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Abstract

Purpose—Recent studies have shown that the process of protein neddylation was abnormally
activated in several human cancers. However, it is unknown whether and how UBEZ2F, a less
characterized neddylation E2, regulates lung cancer cell survival, and whether and how NOXA, a
pro-apoptotic protein, is ubiquitylated and degraded by which E3 and via which ubiquitin linkage.

Experimental Design—Methods of Immunohistochemistry and Immunoblotting were utilized
to examine UBEZ2F protein expression. The biological functions of UBE2F were evaluated by /n
vitro cell culture and /in vivo xenograft models. The in vivo complex formation among UBE2F-
SAG-CUL5-NOXA was measured by pull-down assay. Poly-ubiquitylation of NOXA was
evaluated by /in vivoand in vitro ubiquitylation assays.
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Results—UBE2F is overexpressed in NSCLC (Non-Small-Cell-Lung-Cancer), and predicts poor
patient survival. While UBE2F overexpression promotes lung cancer growth both /n vitroand in
vivo, UBE2F knockdown selectively inhibits tumor growth. By promoting CUL5 neddylation,
UBE2F/SAG/CULS tri-complex activates CRL5 (Cullin-RING-ligase-5) to ubiquitylate NOXA
via a novel K11, but not K48, linkage for targeted proteasomal degradation. CRL5 inactivation or
forced expression of K11R ubiquitin mutant caused NOXA accumulation to induce apoptosis,
which is rescued by NOXA knockdown. Notably, NOXA knockdown rescues the UBE2F
silencing effect, indicating a causal role of NOXA in this process. In lung cancer tissues, high
levels of UBE2F and CULS5 correlate with low level of NOXA and poor patient survival.

Conclusion—BYy ubiquitylating and degrading NOXA through activating CRL5, UBE2F
selectively promotes lung cancer cell survival and could, therefore, serve as a novel cancer target.
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ubiquitylation linkage

Introduction

Protein neddylation is a process of tagging NEDD8 (neural precursor cell expressed,
developmentally downregulated 8), a ubiquitin-like molecule with 60% sequence identity to
ubiquitin (1), to a lysyl residue of a substrate protein (2, 3) through a cascade catalyzed by
three enzymes. The E1 NEDD8-activating enzyme (NAE), consisting of NAE1 (APP-BP1)
and UBA3 (Ubiquitin Like Modifier Activating Enzyme 3) heterodimer; the E2 NEDD8-
conjugating enzymes, and the E3 NEDD8 ligases, mainly consisting of a few RING domain-
containing proteins, such as RBX1 (RING-box proteins 1) and RBX2, also known as SAG
(Sensitive to Apoptosis Gene) [for review see (3)]. Involvement of the dysregulated
neddylation modification in human lung cancer is supported by at least three pieces of
evidence: 1) NEDD8 E3s DCUN1D1/SCCRO1/DCNL1 (defective in cullin neddylation 1
domain containing 1/squamous cell carcinoma-related oncogene/defective in cullin
neddylation) (4, 5) and DCUN1D5/SCCRO5/DCNS5 (6) promote the proliferation and
survival of squamous cell carcinomas of head & neck and lung; 2) NEDD8 E3 SAG is an
anti-apoptotic protein with Kras-cooperative oncogenic activity in the lung (7); 3) over-
expression and activation of the neddylation enzymes, including NEDDS8, E1 (NAE1), and
E2 (UBE2M (Ubiquitin Conjugating Enzyme E2 M)) were found in human lung cancer,
whereas their inactivation suppressed tumor cell growth (8).

In mammalian cells, there are two neddylation E2s: well-studied UBE2M (also known as
UBC12) and less characterized UBE2F (Ubiquitin Conjugating Enzyme E2 F). Both
UBE2M and UBE2F bind to NEDD8 E1's ubiquitin-fold domain (ufd) and UBA3's
hydrophobic groove via its core domains and N-terminal extension, respectively (9-12).
Subsequent structural comparison however, revealed distinct features between UBE2FC¢C"®
and UBE2MC"® (12). Indeed, UBE2M and UBEZ2F are two independent E2s and show
distinct functions. While UBE2M pairs with RBX1 to regulate neddylation of CUL1~4,
UBEZ2F is largely specific for RBX2/SAG to mediate neddylation of CUL5 (12). Similar to
UBE2M, which interacts with a hydrophobic pocket of DCNL1 (Dcnl-like 1) PONY
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domain via its N-acetyl-methionine (13), the N-terminally acetylated UBE2F also promotes
cullin neddylation by binding to the PONY domains of DCNL2 and DCNL3 E3s,
respectively (12, 14). Although UBE2M overexpression was found in lung cancer tissues
(8), the involvement of UBE2F in lung cancer is completely unknown.

We have previously found that pro-apoptotic protein NOXA is subjected to negative
regulation by SAG/RBX2 (15). However, it is unknown how SAG acts to shorten the protein
half-life of NOXA. Also, it is controversial whether NOXA undergoes ubiquitylation-
mediated degradation by proteasome (16-18). In the present study, we showed that UBE2F
E2 couples with SAG E3 to induce CUL5 neddylation, leading to activation of CRL5 E3,
which promotes NOXA poly-ubiquitylation via K11 linkage for proteasomal degradation.
Thus, by promoting NOXA degradation, UBE2F exerts its growth-stimulating function.
Finally, we found in lung cancer tissues, the high levels of UBE2F and CULD5 are correlated
with the low level of NOXA, which is associated with poor survival of lung cancer patients.
Taken together, we defined CRL5 as an E3 for NOXA via atypical K11 linkage and
validated UBE2F as a potential lung cancer target and biomarker. Our study paves the road
for future development of UBE2F inhibitors as a novel class of anticancer agents for
selective cancer cell killing.

Materials and methods

Cloning of UBE2F-WT and -C116A mutant constructs

To clone wild type UBE2F, the human cDNA was PCR-amplified using the primers 5’-
ATTGCGGCCGCCTAACGCTAGCAAGTAAACTGA-3" (5'-Notl) and 5’-
CGCCTCGAGTCATCTGGCATAACGTTTGATGTAGTCATC-3" (3’-Xho1l), and then
cloned into pCDNA3-HA3 using Notl and Xho1 sites. To clone UBE2F-C116A mutant, nest
PCR was performed to obtain the DNA sequence containing the N-terminal fragment of
UBEZ2F by using the primer 5"-Not1 and 5’ -CTGTTAG
CTGAAAAGCATGAAGCTTGTTTGGA-3’, and the C-terminal fragment of UBE2F by
using primer 5"-CATGCTTTTCAGCTAACAGTAACCCCAG-3" and 3'-Xho1l. The two
PCR products overlap with each other for 19 bp with introduced C116A mutation. The
mixed N-terminal and C-terminal PCR fragments were used as a template to amplify the
full-length UBE2F-C116A by using primer 5’-Not1 and 3’- Xho1, followed by cloning into
pCDNA3-HAj using Notl and Xho1 sites. All constructs were verified by DNA sequencing.

The in vivo ubiquitylation assay

The 293 cells were co-transfected with various plasmids. The /n vivo ubiquitylation assays
were performed as previously described using Ni-beads pull-down (19).

The in vitro ubiquitylation assay

FLAG-CULS5/-SAG or FLAG-CUL1/-RBX1 was transfected into 293 cells, respectively, and
pulled down from the transfected cells by using FLAG beads, and used as the E3 complex.
The reaction was carried out at 30 °C for 1 hr in 30 pl reaction buffer (40 mM Tris-HCI, pH
7.5,2mM DTT, 5 mM MgClI,) in the presence of purified NOXA protein (substrate), E1
(Boston Biochem), recombinant UBE2S/UBCH10 E2s (Boston Biochem), above E3
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complexes, ATP, and ubiquitin (Boston Biochem). The reaction products were then
resuspended in 25 pl 2xSDS-PAGE sample buffer for SDS-PAGE and detected by IB with
antibody against NOXA (Rabbit; Santa Cruz).

The in vitro neddylation assay

APP-BP1/UBA3 (7.5 nM), NEDDS (2.5 pM), UBE2F (3.4 uM) or UBE2M (3.4 uM), and
co-purified full-length-SAG/truncated-CUL5 (398-780) proteins (0.25 uM) were incubated
in a reaction mixture (20 pl), containing 50 mM Tris-HCI, pH7.4, 5 mM MgCI2, 2 mM ATP,
0.6 mM DTT, and 0.1 mg/ml BSA, with or without addition of MLN4924 for 10 min at
room temperature, and then the reaction products were separated by 15% SDS-PAGE.

NOXA half-life determination

For overexpression experiments, H358 cells were transiently transfected with indicated
plasmids for 48 hrs, and then treated with 20 pug/ml cycloheximide (CHX) for various
periods of time, followed by IB. For silencing experiments, H358 cells were transfected with
RNAI-1 against UBE2F, along with si-Cont, for 48 hrs, followed by CHX treatment and 1B,
using antibody against endogenous NOXA, with p-actin as the loading control. The relative
NOXA levels were quantified by densitometry analysis using the ImageJ1.410 image
processing software.

In vivo antitumor study

All animal studies were conducted in accordance with the guidelines established by the
University of Michigan Committee on Use and Care of Animals. To generate xenograft
tumor models, 5 x 108 H358 cells stably expressing pcDNA3 control, HA-UBE2F-WT, or
HA-UBE2F-C116A were inoculated subcutaneously in both flanks of nude mice, followed
by the measurement of tumor volume twice a week for up to 60 days.

Statistical analysis

Results

The Student's ftest was used for the comparison of parameters between two groups. The
correlation of the expression of two given proteins was assessed by Pearson correlation
analysis. Survival was analyzed using the Kaplan-Meier method and compared by the log-
rank test. Statistical Program for Social Sciences software 20.0 (SPSS, Chicago, IL) was
used. All statistical tests were two-sided

UBEZ2F overexpression in human primary lung cancer tissues is associated with poor
patient survival

Our recent study showed that the components of the neddylation process, including NEDDS,
E1l (NAE1), E2 (UBC12/UBE2M), were highly expressed in lung cancer tissues, which is
associated with poor overall survival of lung adenocarcinoma patients (8). To determine the
potential involvement of UBEZ2F, a less characterized neddylation E2, in lung cancer, we
performed immunohistochemistry (IHC) staining to measure the UBE2F level in a lung
cancer tissue microarray, consisting of 128 adenocarcinomas (LUAD) and 40 squamous cell
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carcinomas (LUSC), and scored results using receiver operating characteristic (ROC) curve
analysis (20). As shown in Figure S1A, the UBE2F cutoff score for overall survival was 4.75
(p<0.001). We therefore divided the cohort into high (score = 4) and low (score < 4)
expression based on the cutoff points (20) (Fig. 1A). More significantly, the Kaplan-Meier
analysis showed that high UBE2F expression predicted a poor overall survival of lung
cancer patients (n=168; p=0.01) (Fig. 1B) and for LUAD patients (n=128; p=0.033) (Fig.
1C), but not for LUSC patients (n=40; p=0.266) (Fig. 1D), which could be due to a limited
number in the LUSC patient samples. Furthermore, Oncomine data analysis also revealed
that compared to normal tissues, UBE2F mRNA was significantly elevated in LUAD in one
study (21) (Fig. S1B), and in large cell lung carcinoma and LUAD but not LUSC, in another
study (22) (Fig. S1C). These results therefore indicate that UBE2F is overexpressed in lung
cancer tissues and may serve as a novel prognostic biomarker for LUAD patients.

UBEZ2F overexpression promotes growth of lung cancer cells in vitro and in vivo

We next determined the biological significance of elevated UBE2F expression in lung cancer
cells. We found that ectopic expression of wild type (WT) UBE2F at a level comparable to
endogenous level (Figs. 1E and S1D) promoted cell survival as measured by ATP-lite and
colony formation assays, whereas similar expression of a catalytically inactive UBE2F
mutant (C116A), suppressed the growth and survival of lung cancer cells (Figs. 1F&G; Figs.
S1E&F). Thus, UBE2F appears to have growth-promoting activity with its enzymatic dead
mutant acting likely in a dominant negative manner.

We next determined growth promoting activity of UBE2F using an /7 vivo xenograft tumor
model and found when compared to the vector control, UBE2F-WT promoted /7 vivo tumor
growth, whereas UBE2F-C116A mutant suppressed it (p<0.05, Fig.1H). Consistently, the
average tumor size/weight at the end of the experiment (day 60) was the highest in the
UBE2F-WT group and lowest in the UBE2F-C116A mutant group, which are statistically
different from the vector control and between each other (Fig. 11). We further confirmed that
both UBE2F-WT and -C116A mutant were indeed expressed in tumor tissues (Fig. S1G),
and our IHC staining of tumor tissues revealed that compared to the vector control, UBE2F-
WT promoted survival (Ki-67) and inhibited apoptosis (cleavage caspase-3 and NOXA),
whereas UBE2F-C116A mutant had an opposite effect (Figs. 1J&K). Collectively, the
results from both /n vitro cell culture and /n vivo xenograft models coherently demonstrated
that UBE2F-WT promoted cell growth and survival, whereas the C116A enzymatically dead
mutant acted in a dominant negative manner to suppress growth and survival of lung cancer
cells.

UBEZ2F silencing inhibits cell growth by inducing apoptosis

We further validated UBE2F as an appealing cancer drug target using the siRNA-mediated
silencing approach in two lung cancer cell lines, along with immortalized bronchial
epithelial Beas-2B cells, serving as a “normal” control. Interestingly, UBE2F depletion
caused suppression of cell survival, as measured by ATP-lite assay in both H358 and A427
cells, whereas it had no effect on Beas-2B normal cells (Fig. 2A), demonstrating a tumor cell
specific effect consistent with a previous study that UBE2F knockdown inhibited the growth
of HeLa cells, but not immortalized NIH3T3 cells (12). Furthermore, clonogenic survival of
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both cancer cell lines was also significantly suppressed upon UBEZ2F silencing (p<0.01;
Figs. 2B&C). The nature of suppression in survival upon UBE2F depletion was via
induction of apoptosis in both H358 and A427 cells, but not in Beas-2B cells, as evidenced
by cleavage of PARP and caspase-3 (Fig. 2D), as well as the induction of DNA
fragmentation (Fig. 2E). Thus, growth suppression upon UBE2F depletion is mediated via
apoptosis induction. Taken together, both gain-of-function and loss-of-function experiments
strongly suggested that UBE2F could be a novel therapeutic target for lung cancer.

We finally applied a pharmaceutical approach to validate neddylation modification,
including UBEZ2F, as an attractive lung cancer target by using an /n vivo xenograft model.
Treatment of H358 xenograft tumor-bearing mice with MLN4924, a small molecule
inhibitor of NAE (23), to block the entire process of neddylation modification, significantly
suppressed tumor growth (Fig. S2A&B). The effect on normal tissues was minimal, if at all,
as reflected by relatively unchanged body weight during drug treatment (Fig. S2C).
Importantly, MLN4924 indeed hit the target as demonstrated by cullin-1 deneddylation in
tumor tissues (Fig. S2D), and suppressed survival and induced apoptosis (Figs. S2E&F).

UBEZ2F negatively regulates pro-apoptotic NOXA levels in lung cancer cells

We have previously shown that SAG/RBX2 negatively regulates NOXA with an unknown
mechanism (15). Given SAG couples with UBE2F to neddylate CUL5 (12), we first
systematically measured NOXA levels upon siRNA-based silencing of three components of
CRLS5, including UBE2F, SAG and CULS5, individually. As a comparison, we also silenced
three components of CRL1 including UBE2M, RBX1, and CUL1. In both H358 (Fig. 3A)
and A427 (Fig. S3A) lung cancer cells, depletion of UBE2F, SAG or CUL5 decreased CUL5
neddylation and caused significant accumulation of NOXA, whereas depletion of UBE2M,
RBX1, or CUL1, reduced CUL1 neddylation, but failed to increase NOXA level. The results
clearly showed that NOXA levels are subjected to regulation by CRL5 but not by CRL1. Itis
worth noting that silencing SAG decreased UBEZ2F, and vice versa (data not shown). Given
that UBE2F and SAG are neddylation E2 and E3 for CUL5 neddylation, respectively, it is
very likely that they form the complex /n vivo, which is much more stable than their
respective free form.

We then focused our study on UBE2F and determined its role in modulating CRL5. Using
both gain-of-function and loss-of-function approaches we found that in both lung cancer cell
lines, overexpression of UBE2F-WT, but not its enzymatically dead mutant UBE2F-C116A,
increased CULS5 neddylation (Figs. 3B&S3B). Moreover, UBE2F depletion largely
eliminated CUL5 neddylation (Figs. 3C&S3C) without much effect on Beas-2B normal cells
(Fig. S3D), indicating that UBE2F effect is highly cullin-5 and cancer cell specific at the
cellular levels. Neither approach had any significant effect on the neddylation of all other
cullins, including cullin-1, -2, -3, -4A and -4B in both lung cancer cell lines (Figs. 3B&C
and S3B&C).

Given that UBE2F is specific for neddylation of CULS5 leading to CRL5 activation (12) to
promote the ubiquitylation and degradation of substrates, we measured the levels of a few
reported CRL5 substrates, including the host antiviral factor APOBEC3G (apolipoprotein B
mMRNA editing enzyme, catalytic polypeptide-like 3G (A3G)) (24), active phospho-Src (25),
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and Dab1l (Disable-1) (26), along with a few CRL1 substrates known to regulate
proliferation (p21, p27) and apoptosis (Bim). Ectopic expression of neither UBE2F-WT nor
-C116A mutant caused any significant accumulation of these reported substrates for CRL5
or CRL1 except NOXA, which was decreased or increased upon overexpression of UBE2F-
WT or C116A, respectively (Fig. 3D). Likewise, depletion of UBE2F had no effect on the
levels of these reported substrates of CRL5 and CRL1 except NOXA, which was
accumulated (Figs. 3E&S3E). Interestingly, UBE2F deletion did not cause NOXA
accumulation in normal Beas-2B cells (Fig. S3D), further suggesting that UBE2F effect is
cancer cell specific. Taken together, UBE2F negatively regulates NOXA protein levels.

We next determined whether UBE2F regulates NOXA protein half-life. Compared with the
vector control, UBE2F-WT overexpression decreased the basal level of endogenous NOXA
and shortened its protein half-life from ~1 hr to 30 min, whereas UBE2F-C116A
overexpression increased the basal level of endogenous NOXA and extended NOXA protein
half-life to ~1.5 hrs (Figs. 3F&G). Notably, effect of UBE2F on NOXA can be completely
reversed by the proteasome inhibitor MG132 (Fig. S3F), indicating that UBE2F-mediated
NOXA degradation is proteasome-dependent. Consistently, UBE2F depletion by siRNA
silencing significantly extended protein half-life of endogenous NOXA up to 2 hrs (Figs.
3H&I). Taken together, our results demonstrate that UBE2F reduces the NOXA levels by
shortening its protein half-life.

UBEZ2F-activated CRL5 promotes NOXA poly-ubiquitylation via the K11 linkage

We further investigated whether NOXA is indeed a bona fide substrate of CRL5, but not
CRL1. We first found that ectopically expressed CUL5 pulled down endogenous SAG,
UBEZ2F, and NOXA, showing that neddylation E2/E3 formed a complex with its substrate /n
vivo, whereas ectopically expressed CUL1 only showed a strong binding with endogenous
RBX1, and UBE2M, with a weak binding to SAG (Fig. 4A), indicating that NOXA is
physically bound to CRLS5, but not CRL1.

UBEZ2F has been previously reported to co-operate with SAG/RBX2 E3 to promote CUL5
neddylation (12). To confirm this, we performed an /n vitro neddylation assay by using
purified neddylation E1, E2 (UBE2F or UBE2M), E3 (co-purified full-length-SAG/
truncated-CUL5 (398-780) proteins), and NEDDS in a reaction mixture with or without
addition of MLN4924, a small molecule inhibitor of NAE (23). Our results showed that
UBEZ2F, but not UBE2M, promoted CULS5 neddylation, which could be blocked by
MLN4924 (Fig. 4B), demonstrating that UBE2F can indeed activate CRL5 by promoting
CULS5 neddylation in our system.

It is currently controversial whether NOXA degradation by proteasome is mediated via
ubiquitylation. Two previous studies suggested it is ubiquitylation independent (16, 17),
whereas the third study showed that it is dependent via the K48 linkage (18). We, therefore,
determined whether NOXA is subjected to poly-ubiquitylation by CRL5 and if so, by which
lysine/K linkage. We first performed a cell-based (/7 vivo) ubiquitylation assay by using
wild-type ubiquitin (WT-UDb), ubiquitin mutants with specific K replaced by R (arginine)
(KR-Ub), or an ubiquitin mutant with all K replaced by R (K0-Ub). The results showed that
when wt ubiquitin was used, NOXA can be poly-ubiquitylated by an E3 complex purified
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from cell lysates after co-transfection of UBE2F-SAG-CULS5 (Fig. 4C). Interestingly,
NOXA poly-ubiquitylation can also be seen when K48R or K63R mutants, but not KO or
K11R was used as the ubiquitin source (Fig. 4C), strongly suggesting that NOXA poly-
ubiquitylation is via the K11 linkage. We further confirmed the finding by utilizing a series
of ubiquitin mutants, containing only one indicated lysine, while all six other lysine residues
replaced by arginine residues (K-Ub) in the same assay. Compared to WT-Ub, K11-Ub was
the only ubiquitin mutant that retained NOXA poly-ubiquitylation (Fig. 4D).

To further demonstrate that NOXA is a bona fide substrate of CRL5 but not CRL1, we
compared the poly-ubiquitylation of NOXA and p27 by co-transfection of UBE2M/RBX1/
CUL1 (CRL1 complex), or UBE2F/SAG/CULS5 (CRL5 complex) respectively. While the
CRL1 specifically promoted the p27 poly-ubiquitylation, CRL5 promoted only NOXA poly-
ubiquitylation (Figs. S4A&B). To further identify the ubiquitylation site(s) on NOXA
catalyzed by CRL5, we transfected 293 cells with His-tagged NOXA and its various K
mutants (17), in which the K residues of the wild-type NOXA were changed to R residues in
various combinations, and performed the /7 vivo ubiquitylation assay. The results showed
that NOXA C3KR mutants with three C-terminal K residues K35, K41, and K48
simultaneously replaced by three R residues, had a complete elimination of ubiquitylation,
whereas the ubiquitylation of any other mutants remained (Fig. S4C).

Two previous studies reported that NOXA is degraded in an ubiquitin-independent manner
(16, 17). However, both studies failed to compare NOXA protein half-life using wt vs.
various NOXA mutants in the same Western Blotting. To ensure a fair comparison, we
measure protein half-life of wt vs. C3KR mutant by including them in the same Western
Blotting. Our results convincingly showed that the half-life of exogenously expressed His-
tagged NOXA-WT is significantly shorter than that of NOXA-C3KR (Fig. S4D; compare
lanes 6-10 vs. 11-15). Furthermore, co-transfection of UBE2F-WT significantly shortened
the half-life of exogenous NOXA-WT but not C3KR mutant (Fig. SAE; compare lanes 5-8
and 9-12). Collectively, our data showed that NOXA is a bona fide substrate of UBE2F/
CRL5 with ubiquitylation occurring at anyone or all three carboxyl-terminal lysine residues
(K35/41/48).

To further confirm the finding, we performed an /in vitro ubiquitylation assay by using K11-
specific E2s. It was previously shown that K11 specificity is determined by an E2 enzyme,
UBEZ2S, which elongates ubiquitin chains after the substrates are pre-ubiquitylated by
UBCH10 (27, 28). To do this, we pulled down FLAG-CUL5/-SAG or FLAG-CUL1/-RBX1
(E3s) using bead-conjugated FLAG antibody from transfected 293 cells, and then added it,
as E3 source, into an /n vitro ubiquitylation reaction mixture, containing purified NOXA
protein (substrate), E1, E2s (UBE2S and UBCH10), purified wild-type ubiquitin (WT-Ub)
and a series of ubiquitin mutants with K-to-R replacement (KR-Ub). We found that in the
reaction mixture with K11-specific E2s, all forms of ubiquitin, except the K11R mutant,
showed long poly-ubiquitylation chains (Fig. 4E, lane 5-8). Consistently, no NOXA poly-
ubiquitylation was seen when CUL1-RBX1 was used as E3 source (Fig. 4E, lane 9). We
further confirmed the finding by using K11, K48, and K63 mutants (only indicated lysine
residue in wt form). Indeed, in addition to wt ubiquitin, only K11 mutant showed NOXA
ubiquitylation chain (Figure 4F). Taken together, our data clearly demonstrated that CRLS5,
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activated by UBE2F/SAG, but not CRL1, promotes NOXA poly-ubiquitylation for
subsequent proteasomal degradation, via not conventional K48 linkage but the K11 linkage,
which is also implicated for proteasomal degradation (29).

NOXA is selectively accumulated in U20S-shUb-Ub (K11R) cells and responsible for

apoptotic phenotype
To further demonstrate that NOXA is degraded via K11 linkage but not the conventional
K48 linkage at the cellular level, we detected NOXA expression in U20S cells where
endogenous ubiquitin was deleted and replaced with K11R, K48R and K63R mutants,
respectively, using a tetracycline-inducible system (30). To characterize the efficiency of
ubiquitin knockdown and replacement upon tetracycline treatment in these cell lines, we
carried out RT-PCR (reverse transcription-polymerase chain reaction) analyses using primers
that distinguish endogenous and exogenous ubiquitin genes (30). The results showed that the
expression of all four endogenous ubiquitin genes UBAS52 (Ubiquitin A-52 Residue
Ribosomal Protein Fusion Product 1), UBB (ubiquitin B), UBC (ubiquitin C), and RPS27A
(Ribosomal Protein S27a), was reduced by 80%-95%, and the expression of the ubiquitin
transgenes, UB', was dramatically induced when the cells were grown in the presence of
tetracycline for 4 days (Fig. S5A). NOXA was then found to be accumulated at the highest
level in tetracycline-inducible K11R cells (Fig. 5A, lane 4) with p21, p27, and Bim, which
are all degraded through the K48 linkage, accumulated most obviously in tetracycline-
inducible K48R cells (Fig. 5A. lane 6), further demonstrating that the K11 linkage but not
K48 linkage is involved in the proteasomal degradation of NOXA. Moreover, we found that
tetracycline treatment inhibited cell growth and induced apoptosis most significantly seen in
K11R cells (Fig. S5B) as evidenced by increased cleavage of PARP and caspase-3 (Fig. 5B),
as well as increased DNA fragmentation (Fig. 5C). Simultaneous NOXA knockdown could
largely reverse growth inhibition (Fig. 5D) and apoptotic phenotypes (Figs. 5E&F) caused
by tetracycline treatment, which triggered the expression of degradation-resistant NOXA in
the K11R cells. Thus, it appears that NOXA plays a causal role in apoptosis induction under
these experimental conditions.

NOXA depletion partially rescues phenotype triggered by UBE2F knockdown

We finally determined whether NOXA accumulation played a causal role in apoptosis
induction triggered by UBE2F depletion in H358 cells via a functional rescuing experiment.
Indeed, growth suppression and apoptosis triggered by UBE2F depletion were largely
abrogated by simultaneous depletion of NOXA, as measured by ATP-lite assay (p<0.01; Fig.
5G), clonogenic survival assay (p<0.01; Fig. 5H), and IB for apoptotic cleavage of PARP
and caspase-3 (Fig. 51). Thus, NOXA ubiquitylation and subsequent degradation plays a
causal role in UBE2F-induced growth promotion of lung cancer cells.

Expression of UBE2F, CUL5 and NOXA in human primary lung cancer tissues and their
association with patient survival
Finally, we compared whether expression of UBE2F, CUL5 and NOXA is correlated in lung
cancer tissues and whether their expression is associated with patient survival. We
performed IHC staining for CUL5 and NOXA in a lung cancer tissue microarray and scored
results by analysis of ROC curve, as we did for UBE2F IHC staining (Fig. 1A&S1A). As

Clin Cancer Res. Author manuscript; available in PMC 2018 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhou et al.

Page 10

shown in Figure S6A, ROC analysis revealed that the score of 4.25 and 2.25 were the cutoff
points for CUL5 and NOXA, respectively, to distinguish the tumor samples as being high or
low expressers (Fig. S6A&B).

Based upon ROC cutoff points, the levels of UBE2F and CULS5 expression were inversely
correlated with the level of NOXA expression in the same sets of samples (Fig. 6A).
Specifically, in a total of 168 NSCLC cases studied, UBE2F was highly expressed in 97
(97/168; 57.7%) tumor tissues, of which 73 (73/97; 75.3%) showed an elevated CUL5
expression and 74 (74/97; 76.3%) showed a decreased NOXA expression (Fig. S6C). The
correlation coefficient (r2) for UBE2F and CULS5 is 0.651, and for UBE2F and NOXA is
-0.339, which are both statistically significant (p<0.001) (Fig. S6C). More significantly, we
analyzed the correlation among co-overexpression of UBE2F and CULS5 vs. NOXA with
patient survival and found that in 97 NSCLC patients with elevated UBE2F expression, the
subset with higher CUL5 (n=73) showed a worse overall survival, as compared with those
with low CULS5 expression (p=0.001; Fig. 6B). On the other hand, patients with low NOXA
expression (n=74) within the high UBE2F expression group (n=97) showed poorer overall
survival compared with those with high NOXA expression (p=0.005; Fig. 6C). Thus, high
frequency of co-overexpression of UBE2F and CUL5 coupled with low expression of
NOXA in lung cancer suggests that CULS5 activation via neddylation (by UBE2F) to
promote NOXA degradation may actually occur during human lung tumorigenesis.

Discussion

Accumulated data suggest that altered protein neddylation is actively involved in the
tumorigenesis, as evidenced by a growing list of NEDD8 substrates with oncogenic
implications (2) and the pro-survival roles of a variety of neddylation E3s in cancers (4-7).
Our recent study further demonstrates that the components of protein neddylation process,
including NEDDS, E1 (NAE1), E2 (UBE2M) are over-expressed in lung cancer tissues,
whereas knockdown of these components suppresses the growth of cancer cells (8).
However, how UBEZ2F, a less characterized NEDDS8 E2, acts in lung cancer is largely
unknown. In the present study, we report a growth promoting function of UBE2F, as
supported by the following pieces of evidence: 1) UBE2F is over-expressed in NSCLC
tissues and its overexpression is associated with poor prognosis of patients with lung
adenocarcinomas (Fig. 1A-D); 2) overexpression of UBE2F-WT promotes, whereas
overexpression of catalytic inactive UBE2F mutant (C116A) inhibits the growth of lung
cancer cells both /n vitro culture and in vivo xenograft models (Fig. 1E-K); and 3) UBE2F
knockdown significantly inhibits the growth of lung cancer cells by inducing apoptosis (Fig.
2).

Cullin neddylation has been shown to increase the ligase activity of CRLs, thus promoting
the ubiquitylation and degradation of their protein substrates. In this study, we identified that
pro-apoptotic protein NOXA is a bona fide substrate of CRL5, but not CRL1, E3 ligase for
targeted ubiquitylation and degradation with the following pieces of supporting evidence: 1)
NOXA level decreases upon UBE2F-WT overexpression, but increases upon UBE2F-
C116A overexpression or UBE2F depletion; 2) NOXA protein half-life is shortened upon
UBEZ2F overexpression and extended upon UBE2F depletion; 3) NOXA forms a complex

Clin Cancer Res. Author manuscript; available in PMC 2018 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhou et al.

Page 11

with the UBE2F/SAG/CULS5; 4) CRLS5, but not CRL1, promotes poly-ubiquitylation of
NOXA at the C-terminal three lysine residues, as measured by both /n vivoand in vitro
ubiquitylation assays.

The ubiquitin-proteasome system (UPS) fulfills essential cellular functions in eukaryote
organisms through timely degradation of a variety of regulatory proteins (31). It is
established that NOXA is a short-lived protein and subjected to ubiquitylation (32).
However, it is controversial whether proteasome-mediated degradation of NOXA is
ubiquitylation dependent or independent. Two studies suggested that it is ubiquitylation-
independent since a ubiquitylation-resistant K-to-R mutant of NOXA has a similar protein
half-life as the wt NOXA (16, 17), whereas a third study showed that NOXA is subjected to
K48-linked ubiquitylation and its removal by deubiquitylating enzyme UCH-L1 (Ubiquitin
C-Terminal Hydrolase L1) protects NOXA from proteasome degradation (18). Nevertheless,
all three studies did not identify any E3s responsible for NOXA poly-ubiquitylation.
Furthermore, the first two studies did not compare NOXA protein half-life using wt vs.
various NOXA mutants run in the same Western blot. Here, we demonstrated that
exogenously expressed NOXA-WT clearly shows a much shorter half-life, compared to a C-
terminal lysine-free mutant (C3KR) in the same Western blot (Fig. S4D). Furthermore, co-
transfected UBE2F significantly shortened the half-life of exogenous NOXA-WT, but had
little, if any, effect on the half-life of exogenous NOXA-C3KR (Fig. S4E). Accordingly, in
our system, we identified and characterized that CRL5 is a bona fide E3 that mediates the
ubiquitylation and subsequent degradation of NOXA.

Polyubiquitin chains are assembled via one of seven lysine residues or the N terminus.
While the essential roles of K48-linked chains in proteasomal degradation (33) and K63-
linked chains in cell signaling (34) have been well characterized, the functions of the
remaining ‘atypical’ ubiquitin chain types are less well defined. Recent work has implicated
that K11-linked polyubiquitin chains serve as a degradation signal for APC/C substrates in
regulation of cell division (35, 36). The APC/C can utilize ‘priming’ E2 enzymes such as
UBE2C (also known as UBCH10) or UBE2D (also called UBCH5 or UBC4) (36, 37) to
decorate substrates with mono-ubiquitin and short ubiquitin chains, which were
subsequently extended by the K11-specific ‘elongating’ E2 enzyme (UBEZ2S) into long K11-
linked ubiquitin polymers (27, 28). Long K11-linked polyubiquitin chains are assembled by
the APC/C (Anaphase-Promoting Complex/cyclosome) in a single substrate binding event,
and then promote rapid degradation of modified proteins during cell cycle progression (27,
36, 38). K11 linkages were also identified in the context of mixed ubiquitin chains in several
cellular processes, including endoplasmic reticulum associated degradation (ERAD) (39),
membrane trafficking (40) and TNFa (tumor necrosis factor a) signaling (41). Many
described cellular pathways that function by utilizing K11 linkages are involved in human
disease, and overexpression of the K11-specific E2 enzymes UBE2C and UBE2S has been
associated with cancer [for review, see (29)]. Here, we clearly showed using various
ubiquitin mutants in both /n vivo and in vitro ubiquitylation assays that the linkage of
NOXA poly-ubiquitylation mediated by UBE2F-activated CRL5 E3 is not through
conventional K48, rather through atypical K11. To the best of our knowledge, this is the first
study reporting that in addition to APC/C E3, CRL5 can also promote K11-linked poly-
ubiquitylation. It is worth noting that until now poly-ubiquitylation of all substrates known
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to be induced by CRL E3 for proteasomal degradation is mediated via the K48-linked
ubiquitin chain.

We used ubiquitin replacement strategy (30) to investigate the function of polyubiquitin
topology in degradation of CRL substrates and regulation of apoptosis. We found that
among 4 CRL substrates tested, using wt and three ubiquitin mutants, the K11 linked
ubiquitylation regulates NOXA (novel finding of this study), whereas the K48 linked
ubiquitylation regulates p21, p27, and Bim (which is well-established). Furthermore,
expression of K11R caused the most substantial growth suppression due to induction of
apoptosis, which is mainly attributable to accumulated NOXA due to lack of degradation,
since depletion of NOXA can largely reverse apoptotic phenotype. Thus, CRL5-induced
NOXA ubiquitylation via the K11-linkage for targeted degradation plays an essential role in
apoptosis regulation.

Deregulation of various components of the ubiquitin-proteasome system (UPS) (42), which
maintains the protein homeostasis by timely degradation of unwanted proteins, has been
observed in lung cancer (43, 44). We have previously shown that SAG, a neddylation and
ubiquitylation E3, is overexpressed in lung cancer with poor patient survival (7, 15). Here
we showed that neddylation E2 UBEZ2F is also overexpressed in lung cancer. More
importantly, co-overexpression of UBE2F-CULD5, coupled with down regulation of NOXA is
significantly correlated with poor survival of lung cancer patients. This association study
suggests that activation of CRL5 with consequent degradation of NOXA could be a frequent
event during lung tumorigenesis.

In summary, our study supports the following model. While UBE2M couples with RBX1 to
neddylate CUL1-4, thus activating CRL1-4 for targeted degradation of their substrates (such
as p21, p27, Bim) via K48-linked ubiquitylation, UBE2F couples with SAG/RBX2 to
neddylate CULS5 for CRL5 activation and subsequent ubiquitylation and degradation of
NOXA via the K11-linkage. Overexpression of UBE2F (E2) and CULS5 (this study), and
SAG (E3) (15) in lung cancer cells would promote NOXA degradation, leading to blockage
of apoptosis for increased cell survival. Thus, targeting the UBE2F/SAG/CRLS5 axis either
by small molecule inhibitor such as MLN4924, or by genetic depletion of either component
would inactivate CRL5 to cause NOXA accumulation and apoptosis induction, thus
antagonizing UBE2F-mediated growth-stimulating processes (Fig. 6D). Overall, our study
provides convincing experimental evidence to show that the UBE2F/SAG/CRL5 axis is a
valid and attractive drug target. Given the fact that depletion of UBE2F, but not UBE2M (12)
selectively suppresses growth of lung cancer cells, but not normal cells (Fig. 2B), targeting
UBEZ2F, rather than UBE2M, could be a preferred approach for anti-cancer therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Translational Relevance

Lung cancer, especially NSCLC, is the leading cause of cancer death in the USA and
around the world. Although great efforts have been made to develop targeted therapies
against NSCLC, the five-year survival of patients remains low. Thus, development of
specific biomarkers and validation of attractive targets remain a priority and challenge. In
this study, we report that UBE2F is highly expressed in NSCLC tissues, which is
negatively associated with overall survival. Furthermore, UBE2F overexpression
promotes cancer cell growth both in vitro and in vivo, whereas UBE2F knockdown
selectively inhibits growth of lung cancer cells, but not non-transforming bronchial cells.
Mechanistically, UBE2F down-regulates NOXA through promoting its ubiquitylation via
a novel K11 linkage. Our study validates UBE2F as an attractive lung cancer target and
provides an appealing rationale for future discovery of specific UBE2F inhibitors against
NSCLC.
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Figure 1. UBE2F high expression in human lung tumor tissues associates with poor patient
survival and UBE2F overexpression promotes the growth of lung cancer cellsboth in vitro and in

vivo

(A) UBEZ2F staining in lung tumor tissues: LUAD (lung adenocarcinoma) and LUSC (lung
squamous carcinoma) tissue microarrays were stained by using Abs against UBE2F
(Abcam). (B-D) Kaplan-Meier curves to show association between the levels of UBE2F
expression and overall survival of patients with NSCLC (B), LUAD (C), and LUSC (D). (E)
Expression of UBE2F: indicated plasmids were transfected into H358 cells individually,
followed by G418 selection for 2 weeks. The stable clones were pooled and subjected to IB.
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(F& G) Effects of UBE2F on cell growth and survival: H358 stable clones were seeded into
96-well plates, followed by ATPlite assay after incubation for various time points (F); or
seeded into 60-mm dishes at 800 cells per dish in duplicate, and incubated at 37°C for 14
days, followed by 0.05% methylene blue staining and colony counting (G). Shown is mean +
SD from three independent experiments (*, p<0.05; **, p<0.01); (H& 1) Effects of UBE2F
on tumor growth in xenograft models: 5 x 10% of H358 stable clones were inoculated
subcutaneously in both flanks of nude mice, with 5 mice in each group. The tumor growth
was monitored up to 60 days and growth curve plotted (H). Tumor tissues were weighed and
photographed at 60 days (I). Student's #test was used to compare each experimental group
with the control group. Shown are mean + SEM, *, p<0.05; **, p<0.01; (J& K) IHC staining
of mouse tumor tissues: tumor tissues were fixed, sectioned, and stained. Scale bars: 100
UM. Positively stained cells were counted out of a total of 500 cells on average from 3
independent tumors derived from 3 mice per group. Shown are mean * SD, *, p<0.05; **,
p<0.01.
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Figure 2. UBE2F silencing selectively inhibits growth of lung cancer cells by inducing apoptosis
(A) Cell growth assay: after UBE2F siRNA silencing, cells were seeded into 96-well plates

at 3,000 per well in triplicate and measured by ATPlite assay over periods up to 120 hrs.
Shown is mean + SD from three experiments (*, £<0.05); (B& C) Clonogenic survival assay.
Cells after UBE2F siRNA silencing were seeded into 60-mm dishes at 800 cells (C; H358)

or 600
0.05%

cells (D; A427) per dish in duplicate, and incubated at 37°C for 14 days, followed by
methylene blue staining and colony counting. Results are representative of three

independent experiments (mean = SD; **, p<0.01); (D& E) UBE2F knockdown induces

Clin

Cancer Res. Author manuscript; available in PMC 2018 February 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Zhou et al.

Page 20

apoptosis in lung cancer cells: cells were transfected with si-Cont and si-UBE2F for 48 hrs,
followed by IB (E) and DNA fragmentation (F). Results are representative of three
independent experiments.

Clin Cancer Res. Author manuscript; available in PMC 2018 February 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhou et al.

Page 21
v.
)
g é\i‘
© [¢)
- N N D 47,0
A I s B .<& C ©' D T
- S N o L& S S
T EEVEE S ¥ &Y S F &
3853383 S&F& R Q
A O S Sl ol Sl LIS % & & 21
FIPEEE. 20{ = &]p

20J2 - == = = |UBE2F 7 Ly 75 G CVL 25{@ = == |p27
15-|‘- . e - ‘|SAG 75 CULZ 75 = = ==|CUL2 szim
15| B 5 C UL 5 e -l = #Finoxa

20-| o em@mes = ==|yBE2M7S CULAA, 25

BB cun (oo
15'1---—- -lRBX1 100-EICUL4B 100 cuL4B 75_E|Dab1
75| | C UL 1 75@“’"5 75| - | CULS s7Jm—— | A3G
10— _INOXA 25| mm] UBEZF o [@  —|uBEcF | ——CUL1

] -actin B-actin
---—.—.{ -actin 37 B-ac 37
37J B H358 H358 75

12 3H;5§ 6 7 8 25UBE2F

E (&& F G Ha58
S
PP PCDNA3 2F-WT 2F-C116A
20 p21 00512400512400512 4 (CHXh)
P sirisets Lomn

1o-| o e
2@!’27 N -l -...0““.|HA-2F

10 37_|w|ﬁ-actin 3
ENOXA 123456 7 89101112131415 o

(1] e S—m—
0 05 1 2 4

Hours after CHX
el H358

75 H . .
Si-Cont Si-UBE2F-1 31 0
37_EIA3G 0 05124 0051 2 4 (CHXh) i - UBEDF- 1
10 ~ M~ [NOXA <08 oot
=== s

sBmemlcus  wiZ=s=s  Jueezr §0:4

20-|Z|U BE2F 37JM| B-actin g 0.2
. 12345678910 S 0+ r r '

37 B-actin H358 € "0 05 1 2 4
H358 Hours after CHX

Figure 3. UBE2F negatively regulates NOXA level in lung cancer cells
(A) NOXA is increased upon silencing of CRL5 components. H358 cells were transfected

with indicated siRNAs for 48 hrs. Cells were then harvested for IB. (B-E) Regulation of
Cullins, known CULS5 substrates, and NOXA by UBE2F: H358 stable clones (B&D),
expressing wild-type or enzymatic dead UBE2F mutant, along with pcDNA control, were
harvested for IB. H358 (C&E) cells were transfected with si-Cont or si-UBE2F-1/-2 and
harvested 48 hrs later for IB. (F-1) Measurement of NOXA T2 lung cancer cells were
either transfected with indicated plasmids (F&G) or siRNAs (H&I). Cells were then
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switched to fresh medium (10% FBS) containing cycloheximide (CHX) and incubated for
indicated time periods before being harvested for IB (F&H). The band density was
quantified using ImageJ software and plotted (G&lI).
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Figure 4. CRL5 facilitates poly-ubiquitylation of NOXA viathe K11-linkage
(A) UBE2F, CUL5, SAG, and NOXA bind to each other. H358 cells were transfected with

FLAG-CULS5 or FLAG-CUL1, and lysates were immunoprecipitated using FLAG-tagged
beads or 1gG control, followed by IB to detect endogenous proteins as indicated. The 10% of
the extracts used for the input. (B) UBE2F/SAG specifically promotes CUL5 neddylation
using an /n vitro neddylation assay. APP-BP1/UBA3, NEDDS, co-purified full-length-SAG/
truncated-CUL5 (398-780) proteins, and UBE2F or UBE2M, were incubated in a reaction
mixture with or without addition of MLN4924 for 10 min at room temperature, followed by
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IB by using CUL5 Ab. (C& D) CRL5 promotes poly-ubiquitylation of NOXA via the K11-
linked chain using an /n vivo ubiquitylation assay. 293 cells were co-transfected with
pcDNA3, FLAG-NOXA (substrate), E3 complex (FLAG-CULS5; FLAG-SAG; HA-UBE2F),
and wild type His-HA-tagged ubiquitin or various ubiquitin mutants, as indicated. Whole
cell extracts and Ni-NTA affinity purified fractions were analyzed by IB with anti-NOXA
antibody (Mouse; Millipore). *: non-specific band. (E& F) CRL5 promotes poly-
ubiquitylation of NOXA via K11-linked chain, using an /n vitro ubiquitylation assay. The
293 cells were co-transfected with FLAG-CUL5 and FLAG-SAG (F-CUL5/-SAG), or
FLAG-CULL1 and -RBX1 (F-CUL1/-RBX1). Cells were then collected 48 hrs post
transfection and lysed, followed by pull-down with FLAG-tagged beads. FLAG-tagged
CULS/SAG or CULL/RBX1, which serve as the E3 complex, were then incubated in a
reaction mixture containing ATP, ubiquitin, E1, E2 (UBE2S and UBCH10), and substrate
(purified NOXA protein), followed by ubiquitylation assay. *: non-specific band.
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Figure 5. NOXA is selectively accumulated and responsible for the apoptotic phenotypein
tetracycline-induced U20S-shUb-Ub (K11R) cells

(A) NOXA is specifically accumulated in the cells with tetracycline-induced replacement of
endogenous Ub with Ub (K11R): U20S-shUb-Ub (WT), -Ub (K11R), -Ub (K48R), and -Ub
(K63R) cells were treated with or without tetracycline (1 mg/mL) for 4 days before cell
lysates were prepared for IB. The ratio of the intensity of the bands corresponded to NOXA,
p21, p27, Bim and B-actin, were shown in the bottom. Results are representative of three
different experiments. (B& C) Enhanced apoptosis was detected in the U20S-shUb-Ub
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(K11R) cells upon tetracycline treatments. Cells were seeded in duplicate and treated with or
without tetracycline (1 mg/mL) for 4 days and then collected for IB (B) and DNA
fragmentation assay (C). Results are representative of three different experiments. (D-F)
NOXA knockdown reverses the growth suppression and apoptotic induction in U20S-shUb-
Ub (K11R) cells. U20S-shUb-Ub (K11R) cells were seeded in duplicate and treated with or
without tetracycline (1 mg/mL) for 3 days, and then transfected with LT-Cont and LT-
NOXA, followed by ATPlite assay 72 hrs later (D), IB (E) and DNA fragmentation assay
(F). (G-1) NOXA knockdown rescues apoptotic phenotypes induced by UBE2F silencing.
H358 cells were transfected with si-Cont and si-UBEZ2F first, and then with LT-Cont and LT-
NOXA, and incubated for 72 hrs. Cells were split and seeded for ATPlite assay (G),
clonogenic assay (H), and IB (I). Shown are mean £ SD; **, p<0.01. Results are all
representative of three different experiments.
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Figure 6. Expression of UBE2F, CUL5, and NOXA in lung cancer tissuesand their association
with patient survival

(A) UBE2F, CULS5, and NOXA staining in lung tumor tissues: LUAD (lung
adenocarcinoma) and LUSC (lung squamous carcinoma) tissue microarrays were stained by
using Abs against UBE2F (Abcam), CULS5 (Sata cruz) and NOXA (Millipore). (B& C)
Kaplan-Meier estimation of overall survival between the levels of CUL5 (E), NOXA (F) and
overall survival of patients with high UBE2F expression. (D) A working model. UBE2M-
RBX1 neddylates CUL1-4 to activate CRL1-4 for substrate ubiquitylation via the K48-
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linkage, followed by degradation, while UBE2F-SAG neddylates CULS5 to activate CRL5
for NOXA ubiquitylation via the K11-linkage and subsequent degradation, leading to cell
survival. Thus, targeting CRL5 would cause NOXA accumulation to induce apoptosis and
inhibit tumorigenesis.
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