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Summary

Mcl-1 is one member of the Bcl-2 family that has a very short protein half-life. Since its identification in
1993, a great number of studies have implicated that Mcl-1 plays an important role in various cell survival
pathways. However, not until recently did the molecular mechanism by which Mcl-1 antagonizes apoptosis
have begun to be elucidated. Mcl-1 is rapidly degraded in response to cell death signals and is immediately
re-induced by survival stimuli. These results indicate that Mcl-1 plays an apical role in many cell death and
survival regulatory programs.

Mcl-1 is up-regulated by many cytokines

and growth factors

The mcl-1 gene was originally identified in the ML-
1 human myeloid leukemia cell line which under-
went phorbol ester-induced differentiation [1].
Later studies indicate that Mcl-1 expression can
also be stimulated by many growth factors or
cytokines including interleukin-3 (IL-3), IL-5,
IL-6, IL-7, granulocyte–macrophage colony-stim-
ulating factor (GM-CSF), vascular endothelial
growth factor, alpha interferon, and epidermal
growth factor [2–8]. Except for IL-3 and phorbol
ester, the signaling pathway triggered by other
cytokines or growth factors, which leads to up-
regulation of Mcl-1 expression, remains largely
undefined. Using IL-3 dependent Ba/F3 cell as a
model system, the up-regulation of Mcl-1 expres-
sion by IL-3 was found to be at the transcriptional
level [3]. IL-3 stimulated transcription of mcl-1 is
mainly mediated through activation of two tran-
scription factor complexes each recognizing a
promoter element designated SIE or CRE-2 site

[9]. Interestingly, activation of these two promoter
elements by IL-3 is mediated through two differ-
ent, but cooperative pathways. While IL-3 stimu-
lation does not change the DNA binding activity
of the SIE-binding complex, it increases the
transactivation activity of this complex via phos-
phorylation of PU.1 in a P38 mitogen-activated
protein kinase-dependent pathway [10]. On the
other hand, IL-3 stimulation increases the DNA
binding activity of the CRE-2 binding complex via
phosphorylation of CREB in a PI3-K/AKT
dependent pathway [9]. Of note, of these two IL-
3 responsive elements, only the SIE element is
relatively more conserved in the human mcl-1 gene
[11]. Interestingly, the SIE-like element found in
the human gene promoter ()107 region) was
shown to bind to SRF/Elk-1 and mediate the
TPA-induced expression of the mcl-1 reporter in
human K562 cells [11].

Mcl-1 is a labile protein

Mcl-1 is one unique member of the Bcl-2 family in
that it has a very short half-life, ca. 30–40 min
when measured by the pulse-chase analysis [3, 12],
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and ca. 90 min when measured by the cyclohexi-
mide blocking method [13]. The reason for the
discrepancy between these two measurements was
not clear. But, the identification of three isoforms
of Mcl-1 with different half-lives, i.e., 1–3 h for the
two bands with slower mobility and a longer half-
life for the third one with faster migrating ability in
the SDS-PAGE [14], suggests that the newly
synthesized and the mature forms of Mcl-1 have
different turnover rates. In both hematopoietic cell
lines TF-1 and Ba/F3, it is always the slowest
migrating form that is induced upon cytokine
stimulation [3, 10]. Furthermore, it is this form
that co-migrates with the newly synthesized pro-
tein (unpublished observation). Taken together,
these results suggest that the faster migrating
forms may be the proteolytic fragments of the
newly synthesized one. Although the identity and
functions of all Mcl-1 isoforms remain to be
determined, a recent report suggests that the
slower migrating doublets of Mcl-1, which are
localized to nucleus, may have a growth suppres-
sion function [15].

The Mcl-1 protein level quickly decreases in
response to signals that trigger cell death, such as
growth factor withdrawal [3], UV treatment [12],
and viral infection [16]. In the first two cases, the
death signals lead to the inhibition of Mcl-1
synthesis, whereas the Mcl-1 turnover rate remains
the same [3, 12]. In contrast, it was shown that
adenovirus infection stimulates proteasome-medi-
ated turnover of Mcl-1, shortening its half-life
from more than 4 h to less than 2 h [16]. The E3
ligase (Mule/ARF-BP1) which catalyzes polyubiq-
uitination of Mcl-1 in the ubiquitin dependent
proteasome degradation pathway has been
recently identified [17, 18]. The same E3 ligase
can also catalyze ubiquitination of other proteins
including p53 [19] and histone [20]. It remains to
be determined whether the Mule/ARF-BP1E3
ubiquitin ligase activity is differentially regulated
by various death signaling pathways.

Mcl-1 interacting proteins

Many proteins are reported to be able to interact
with Mcl-1. Majority of such interacting proteins
belong to the Bcl-2 protein family that includes the
multidomain pro-apoptotic members, Bax and
Bak, and the BH3-only proteins, such as Bim,

Puma and Noxa [7, 21, 22]. A recent study
indicates that in healthy cells, Mcl-1 together with
another pro-survival Bcl-2 member, Bcl-XL,
sequester the proapoptotic Bak in an inactive state
[23]. Cells then undergo apoptosis upon receiving
cytotoxic signals that activate certain BH3-only
proteins (such as Noxa plus Bad) that can displace
Bak from both Mcl-1 and Bcl-XL, [23]. This result
together with the fact that Mcl-1 is quickly
degraded in response to many death signals [3,
12, 16] and that its immediate inducibility by
survival factors [3, 4, 9] indicate that Mcl-1 plays
an apical role in many cell survival and death
regulatory programs.

In addition to the pro-apoptotic Bcl-2 family
members, Mcl-1 has been demonstrated to interact
with other proteins including proliferating-cell
nuclear antigen (PCNA) [24], translationally-
controlled tumor protein TCTP (also known as
fortilin) [13, 25], tankyrase 1 [26] and cyclin
dependent kinase 1 (CDK1) [15]. Mcl-1 was shown
to localize to nucleus where it interacts with
PCNA. Interestingly, such interaction represses
cell cycle progression, but it is not required for
Mcl-1’s anti-apoptotic activity [24]. It was recently
demonstrated that the subcellular distribution of
Mcl-1 is closely correlated with the cell growth
state. Most Mcl-1 are found to be localized to
mitochondria in exponentially growing cells,
whereas majority of Mcl-1 reside in nucleus when
cells are in a stationary phase [13]. It’s not clear
how the subcellular distribution of Mcl-1 is
regulated. However, the identification of a prote-
olytic form of Mcl-1 (snMcl-1) that appears in
nucleus [15] suggests that post-translational pro-
cessing of the full-length protein plays a role in
regulating Mcl-1’s subcellular localization and
possibly its functions as well. Of note, the prote-
olytic form of Mcl-1 was shown to interact with
CDK1 and might thus inhibit cell cycle progres-
sion [15]. It remains to be determined whether the
Mcl-1-PCNA and Mcl-1-CDK1 interactions are
mechanistically linked, and what proportion of the
physiological functions of Mcl-1 is resulted from
such interactions.

Tankyrase 1, a protein with poly(ADP-ribose)
polymerase activity, is another Mcl-1 interacting
protein identified via a yeast two-hybrid screen
[26]. Tankyrase 1 interacts with both the long-form
(Mcl-1L) and the splicing variant of Mcl-1 (Mcl-
1S), and such interaction was shown to inhibit both
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Mcl-1L-mediated cell survival and Mcl-1S-induced
cell death [26]. Although tankyrase 1 can down-
regulate Mcl-1 protein expression in a transient
transfection system, no ADP-ribosylation of Mcl-1
was detected. The physiological significance of
Mcl-1-tankyrase 1 interaction remains to be deter-
mined. In contrast to tankyrase 1, another Mcl-1
interacting protein TCTP recently identified by Liu
et al was found to increase the expression levels of
Mcl-1 [13]. The increased Mcl-1 protein level in
TCTP-overexpressing cells is due to enhanced
stability of Mcl-1. Detailed analysis revealed that
TCTP stabilizes Mcl-1 through interfering with
Mcl-1’s degradation by the ubiquitin-dependent
proteasome degradation pathway [13]. It’s not
clear, however, whether TCTP’s inhibitory effect
onMcl-1’s degradation is due to steric hindrance of
the access of the proteasome degradation machin-
ery or due to other activity of TCTP. TCTP is
highly conserved during evolution [27], and is
implicated in many cellular functions including
human allergic response [28], apoptosis [13, 29] and
cell growth [30–32]. A recent study demonstrates
that the yeast homolog of TCTP is structurally
similar to the Mss4/Dss4 family of proteins, which
bind to the GDP/GTP free form of Rab proteins
and have been termed guanine nucleotide-free
chaperones [27]. This result together with the
observed Mcl-1 stability enhancement effect sug-
gests that TCTP may serve as a molecular chap-
erone of Mcl-1[13]. Further biochemical analysis
will be required to test this possibility.

Mcl-1 as a potential target for tumor therapy

Mcl-1 deficiency results in peri-implantational
lethality of mouse embryos [33]. Conditional
knockout models further indicate that Mcl-1 is
required for the development and maintenance of
B and T lymphocytes, and ensuring the homeo-
stasis of early hematopoietic progenitors [7, 34].
On the other hand, elevated expression of Mcl-1 in
leukemia cells correlated well with their resistance
to chemotherapeutic agents [35]. Furthermore,
Mcl-1 transgenic mice exhibit a high incidence of
B-cell lymphoma [36]. All together, these results as
well as the short half-lived and highly regulated
nature indicate that Mcl-1 expression is pivotal to
normal animal development, whereas its deregu-
lation may promote neoplastic transformation.

The latter case suggests that Mcl-1 may potentially
serve as a good target for tumor therapy.
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