hematopoietic cells (Liu et al.
2009). Despite the genetic heterogeneity of AML, recent
studies indicate that a core group of pathways leading to
proliferation and self-renewal are activated in this group of
disorders (Kvinlaug et al. 2011). The work of Glaser et al.
(2012) now raises the possibility of a common, critical role
for one particular anti-apoptotic Bcl-2 family member,
Mcl-1, in AML as well.

Using gene targeted murine marrow cells that express
a tamoxifen-activatable Cre recombinase and contain
IoxP sites flanking one or both alleles of Mcl1 or Bclx as
a starting point, Glaser et al. (2012) initially infected cells
with retroviruses encoding one of five oncogenic con-
structs (MLL-ENL, MLL-AF9, AML1-ETO9a, MixL1, or
Hoxa9) to generate AML lines of various genotypes in
which levels of Mcl-1 or Bel-xy, could be experimentally
manipulated. Strikingly, independent of the initiating
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leukemogenic lesion, activation of Cre recombinase led
to almost complete loss of viability in AML cells con-
taining two floxed Mcl1 alleles. In contrast, deletion of
both Bclx alleles or one Mcl1 allele had little impact on
leukemic cell viability over and above the (modest) anti-
survival effect of Cre recombinase itself. Simultaneous
inhibition of Bcl-2, Bel-x;, and Bel-w using the pharma-
cological agent ABT-737 likewise had limited impact on
the survival of the AML cells. Remarkably, T cells trans-
formed to acute lymphocytic leukemia by a retrovirus
encoding Notch 1 also showed prolonged survival in vitro
after deletion of both Mcl1 genes, suggesting that the
Mcl-1 dependence might be somewhat unique to AML.

In light of the prior results of Opferman et al. (2005)
showing ablation of normal marrow after conditional Mcl1
knockout, Glaser et al. (2012) next examined the impact of
Cre recombinase on survival of normal murine hemato-
poietic stem cells and committed myeloid progenitors
bearing the same floxed alleles. While 90% of committed
myeloid progenitors died within 96 h of Mcl1 deletion,
about one-third of normal myeloid stem cells survived,
raising the possibility of a therapeutic window.

To explore the possibility of a therapeutic window in
vivo, Glaser et al. (2012) reconstituted lethally irradiated
mice with MLL-ENL retrovirus-infected bone marrow-
derived hematopoietic progenitor cells. Activation of Cre
recombinase as long as 21 d after reconstitution resulted
in a twofold prolongation of survival (from 60 to >120 d)
if the leukemia harbored two floxed McI1 alleles, but not
if the leukemia harbored a single floxed Mcl1 allele or
floxed Bclx alleles. Moreover, activation of Cre recombi-
nase earlier after reconstitution resulted in a more pro-
longed survival (e.g., six of six mice were cured when
tamoxifen was administered 5 d after reconstitution).

Targeting human AML—the good, the bad,
and the unknown

Glaser et al. (2012) next attempted to determine whether
human AML displays a similar requirement for the Mcl-1
protein. Because small-molecule inhibitors that selec-
tively target Mcl-1 are not available, they used retrovi-
ruses encoding wild-type Bimg (binds all anti-apoptotic
family members), BimgL62A/F69A (“Bimg2A,” which se-
lectively binds Mcl-1), and Bimg containing the Bad BH3
domain in place of the endogenous BH3 domain (selec-
tively binds Bcl-2 and Bel-xg). While wild-type Bimg and
BimgL62A/F69A were able to selectively diminish survival
of cells in two samples of clinical AML, three other sam-
ples showed unimpaired survival.

In evaluating the claims of Glaser et al. (2012), it is im-
portant to ask whether anyone else has reported similar
findings. Early studies comparing levels of Bcl-2 family
members in the same acute leukemia at the time of diag-
nosis and at relapse indicated that Mcl-1 is often elevated
at relapse, suggesting a possible role for this protein in
survival of leukemia cells after chemotherapy (Kaufmann
et al. 1998). A more recent report indicated that restora-
tion of miR29b in AML cell lines and primary samples
induces apoptosis and dramatically reduces tumorigenic-
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ity in a xenograft leukemia model (Garzon et al. 2009), in
agreement with the suggestion of Glaser et al. (2012) that
Mcl-1 plays a critical role in AML.

The results of Glaser et al. (2012), coupled with these
earlier studies, highlight the potential importance of Mcl-1
in AML cell survival. Nonetheless, several critical issues
need to be addressed before we will know whether Mcl-1 is
an important future target for AML therapy or not. First,
Glaser et al. (2012) examined the importance of Mcl-1 in
only a small number of genetic settings (two involving
MLLI rearrangements, one involving a core-binding factor
alteration, and one involving homeobox protein overex-
pression). Whether Mcl-1 will likewise be critical for sur-
vival of leukemias driven by mutations in NRAS or FLT3
or by the myriad other genetic abnormalities observed in
AML (Frohling et al. 2005) remains to be established, as
Glaser et al. (2012) acknowledge.

Second, the observations in clinical AML specimens
need to be expanded and understood. Sixty percent of the
clinical AML specimens failed to respond in vitro to BIM
transduction. This sobering fact might be explained by
any of a variety of possibilities, including (1) alterations at
the level of Bax and Bak activation, as suggested by di-
minished Bax expression and altered Bak mobility in one
of the specimens examined by Glaser et al. (2012), and/or
(2) blocks in caspase activation downstream from cyto-
chrome c that have been previously described in AML
(Schimmer et al. 2003). While the investigators attribute
the limited induction of apoptosis to selection for resis-
tant cells by prior therapy, it is noteworthy that three of
the five samples (including one of the three resistant sam-
ples) came from patients without prior treatment. Clearly,
effects of Mcl-1 inhibition or down-regulation in a much
larger number of clinical AML specimens, including spec-
imens with a wide range of pathogenic changes harvested
at initial diagnosis and at relapse, are required to better
define the subsets of AML that are most likely to benefit
from agents that target Mcl-1.

Multitasking and Mcl-1 biology

Translation of the findings of Glaser et al. (2012) into
improved AML therapy might also be accelerated by
improved understanding of how Mcl1 deletion selectively
kills AML cells. Glaser et al. (2012) report that Bim down-
regulation protects AML cells from Mcl1 gene deletion.
At first glance, this suggests that McI1 deletion is creating
an imbalance between pro- and anti-apoptotic proteins.
On the other hand, Bcix deletion does not have the same
effect, which argues that the balance between pro- and anti-
apoptotic family members might not be the full expla-
nation. Does Mcl-1 perform other jobs promoting AML
survival, and could these functions also be inhibited by
binding BH3-only proteins? The answers to these ques-
tions remain ambiguous. Mcl-1 deficiency in mice results
in peri-implantation embryonic lethality, an effect not
clearly related to an anti-apoptotic role. Alternative roles
for Bel-2 proteins in mitochondrial biology are currently
emerging. For example, Bcl-x; reportedly regulates ATP
synthesis by interacting with the F;Fy ATP synthase
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(Alavian et al. 2011). A fast-mobility isoform of Mcl-1 re-
sulting from protease cleavage of the N terminus, like
a subfraction of Bcl-x;, is localized to the mitochondrial
matrix, suggesting other mitochondrial functions for
Mcl-1 (Huang and Yang-Yen 2010), although this finding
remains controversial (Warr et al. 2011). Bax and Bak have
also been implicated in the dynamics of mitochondrial
fusion and fission (Martinou and Youle 2011), and binding
of Bak by Mcl-1 might also alter mitochondrial function
by altering these dynamics. Thus, in addition to neutral-
izing proapoptotic Bcl-2 family members, Mcl-1 might
have other essential functions in AML cells that remain
to be elucidated.

Linking leukemia and solid tumor biology:
is Mcl-1 the gold chain?

A recent survey of anti-apoptotic Bcl-2 family member
expression in breast, brain, colon, lung, ovarian, renal,
and melanoma cell lines revealed that Mcl-1 mRNA is
more abundant than Bel-2 or Bel-xp (Placzek et al. 2010).
Furthermore, high-resolution analyses of somatic copy
number alterations in 26 histological types of cancers
identified frequent MCL1 gene amplification in lung,
breast, neural, and gastrointestinal cancers (Beroukhim
et al. 2010). These observations suggest that there might be
some benefit in targeting Mcl-1 in solid tumors. However,
unlike AML cells, solid tumors do not necessarily undergo
spontaneous apoptosis following Mcl-1 knockdown, but
often require an additional stimulus (Taniai et al. 2004),
raising the possibility that findings in AML might not
immediately translate into new therapies for solid tu-
mors. Nonetheless, Mcl-1 appears to play a major role in
cancer cell survival, making it an attractive therapeutic
target.

Silver daggers for Mcl-1

If Mcl-1 is indeed a linchpin for survival of AML and
various cancers, how can it be therapeutically targeted? A
number of strategies for either reducing cellular Mcl-1
levels or blocking its hydrophobic BH3-binding groove are
being actively explored.

Indirect approaches: pharmacological agents
that cause Mcl-1 depletion

Over the past several years, several agents have been
shown to diminish Mcl-1 expression by inhibiting Mcl-1
production or enhancing Mcl-1 degradation.

Sorafenib

This multikinase inhibitor is currently FDA-approved for
use in renal cell and hepatocellular carcinomas. In tissue
culture, high sorafenib concentrations diminish Mcl-1 pro-
tein levels. Multiple explanations have been suggested, in-
cluding inhibition of protein translation due to activation
of ER stress pathways, dephosphorylation of signal trans-
ducer and activator of transcription 3 (Stat3), inhibition of
NFkB, and enhanced Mcl-1 degradation (Dai and Grant



2007). Although sorafenib by itself exhibits little anti-
leukemic efficacy in the clinic (Pratz et al. 2010), promis-
ing evidence of activity has been observed in combination
with standard cytotoxic chemotherapy (Ravandi et al.
2010). Whether the efficacy of this combination is due to
the ability of sorafenib to down-regulate Mcl-1 or inhibit
the oncogenic receptor tyrosine kinase FLT3 is currently
unknown. Nonetheless, sorafenib-containing combina-
tions certainly merit further investigation.

Cdk inhibitors

Flavopiridol, another agent already in clinical trials for
AML, potently reduces Mcl-1 levels in a variety of cell
types in vitro (for review, see Lee et al. 2006). This effect
appears to reflect inhibition of Stat3 and/or inhibition of
Cdk9, with the latter effect leading to diminished phos-
phorylation and activity of RNA polymerase II. Likewise,
SNS-032, which inhibits several cdks including cdk9, also
decreases Mcl-1 levels. Early clinical studies have shown
activity of flavopiridol-containing combinations in AML
(Karp et al. 2011), although it has been difficult to demon-
strate consistent Mcl-1 down-regulation in leukemia cells
in the clinical setting (Karp et al. 2005).

USP9X inhibitors: facilitating Mcl-1 degradation

In contrast to the agents described above, which inhibit
Mcl-1 production, it might also be possible to facilitate
Mcl-1 degradation. As indicated above, overexpression
of the deubiquitinase USP9X by malignant cells causes
deubiquitylation and stabilization of Mcl-1, resulting in
apoptosis resistance. As a result, USP9X is a promising
target for selectively reversing the Mcl-1 overexpression
observed in certain malignancies. The small molecule
WP1130 directly inhibits USP9X, lowers Mcl-1 levels in
chronic myelogenous leukemia, and enhances sensitiv-
ity to apoptosis (Sun et al. 2011). Whether this agent or
other USP9X inhibitors will be suitable for clinical de-
velopment, either alone or in combination with conven-
tional chemotherapy, remains to be determined.

BH3 mimetics: agents that neutralize anti-apoptotic
Bcl-2 family members

Rather than altering Mcl-1 levels, it might also be possible
to directly inhibit the action of Mcl-1. BH3 mimetics are
small organic molecules that mimic the binding of BH3-
only proteins to the hydrophobic grooves of anti-apoptotic
Bcl-2 proteins, thereby neutralizing them. The most prom-
ising of these, navitoclax (ABT-263), is currently in phase I
and II clinical trials (Walensky 2011). Unfortunately, this
agent does not bind to the BH3-binding groove of Mcl-1,
leaving Mcl-1 free to bind any BH3-only proteins displaced
from Bcl-2 or Bel-x; by navitoclax. As a consequence, Mcl-
1 overexpression confers navitoclax resistance.

While navitoclax does not inhibit Mcl-1, several ex-
tended-spectrum BH3 mimetics do. Obatoclax, the first
of these developed, binds Mcl-1 in addition to Bcl-2 and
Bcl-xp, (Nguyen et al. 2007), and the binding to Mcl-1 dis-
rupts Mcl-1¢Bak interactions. Given the neurotoxicity of
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obatoclax, however, as well as its yet unclear risk/benefit
ratio, its potential for approval as an anti-cancer drug is
uncertain. Likewise, the recently described apogossypol
derivative sabutoclax and the terphenyl BH3-M6 bind and
neutralize multiple Bel-2 anti-apoptotic proteins, includ-
ing Mcl-1.

The problem with all of the current small-molecule
BH3 mimetics, however, is their lack of selectivity. None
of them has been shown to bind and inhibit Mcl-1 pre-
ferentially, as one would need in order to pharmacologi-
cally recapitulate the selective Mcl1 gene deletion used so
elegantly by Glaser et al. (2012) On the other hand, se-
lective Mcl-1 inhibition does appear to be feasible. A
derivative of the Mcl-1 BH3 peptide has been reported to
selectively disrupt Mcl-1 binding to Bak, thereby sensi-
tizing cancer cell lines to apoptosis (Stewart et al. 2010).
Further work to convert this peptide into a peptidomi-
metic small molecule has a high likelihood of moving
this area forward.

A challenge for the future

The study that prompted this perspective (Glaser et al.
2012) provides elegant genetic evidence that Mcl-1 plays
a unique and critical role in the survival of AML cells in
vitro and in vivo. The limited studies of Glaser et al. (2012)
in clinical AML samples also suggest that there will be
challenges in translating the murine findings into effective
new clinical therapies. Hopefully, by highlighting the im-
portance of Mcl-1, Glaser et al. (2012) will spur the devel-
opment of new pharmacological agents that can be used in
preclinical and early clinical studies to assess the impact of
selectively inhibiting Mcl-1. Without these agents, it will
be impossible to translate the elegant genetics into clini-
cally meaningful results.
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