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Role of Ku70 in deubiquitination of Mcl-1
and suppression of apoptosis

B Wang'?3, M Xie'?, R Li', TK Owonikoko?, SS Ramalingam?, FR Khuri?, WJ Curran', Y Wang' and X Deng*"

Mcl-1 is a unique antiapoptotic Bcl2 family member with a short half-life due to its rapid turnover through ubiquitination.
We discovered that Ku70, a DNA double-strand break repair protein, functions as a deubiquitinase to stabilize Mcl-1. Ku70
knockout in mouse embryonic fibroblast (MEF) cells or depletion from human lung cancer H1299 cells leads to the accumulation
of polyubiquitinated Mcl-1 and a reduction in its half-life and protein expression. Conversely, expression of exogenous Ku70 in
Ku70 ~/~ MEF cells restores Mcl-1 expression. Subcellular fractionation indicates that Ku70 extensively colocalizes with Mcl-1
in mitochondria, endoplasmic reticulum and nucleus in H1299 cells. Ku70 directly interacts with Mcl-1 via its C terminus (that is,
aa 536-609), which is required and sufficient for deubiquitination and stabilization of Mcl-1, leading to suppression of apoptosis.
Purified Ku70 protein directly deubiquitinates Mcl-1 by removing K48-linked polyubiquitin chains. Ku70 knockdown not only
promotes Mcl-1 turnover but also enhances antitumor efficacy of the BH3-mimetic ABT-737 in human lung cancer xenografts.
These findings identify Ku70 as a novel Mcl-1 deubiquitinase that could be a potential target for cancer therapy by manipulating

Mcl-1 deubiquitination.
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Mcl-1 is an antiapoptotic molecule that is overexpressed in
various types of cancers, including lung cancer,’ leukemia,?
lymphoma,® hepatocellular carcinoma® and so on. In addition
to its antiapoptotic function, Mcl-1 is also an oncoprotein that
promotes the development of cancer.® In contrast to other
Bcl2 family members such as Bcl2 and Bel-XL, Mcl-1 is unique
in its short half-life (30 min—3h) and short-term prosurvival
function, which probably relates to the presence of a long
proline-, glutamic acid-, serine- and threonine-rich (PEST)
region upstream of the Bcl2 homology (BH) domain.! The
mechanism(s) that stabilizes the Mcl-1 protein are critical for
its long-term survival function. Mcl-1 protein can be phos-
phorylated at multiple sites that distinctly regulate Mcl-1
protein turnover. For example, extracellular signal-regulated
kinase 1/2-mediated T163 site phosphorylation enhances the
half-life and antiapoptotic function of Mcl-1."¢ In contrast,
S159 phosphorylation by GSK-3p facilitates Mcl-1 ubiquitina-
tion and degradation to reduce its survival activity.”
Ubiquitination and deubiquitination are two reversible
processes that can control protein stability. E3 ligases and
deubiquitinases (deubiquitinating enzymes (DUBs)) are two
groups of regulatory enzymes that orchestrate the ubiquitina-
tion levels of target proteins in eukaryotic cells.® Recently,
Mule and FBW?7 have been identified as Mcl-1 ubiquitin E3
ligases that can directly induce polyubiquitination and
degradation of Mcl-1.%° Inversely, USP9X has been demon-
strated as the Mcl-1 deubiquitinase that removes the Lys
48-linked polyubiquitin chains that normally mark Mcl-1 for

proteasomal degradation, leading to stabilization of Mcl-1.3
Therefore, the stability of Mcl-1 in cells is tightly regulated by
its E3 ligases and deubiquitinase, which is dependent on
Mcl-1 phosphorylation status.>"

Ku70 is a protein that binds to DNA double-strand break
(DSB) ends and is required for the non-homologous end-
joining pathway of DSB repair.'2~'® The Ku70 protein consists
of three structural domains, including the N-terminal, central
(that is, DNA binding) and C-terminal domains.'®"” Ku70
usually heterodimerizes with Ku86, which forms a functional
complex for DSB repair. By forming a bridge between the
broken DNA ends, the Ku70/Ku86 heterodimer acts to
structurally support and align the DNA ends, to protect them
from degradation and to prevent promiscuous binding to
unbroken DNA. Ku70/Ku86 effectively aligns the DNA, while
still allowing access of polymerases, nucleases and ligases to
the broken DNA ends to promote end joining.'® In some
cases, a fourth domain is present at the C terminus of Ku86,
which binds to the DNA-dependent protein kinase catalytic
subunit.'® Importantly, Ku70 also regulates apoptosis inde-
pendent of its DSB repair activity. For example, a recent report
revealed that Ku70 regulates the proapoptotic function of Bax
by sequestering Bax from the mitochondria and mediating
Bax deubiquitylation.?® Here we discovered that Ku70
functions as a novel Mcl-1 deubiquitinase that directly
removes polyubiquitin chains from Mcl-1 protein, leading to
reduced Mcl-1 ubiquitination/degradation, enhanced stability
and suppression of apoptosis.
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Results

Disruption of Ku proteins downregulates Mcl-1 and
sensitizes cells to staurosporine or Bcl2 inhibitor. Ku70
and Ku86 usually exist in cells as functional heterodimers
that are required for the repair of DSBs.'? Interestingly, no
detectable levels of Kug6 could be observed in Ku70 /'~
mouse embryonic fibroblast (MEF) cells compared with wild-
type (WT) MEF cells (Figure 1a). This supports the notion
that Ku70 may stabilize Ku86 protein.?"?®> Ku proteins have
been reported to support cell survival but the mechanism(s)
involved is not fully understood.22® To test whether Ku
regulates apoptosis regulators, several Bcl2 family members
were compared with WT MEF and Ku-deficient MEF cells.
Significantly decreased levels of Mcl-1, but not Bcl2, Bcl-XL
or other proapoptotic molecules, were observed in MEF
Ku70 '~ cells when compared with WT MEF cells
(Figure 1a), suggesting that disruption of Ku70 may
selectively reduce Mcl-1 expression. RT-PCR analysis
provided evidence that the absence of Ku70 did not affect
mRNA levels of Mcl-1, Bcl2 or Bcl-XL (Figure 1b). This
indicates that downregulation of Mcl-1 mediated by Ku70
loss may not occur through a transcriptional mechanism.
Functionally, decreased Mcl-1 by Ku70 loss significantly
enhanced apoptosis following treatment of cells with
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staurosporine (Figure 1c, left panel). ABT-737 is a known
inhibitor of Bel2, Bel-XL and Bel-w but not of Mcl-1.2* Mcl-1
expression has been found to be associated with resistance
of cells to ABT-737.2%2® Qur results show that the Ku70-
deficient MEF cells are more sensitive to ABT-737 than WT
MEF cells (Figure 1c, right panel), indicating that down-
regulation of Mcl-1 by disruption of Ku70 can sensitize cells
to Bcl2 inhibition.

USP9X is a known Mcl-1 deubiquitinase that can stabilize
Mcl-1 via deubiquitination.® On the basis of our findings, Ku70
may have a similar role as USP9X in regulating Mcl-1 stability.
To test this possibility, H1299 cells were transfected with Ku70
short hairpin RNA (shRNA), USP9X shRNA or their combina-
tion in the absence or presence of MG132. MG132 is a
specific, potent, reversible and cell-permeable proteasome
inhibitor that reduces the degradation of ubiquitin-conjugated
proteins in mammalian cells.?” Silencing of Ku70, USP9X or
both in H1299 cells resulted in decreased levels of Mcl-1,
which could be reversed by MG132 (Figure 2a). Intriguingly, a
greater degree of Mcl-1 reduction (that is, to an almost
undetectable level) was observed in double-knockdown cells
when compared with Ku70 shRNA or USP9X shRNA alone
(Figure 2a). These data suggest that, in addition to USP9X,
Ku70 may be another Mcl-1 deubiquitinase that stabilizes
Mcl-1 through deubiquitination. Similar to Ku70 '~ MEF
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Ku70 knockout downregulates Mcl-1 and enhances apoptosis following treatment with staurosporine or Bel2 inhibitor. (a) Expression of Mcl-1, Ku70, Ku86 and

other Bcl2 family members in wild type (WT) and Ku70 =/~ MEF cells. (b) mRNA levels of Bcl2, Bel-XL and Mcl-1in WT and Ku70 ~/~ MEF cells. (¢) Numbers of apoptotic
cells in WT and Ku70 ~/~ MEF cells treated with increasing concentrations of staurosporine or ABT-737 for 24 or 48 h
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Figure 2 Ku70 depletion from human lung cancer H1299 cells reduces Mcl-1
and sensitizes cells to Bcl2 inhibition. (a) Expression of Mcl-1, Ku70, Ku86 and
USPIX in H1299 cells transfected with Ku70 shRNA, USP9X shRNA or their
combination, and after 24 h, treated with MG132 for 6 h. (b) mRNA levels of Bcl2,
Bel-XL and Mcl-1 in H1299 cells expressing Ku70 shRNA or control shRNA.
(c) Numbers of apoptotic cells in H1299 cells expressing Ku70 shRNA, USP9X shRNA
or their combination treated with increasing concentrations of ABT-737 for 48 h

cells, a significant decrease in Ku86 expression was also
observed when Ku70 was knocked down by Ku70 shRNA in
H1299 cells (Figure 2a). Because knockdown of Ku70 in
H1299 cells did not affect mMRNA levels of Mcl-1 (Figure 2b),
this suggests that Ku70 may regulate Mcl-1 protein expres-
sion at a non-transcriptional level. Similar results were also
obtained in HEK293T cells (Supplementary Figure S1).
Functionally, silencing of Ku70 not only resulted in reduced
levels of Mcl-1 but also enhanced the sensitivity of human lung
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cancer H1299 cells to the Bcl2 inhibitor ABT-737 (Figure 2c).
Intriguingly, double knockdown of Ku70 and USP9X rendered
H1299 cells more sensitive to ABT-737 when compared with
knockdown of Ku70 or USP9X alone (Figure 2c).

Disruption of Ku enhances Mcl-1 ubiquitination in
association with reduced half-life. To test whether Ku70
functions as a Mcl-1 deubiquitinase, Ku70 was depleted from
H1299 cells by RNA interference using Ku70 shRNA. Mcl-1
ubiquitination was compared in H1299 cells expressing Ku70
shRNA, USP9X shRNA or control shRNA. Results revealed
that significantly more Mcl-1 ubiquitination was observed in
H1299 cells expressing Ku70 shRNA or USP9X shRNA
when compared with control cells (Figure 3a), indicating that
Ku70 may play a similar role as USP9X (a deubiquitinase) in
regulating Mcl-1 ubiquitination in human lung cancer H1299
cells. Similarly, a greater level of Mcl-1 ubiquitination was
also observed in Ku70~/~ MEF cells when compared with
WT MEF cells (Figure 3b). To further test the effect of Ku70
on Mcl-1 stability, the half-life of Mcl-1 was measured using
cycloheximide-blocking methods as described.?® WT or
Ku70 ~/~ MEF cells were treated with 100 ug/ml cyclo-
heximide for various times as indicated. Levels of Mcl-1 were
analyzed by western blot and further quantified by ImageJ
software (National Institutes of Health, Bethesda, MD, USA)
to calculate the half-life as described.?® Results indicated that
knock out of Ku70 resulted in a significantly reduced half-life
of Mcl-1 (that is, from 2.2 to 0.45 h) in MEF cells (Figure 3c).

Expression of exogenous Ku70 in Ku70 '~ MEF cells
restores Mcl-1 expression and prolongs cell survival
following stress. Conversely, to demonstrate whether
Ku70 functions as a deubiquitinase to stabilize Mcl-1, Ku70
was exogenously expressed in Ku70 =/~ MEF cells. Intrigu-
ingly, restoration of Ku70 significantly upregulated Mcl-1
protein but had no effect on Bcl-XL, Bax, Bad, Bak or Bim
(Figure 4a). Ku70 did not affect Mcl-1 mRNA level,
suggesting that Ku70-mediated upregulation of Mcl-1 does
not result from a transcriptional mechanism (Figure 4b).
Similar experiments were also performed in HEK293T or
HCT116 cells. Consistently, overexpression of Ku70 in
HEK293T cells resulted in increased Mcl-1 protein level in
association with reduced Mcl-1 ubiquitination and prolonged
half-life of Mcl-1 (that is, from 1.54 to 3.87 h) (Supplementary
Figure S2). Importantly, Ku70-enhanced Mcl-1 reduced the
sensitivity of MEF cells to ABT-737 or staurosporine
(Figure 4c). It seems that expression of exogenous Ku70
also slightly increased Bcl2 level in Ku70~'~ MEF cells
(Figure 4a), but overexpression of exogenous Ku70 in
HEK293T cells did not enhance Bcl2 level (Supplementary
Figure S2a). Further work may be required to determine
whether Ku70 may also regulate Bcl2 in various cell systems.

Ku70 partially colocalizes and directly interacts with
Mcl-1 via its C terminus. To further uncover the mechanism
by which Ku70 regulates the stability of Mcl-1, localization
of Ku70 and Mcl-1 was analyzed by subcellular fractionation
as we described in ‘Materials and Methods’.3%3? As
shown in Figure 5a, left panel, Ku70 was colocalized
with Mcl-1 in heavy membrane (HM) containing mitochondria,
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Figure 3 Ku70 disruption results in accumulation of ubiquitinated Mcl-1 and
reduced Mcl-1 half-life. (a) Mcl-1 ubiquitination analyzed by anti-HA western blot
following anti-Mcl-1 co-IP in H1299 cells expressing Ku70 shRNA, USP9X shRNA
or control shRNA 48h after transfection with HA-tagged ubiquitin (HA-Ub)
constructs. (b) Mcl-1 ubiquitination analyzed as in (a) in WT or Ku70 =/~ MEF cells
transfected with HA-Ub constructs. (c) Mcl-1 expression in WT or Ku70 ~/~ MEF
cells treated with 100 mg/ml cycloheximide 5 min before starting the indicated time
course. Mcl-1 levels were quantified by ImagedJ software to calculate the half-life

light membrane (LH) containing endoplasmic reticulum (ER)
and in nuclear (Nuc) fractions in H1299 cells. Quantification
analysis of Ku70 and Mcl-1 using ImageJ software revealed
that 19% of Ku70 and 65% of Mcl-1 were localized in
mitochondria. Eighteen percent of Ku70 and 17% of Mcl-1
were localized in the ER. Sixty-three percent of Ku70 and
18% of Mcl-1 were localized in the nucleus (Figure 5a, left
panel). On the basis of these findings, 19% of Ku70
molecules may be able to stabilize 65% of Mcl-1 in
mitochondria. Obviously, there are sufficient Ku70 molecules
to stabilize Mcl-1 in the ER and nucleus as well. Intriguingly,
ionizing radiation (IR) enhanced the nuclear localization of
Mcl-1 (that is, from 18 to 32%; Figure 5a), suggesting that
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radiation may enhance Mcl-1 colocalization with Ku70 in the
nucleus. In addition, radiation also slightly enhanced Ku70
levels in the mitochondria (that is, from 19 to 22%) or ER
(that is, from 18 to 20%) (Figure 5a). To verify the purity of
the subcellular fractions obtained, fraction-specific proteins
were assessed by probing the same filters. Prohibitin, an
exclusively mitochondrial protein,®® was detected only in
the mitochondrial fraction, whereas proliferating cell
nuclear antigen (PCNA), a nuclear marker,>* was detected
exclusively in the nuclear fraction (Nuc) (Figure 5a). These
data reveal that the fractionation procedure does not cause
cross-contamination between the fractions.

It is known that USP9X as a Mcl-1 deubiquitinase directly
interacts with Mcl-1.% To further test whether Ku70 interacts
with Mcl-1, co-immunoprecipitation (co-IP) experiments were
performed using Mcl-1 antibody in H1299, HEK293T and
HCT116 cells. Results revealed that both Ku70 and USP9X
interacted with Mcl-1 in various types of cells (Figure 5b). To
test whether the Ku70/Mcl-1 interaction is regulated in
response to DNA damage induced by IR and whether Ku70
and USP9X interact with Mcl-1 in a competitive manner,
H1299 cells were treated with increasing doses of IR. Results
indicated that IR promoted Ku70 to interact with Mcl-1 in
association with decreased USP9X/Mcl-1 binding in a dose-
dependent manner (Supplementary Figure S3). To further
demonstrate the binding site of Mcl-1 on Ku70 protein, a
series of Flag-tagged Ku70 deletion mutants were exogen-
ously expressed in Ku70 '~ MEF cells (Figure 5c). Co-IP
experiments revealed that Mcl-1 interacted with Ku70 WT, aa
536-609 and aa 496-609, but failed to bind the aa 1-535
mutant protein (Figure 5d). These findings indicate that Mcl-1
may bind to Ku70 at its C-terminal tail (aa 536-609). It was
previously demonstrated that USP9X interacts with Mule.3®
The Ku70/Mule association was also analyzed in H1299 cells
by co-IP experiments. Results indicate that, in addition to
USP9X, Ku70 also interacted with Mule (Supplementary
Figure S4).

The C terminus is essential for Ku70 to deubiquitinate
and stabilize Mcl-1. To test the role of Ku70/Mcl-1 binding
in regulating Mcl-1 ubiquitination and stability, WT and each
Ku70 deletion mutant were overexpressed in Ku70-deficient
cells (Figure 6a). Intriguingly, expression of WT or the aa
536—609 or aa 496—609 Ku70 mutants not only significantly
enhanced Mcl-1 level but also reduced Mcl-1 ubiquitination
(Figures 6a and b). In contrast, the Mcl-1-binding-deficient
Ku70 mutant (aa 1-535) failed to reduce ubiquitination and
had no effect on Mcl-1 protein level (Figures 6a and b and
Supplementary Figure S2d). These findings indicate that the
C terminus of Ku70 (aa 536—609) is required and sufficient to
stabilize Mcl-1 via deubiquitination. Functionally, expression
of exogenous WT, aa 536-609 or 496-609 but not the
Mcl-1-binding-deficient mutant (aa 1-535) suppressed
ABT-737-induced apoptosis in Ku70-deficient MEF cells
(Figure 6c).

Direct deubiquitination of Mcl-1 by Ku70 in vitro. To test
whether Ku70 protein can directly remove polyubiquitins
from Mcl-1 protein, first, Flag-Ku70 and Flag-Mcl-1 were
individually overexpressed in HEK293T cells. Flag-Ku70 and
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Figure 4 Expression of exogenous Ku70 in Ku70 =/~ MEF cells restores Mcl-1 expression and suppresses apoptosis following stress. (a) Expression of Ku70, Mcl-1 and
other Bcl2 family members in Ku70 =/~ MEF cells transfected with WT Ku70 or vector-only control. Mcl-1 and Bcl2 levels were quantified by ImagedJ software. (b) mRNA
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Flag-Mcl-1 proteins were then purified from HEK293T cells as
described.® To assess whether Ku70 protein directly deubi-
quitinates Mcl-1 in vitro, purified Ku70 and Mcl-1 were mixed
under conditions supporting Mcl-1 deubiquitination. Purified
USP9X and BSA were used as positive and negative controls,
respectively. Results revealed that Ku70 directly deubiquiti-
nated Mcl-1 in a dose-dependent manner in vitro (Figure 7a).
In addition, purified recombinant Ku70 protein hydrolyzed
polyubiquitin chains into monoubiquitin units (Supplementary
Figure S5).These findings indicate that Ku70 protein has
potent intrinsic deubiquitination enzymatic activity. As only
WT, aa 536-609 and aa 496—609 but not the Mcl-1-binding-
deficient aa 1-535 Ku70 mutant protein directly deubiquiti-
nated Mcl-1 (Figure 7b), this suggests that the C terminus of
Ku70 is required and sufficient to remove polyubiquitins from
Mcl-1 protein in vitro. Western blot analysis revealed that
Mcl-1 protein purified from MG132-treated HEK293T cells was
only detected by a Lys 48 linkage-specific but not a Lys 63
linkage-specific polyubiquitin antibody (Figure 7c). Ku70 may
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stabilize Mcl-1 by removing its degradative Lys 48-linked
polyubiquitin chains.

Downregulation of Mcl-1 by silencing of Ku70 enhances
antitumor efficacy of ABT-737 in lung cancer xenografts.
Our findings show that depletion of Ku70 from human lung
cancer H1299 cells using Ku70 shRNA not only
downregulates Mcl-1 but also sensitizes cells to Bcl2 inhibitor
(that is, ABT-737) (Figures 2 and 8a). To further test
whether reduction of Mcl-1 by silencing of Ku70 enhances
the antitumor efficacy of ABT-737 in an animal model, we
generated lung cancer xenografts using H1299 cells expres-
sing Ku70 shRNA or control shRNA. Mice with xenografts
were treated with ABT-737 (50 mg/kg/day) for 12 days.
Results indicated that silencing of Ku70 synergizes with
ABT-737 in suppression of lung cancer growth (Figure 8b). To
assess whether ABT-737 induced tumor growth regression
via apoptosis in vivo, representative samples from harvested
tumor tissues were analyzed by immunohistochemistry (IHC)
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for active caspase 3 as described.?* Silencing of Ku70
significantly enhanced apoptosis in tumor tissues after
ABT-737 treatment (Figure 8c).

Discussion

Protein ubiquitination is a reversible process involving both
ubiquitin-ligating enzymes (E3 ligases) and DUBs. DUBs
cleave the isopeptide bond at the C terminus of ubiquitin.3®
Ubiquitin is a highly conserved 76-amino-acid protein that
undergoes covalent attachment via isopeptide linkage to lysine
residues in target proteins. The ubiquitin conjugation system is
composed of three classes of enzymes, a Ub-activating
enzyme (E1) that hydrolyzes ATP and adenylates ubiquitin, a
Ub-conjugating enzyme (E2) that catalyzes the covalent
attachment of ubiquitin to lysine residues in target proteins
and a Ub-ligating enzyme (E3) that confers substrate specifi-
city. Ubiquitin has seven internal lysine residues, any of which
can be polyubiquitinated to create ubiquitin chains of distinct
linkages. A ubiquitin code exists whereby proteins tagged with
K6-, K11-, K27-, K29- and K48-linked polyubiquitin chains are
targeted for proteasome degradation, whereas K63-linked
chains are preferentially involved in the lysosomal pathway.®”
Mcl-1 differs from other Bcl2 family members in its high

turnover rate. Mcl-1 contains a PEST sequence that can act as
a transferrable degradation signal.®® The expression level of
Mcl-1 is tightly regulated by ubiquitinating (that is, Mule, FBW7
and B-TrCP)®1%3° and deubiquitinating (USP9X) enzymes.3*°
Here we found that in the absence of Ku70, Mcl-1 is heavily
modified by ubiquitination in association with a shorter half-life
and decreased protein level in various types of cells (Figures 1-3
and Supplementary Figure S1). Conversely, overexpression of
Ku70 enhances Mcl-1 level by reduction of ubiquitination
(Figures 4, 6 and Supplementary Figure S2). These findings
suggest that Ku70, in addition to its DSB repair activity, may
also function as a deubiquitinase to remove K48-linked
polyubiquitin chains from the ubiquitinated Mcl-1. Our in vitro
deubiquitination assay further demonstrated that purified Ku70
not only directly deubiquitinated Mcl-1 protein but also
hydrolyzed polyubiquitin chains into monoubiquitin units
(Figure 7 and Supplementary Figure S5). These findings
strongly support that Ku70 possesses intrinsic deubiquitination
enzymatic activity that is responsible for deubiquitination and
stabilization of Mcl-1. In addition to Mcl-1, a slight decrease in
Bax expression was observed in Ku70~/~ MEF cells
(Figure 1a), which supports a previous report showing that
Ku70 may also function as Bax deubiquitinase.20 However, the
effect of Ku70 on Bax is relatively weak in our system.

Cell Death and Differentiation
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Figure 6 Ku70 C terminus is essential for Mcl-1 deubiquitination and
stabilization. (a) Expression of Ku70 and Mcl-1 in Ku70 '~ MEF cells transfected
with Flag-tagged WT and each Ku70 deletion mutant. (b) Mcl-1 ubiquitination
analyzed as in (Figure 3a) in Ku70~'~ MEF cells expressing exogenous WT or
each deletion mutant transfected with HA-ubiquitin constructs. (c) Percentage of
apoptotic cells in Ku70 ~/~ MEF cells expressing exogenous WT or each Ku70
deletion mutant treated with increasing concentrations of ABT-737 for 48 h

The Ku70 protein contains several functional domains,
including the Ku86-binding sites (aa 1-115 and aa 378-482),
DNA-binding domain (aa 277—-341) and the C-terminal portion
(aa 536-609).'®"” The N-terminal portion (aa 1-535) is
important for Ku70 to heterodimerize with Ku86 and bind to
DNA to mediate its DSB repair capacity. The C terminus of
Ku70 is mainly responsible for its antiapoptotic function,®®
through mechanism(s) that were not fully understood. Our
studies here demonstrated that Ku70 interacts with Mcl-1 via
its C terminus (aa 536-609) (Figure 5). Functionally, the C
terminus of Ku70 is required and sufficient not only for
deubiquitination and stabilization of Mcl-1 but also for its
antiapoptotic activity (Figures 6 and 7). In contrast, the
N-terminal portion (aa 1-535) of Ku70, which contains the
DSB repair capacity, has no deubiquitination enzymatic
activity and fails to deubiquitinate Mcl-1 protein in vitro and
in cells (Figures 6 and 7). On the basis of these findings, we
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propose that the antiapoptotic activity of Ku70 may occur, at
least in part, through deubiquitination and stabilization of
Mcl-1, which is independent of its DNA repair function.

Functionally, knockout of Ku70 increases cellular sensitivity
to apoptotic stress (that is, staurosporine) (Figure 1), and
overexpression of Ku70 suppresses staurosporine-induced
apoptosis (Figure 4). As staurosporine is a pan-kinase
inhibitor and it does not induce apoptosis through double-
strand DNA breakage, this further supports the notion that the
antiapoptotic activity of Ku70 is independent of its known
activity in double-strand DNA break repair. ABT-737 is a
known BH3-mimetic Bcl2 inhibitor.2* However, overexpression
of Mcl-1 may mediate cancer cell resistance to ABT-737.2°
Our data reveal that downregulation of Mcl-1 by disrupting
Ku70 via RNAI significantly enhances sensitivity of human
lung cancer cells to ABT-737 treatment in vitro and in lung
cancer xenografts (Figures 2 and 8), indicating that inhibition
of Mcl-1 deubiquitination can enhance the anti-cancer efficacy
of the BH3-mimetic ABT-737.

In summary, our findings demonstrate that the absence of
Ku70 leads to decreased levels of Mcl-1, mediated by
increased polyubiquitination and degradation. Ku70 protein
has DUB enzymatic activity that stabilizes Mcl-1 by directly
removing degradative Lys 48-linked polyubiquitin chains.
Ku70 directly interacts with Mcl-1 via its C-terminal tail, which
is essential for Ku70 to deubiquitinate Mcl-1 and suppress
apoptosis. Thus, inhibition of Mcl-1 deubiquitination by
disrupting Ku70 DUB enzymatic activity should represent a
new strategy for cancer therapy.

Materials and Methods

Materials. Ku70, Ku86, Mcl-1 and HA antibodies as well as ABT-737 were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Bcl-XL and Bak
antibodies were purchased from Epitomics (Burlingame, CA, USA). Mule antibody
was obtained from Bethyl Laboratories Inc. (Montgomery, TX, USA). USP9X
antibody was purchased from Abnova (Walnut, CA, USA). Bcl2 antibody was
obtained from Calbiochem (Darmstadt, Germany). The pCMV-Flag-hMcl-1 plasmid
was obtained from Addgene (Cambridge, MA, USA). Ku70 shRNA and
USP9 shRNA were purchased from Santa Cruz Biotechnology. MG132 was
purchased from EMD chemicals, Inc. (Darmstadt, Germany). Flag-tagged Ku70
WT and its mutants (that is, aa 1-535, aa 496-609 and aa 536-609) in pCMV2B
vector were obtained from Dr. Shigemi Matsuyama (Case Western Reserve
University). K48- or K63-linked polyubiquitin chains were purchased from
Boston Biochem (Boston, MA, USA). Anti-ubiquitin-, anti-K48- or anti-K63-specific
ubiquitin antibodies were obtained from Cell Signaling (Danvers, MA, USA).
All of the reagents used were obtained from commercial sources unless
otherwise stated.

Cell lines, cell culture and plasmid transfection. WT and Ku70 ~/~
MEF cells were maintained in Dulbecco’s modified Eagle medium (DMEM) with
10% FBS and 4 mm L-glutamine. HCT116 and human lung cancer H1299 cells
were maintained in RPMI-1640 with 10% serum. HEK293T cells were grown in
DMEM with 10% FBS. Transfections of HA-tagged ubiquitin, Flag-Mcl-1 and
Flag-Ku70 plasmids were performed using NanodJuice transfection Kit
(Novagen, San Diego, CA, USA) according to the manufacturer’s instructions.*'~*®

Preparation of cell lysates. Cells were washed with 1 x PBS and
resuspended in ice-cold EBC buffer (0.5% Nonidet P-40 (Sigma, St. Louis, MO,
USA), 50mM Tris, pH 7.6, 120 mm NaCl, 1 mm EDTA, and 1 mm f-mercaptoethanol)
containing protease inhibitor mixture. Cells were lysed by sonication and
centrifuged at 14000 x g for 10min at 4°C. The resulting supernatant was
collected as the total cell lysate. Western blot was performed by loading 50 pg of
protein per lane on an 8-12% SDS-PAGE, followed by protein transfer to
nitrocellulose membrane for analysis of specific protein(s).**
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Figure 7 Purified Ku70 protein directly deubiquitinates Mcl-1 protein in vitro. (a and b) Mcl-1 ubiquitination following incubation of purified ubiquitinated Mcl-1 protein with
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Subcellular fractionation. Subcellular fractionation was performed to
isolate HM, LM, cytosol and nuclear fractions as we described previously.*?
Briefly, H1299 cells (2 x 107) were washed once with cold 1x PBS and
resuspended in isotonic mitochondrial buffer (210 mm mannitol, 70 mm sucrose,
1mm EGTA, 10mm Hepes, pH 7.5) containing protease inhibitor mixture. The
resuspended cells were homogenized with a polytron homogenizer (Fisher
Scientific, Pittsburgh, PA, USA) operating for four bursts of 10's each at a setting
of five and then centrifuged at 2000 x g for 3min to pellet the nuclei. The
supernatant was centrifuged at 13000 x g for 10 min to pellet mitochondria. The
supernatant was further centrifuged at 150000 x g to pellet LMs. The resulting
supernatant contained the cytosolic fraction. The mitochondria was washed with
mitochondrial buffer twice, resuspended with 1% Nonidet P-40 lysis buffer, rocked
for 60 min and then centrifuged at 17530 x g for 10 min at 4 °C. The supernatant
containing mitochondrial proteins was collected. For nuclear fractionation, the cells
were washed with 1 x PBS and suspended in 2ml of buffer A (10 mm Tris-HCI,
pH 7.4, 10 mm NaCl, 3 mm MgCl,, 0.03% Nonidet P-40 with fresh protease inhibitor
mixture). The samples were incubated on ice until more than 95% of cells could be
stained by trypan blue. The samples were then centrifuged at 500 x g at 4 °C for
5min. The resulting nuclear pellet was washed with buffer B (50mm NaCl,
10mm Hepes, pH 8.0, 25% glycerol, 0.1mm EDTA, 0.5mm spermidine, 0.15mm
spermine) and then resuspended in 150 x of buffer C (350 mm NaCl, 10 mm Hepes,
pH 8.0, 25% glycerol, 0.1mm EDTA, 0.5mm spermidine, 0.15mm spermine) and
rocked at 4 °C for 30 min. After centrifugation (14 000 x g) at 4 °C, the supematant
(nuclear fraction) was collected. Protein (50 ug) from each fraction was subjected to
SDS-PAGE and analyzed by western blot using antibody to Ku70 or Mcl-1. The purity
of fractions was confirmed by assessing the localization of fraction-specific proteins
including prohibitin (a mitochondrial Marker)®® and PCNA (a nuclear marker).**

Silencing of Ku70 or USP9X. Ku70 shRNA, USP9X shRNA and control
shRNA were obtained from Santa Cruz Biotechnology. For pseudovirus
production, Ku70 shRNA, USP9X shRNA or control shRNA were cotransfected

into 293FT cells with a lentivector packaging plasmid mixture (System
Biosciences, Mountain View, CA, USA) using the NanoJuice transfection kit
(EMD Chenmical, Inc.) as described.*® After 48h, the virus-containing media were
harvested by centrifugation at 20000 x g. Cells were infected with the virus-
containing media in the presence of polybrene (8 ng/ml) for 24 h. Stable positive
clones were selected using 1 g/ml puromycin.

In vitro deubiquitination. Flag-Mcl-1, Flag-Ku70 or Flag-USP9X in
transfected HEK293T cells were purified with anti-Flag M2 affinity gel in RIPA
buffer. High-salt (20 mM HEPES, pH 7.9, 1.5mm MgCl,, 420 mM NaCl, 0.2 mM
EDTA, 25% glycerol) and low-salt (20mM Tris, pH 7.4, 300 mM NaCl, 0.2mM
EDTA, 20% glycerol, 0.1% NP-40) washes preceded elution with 500 ugml~"
3x Flag peptide. Purified ubiquitinated Mcl-1 protein was incubated with
purified Ku70, USP9X or BSA control in 50mM HEPES, pH 7.5, 10mM
2-mercaptoethanol and 0.5 mM EDTA at 30 °C for 30 min. Mcl-1 ubiquitination was
analyzed by western blot. For direct in vitro deubiquitylation activity assay, 40 ng of
K48-linked tetraubiquitin chains was incubated with purified Ku70/80 complex or
BSA (negative control) at 30 °C for 1 or 2h as described.?® The reaction products
were separated by SDS/PAGE, and the hydrolysis of ubiquitin chains into
monoubiquitin units was detected by silver staining.

Measurement of apoptotic cells. Apoptotic cells were detected using an
ApoAlert Annexin-V kit from Clontech (Mountain View, CA, USA) according to the
manufacturer’s instructions. The percentage of apoptotic cells was determined by
fluorescence-activated cell sorter analysis.

Lung cancer xenografts and treatments. Animal experiments were
approved by the Institutional Animal Care and Use Committee of Emory
University. Six-week-old Nu/Nu nude mice were purchased from Harlan
(Indianapolis, IN, USA) and housed under pathogen-free conditions in
microisolator cages. Xenografts were raised by injecting 5 x 10° H1299 cells

Cell Death and Differentiation
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Figure 8 Ku70 depletion sensitizes lung cancer to ABT-737 in vivo. (a) Cell growth
(b) Tumor growth of Ku70 shRNA- or control sShRNA-H1299 xenografts treated with ABT-7.

in H1299 cells expressing Ku70 shRNA or control shRNA treated with ABT-737.
37 (50 mg/kg/day) for 12 days. (¢) Active caspase 3 was analyzed in tumor tissues at

the end of experiments by IHC staining and quantified as described in ‘Materials and Methods’

expressing control shRNA or Ku70 shRNA in a balanced salt solution into
subcutaneous tissue at the flank region of nude mice. The tumors were allowed
to grow to an average volume of 250 mm?® before initiation of therapy as
described.* H1299 xenografts were randomized into four groups (n=8 per
group) as follows: (1) control shRNA; (2) Ku70 shRNA; (3) control shRNA +
ABT-737 (50 mg/kg/day, i.p.); (4) Ku70 shRNA -+ ABT-737 (50 mg/kg/day, i.p.).
Tumor volume (V) was measured by caliper measurements once every 2 days
and calculated with the formula: V=L x W22 (L: length; W: width) as described.*®
After 12 consecutive days of treatment, all mice were killed by inhaled CO,.
The tumors were then removed, weighed and fixed with formalin for IHC.

IHC staining. Tumors were harvested, fixed in formalin and embedded in
paraffin. Representative sections from paraffin-embedded tumor tissues
were analyzed by IHC staining using an active caspase 3-specific antibody.
Active caspase-positive cells in tumor tissues were scored at x 400 magnification.
The average number of positive cells per 0.0625 mm? area was determined from
three separate fields in each of three independent tumor samples as described.2*

Statistical analysis. Significant differences between two groups were
analyzed using two-sided unpaired Student's ttest and P-value <0.05 was
considered statistically significant.
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