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Background: XIAP is involved in cancer cell proliferation.
Results:The deficiency ofXIAPE3 ligase inhibits cancer cell anchorage-independent growth, cell cycle transition, and cyclinD1
transcription, which is mediated by its regulation of PP2A catalytic subunit phosphorylation, thereby activating AP-1.
Conclusion: XIAP E3 ligase mediates cyclin D1 transcription via PP2A-regulated AP-1 activation.
Significance: This study suggests that XIAP E3 ligase can serve as a cancer therapeutic target.

The X-linked inhibitor of apoptosis protein (XIAP) is a well
known potent inhibitor of apoptosis; however, it is also involved
in other cancer cell biological behavior. In the current study, we
discovered that XIAP and its E3 ligase played a crucial role in
regulation of cyclinD1 expression in cancer cells.We found that
deficiency of XIAP expression resulted in amarked reduction in
cyclin D1 expression. Consistently, cell cycle transition and
anchorage-independent cell growth were also attenuated in
XIAP-deficient cancer cells comparedwith those of the parental
wild-type cells. Subsequent studies demonstrated that E3 ligase
activity within the RINGdomain of XIAP is crucial for its ability
to regulate cyclin D1 transcription, cell cycle transition, and
anchorage-independent cell growth by up-regulating transacti-
vation of c-Jun/AP-1. Moreover, we found that E3 ligase within
RING domain was required for XIAP inhibition of phosphatase
PP2Aactivity by up-regulation of PP2Aphosphorylation atTyr-
307 in its catalytic subunit. Such PP2A phosphorylation and
inactivation resulted in phosphorylation and activation of its
downstream target c-Jun in turn leading to cyclinD1expression.
Collectively, our studies uncovered a novel function of E3 ligase
activity of XIAP in the up-regulation of cyclin D1 expression,
providing significant insight into the understanding of the bio-
medical significance of overexpressed XIAP in cancer develop-
ment, further offering a new molecular basis for utilizing XIAP
E3 ligase as a cancer therapeutic target.

The X-linked inhibitor of apoptosis protein (XIAP4; also
known as BIRC4) is the best characterized member of the IAP
family and a potent inhibitor of the caspase/apoptosis pathway
(1). XIAP expression is elevated in many cancer tissues, includ-
ing prostate (2); acute and chronic leukemia (3, 4); and other
types of cancers (5–7) and is closely related to the progression
and aggression of malignant cancer (8, 9). Down-regulation of
XIAP renders cancer cells more sensitive to apoptotic induc-
tion and reduces their tumorigenicity (10, 11). Ourmost recent
studies show that either knock-out or knockdown of XIAP
decreasesHCT116 cellmigration and invasion in vitro, whereas
the reconstitutive expression of XIAP in XIAP�/� HCT116
cells restores cancer cell motility (12), demonstrating a novel
function of XIAP in the regulation of cancer cell invasion,
which is distinctly different from its well characterized antiapo-
ptotic properties.
The structure ofXIAP is characterized by three repeats of the

baculovirus IAP repeat (BIR) domain at its NH2 terminus and a
RING finger domain near its COOHterminus (13). XIAP exerts
its antiapoptotic effect by inactivating several key caspases such
as caspases 3, 7, and 9 mainly via BIRs (13). The XIAP RING
domain has E3 ubiquitin ligase activity and is able to promote
the degradation of proteins by marking them with ubiquitin
molecules. Through its E3 ligase, the XIAP RING domain acti-
vates signaling cascades influencing cell death (14), inflamma-
tion (15), and cell migration (16). Our most recent studies have
discovered that XIAPRINGdomain is able to interact with Rho
GDP dissociation inhibitor � protein by which XIAP inhibits
Rho GDP dissociation inhibitor � SUMOylation at Lys-138,
subsequently up-regulating the activity of small Rho GTPase,
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cancer cell �-actin polymerization, cytoskeleton reorganiza-
tion, and cell motilities (12, 17). Our studies also find that XIAP
E3 ligase mediates HCT116 cell migration via Rho GDP disso-
ciation inhibitor � SUMOylation at Lys-138 (16). Therefore,
elucidation of a novel biological function and identification of
its functional domains and mechanisms are of great signifi-
cance for more fully understanding XIAP in cancer cell biolog-
ical behavior.
Cyclin D1, a key cell cycle regulator, is required for comple-

tion of the G1/S transition in normal mammalian cells. Disrup-
tion of the cell cycle control mechanism is a common pathway
in human cancer development, and aberrant cyclin D1 expres-
sion is one of the most common alterations observed in cancer
tissues and cells (18–20). Considering that both XIAP and
cyclin D1 are overexpressed in many cancer tissues (21), we
investigated the potential role of XIAP in the regulation of
cyclin D1 expression and the molecular mechanisms underly-
ing the regulation if it does. The results demonstrated that
XIAP positively regulated cyclin D1 transcription via its E3
ligase-mediated phosphorylation of serine/threonine protein
phosphatase 2A (PP2A) catalytic subunit at Tyr-307 and c-Jun
activation.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—Human colon cancer cell lines
HCT116 wild-type (WT) and XIAP�/� HCT116 cells as
well as their transfectants, including HCT116 WT(vector),
XIAP�/�(vector), XIAP�/�(HA-XIAP), XIAP�/�(HA-
BIRs), XIAP�/�(HA-�RING), and XIAP�/�(HA-XIAP
H467A), were established in our previously published studies
(12, 16, 17). The HCT116 cells and transfectants were cultured
in McCoy’s 5A medium (Invitrogen) supplemented with 10%
FBS and penicillin/streptomycin. All cells were maintained in a
humidified incubator at 37 °C with a 5% CO2 humidified atmo-
sphere. Antibodies against, phospho-c-Jun, c-Jun, phospho-
JNKs, JNKs, phospho-ERKs, ERKs, phospho-p38, p38, PP2A A
subunit, and GAPDH were purchased from Cell Signaling
Technology Inc. (Beverly, MA). The antibodies against cyclin
D1, cyclin-dependent kinase 4 (CDK4), p65, c-Fos, and Fra1
were bought from Santa Cruz Biotechnology (Santa Cruz, CA).
The antibodies against p27 and p50 were purchased from
Abcam (Cambridge, MA). The antibody against HA was
obtained from Covance Inc. (Princeton, NJ). The antibodies
against phospho-PP2A and PP2A C subunit were from Epito-
mics (Burlingame, CA). The antibody against XIAP was pur-
chased from BD Biosciences.
Plasmids and Stable Cell Transfection—The constructs �963

cyclin D1 promoter-driven luciferase reporter (�963 CD1 Luc)
and itsAP-1 binding sitemutant reporter (�963AP-1mutCD1
Luc) were gifts from Dr. Richard G Pestell, Thomas Jefferson
University Jefferson Medical College. The plasmid TAM67, a
well characterized dominant negative c-Junmutant (22); cyclin
D1 promoter-driven luciferase reporter (23); and AP-1-depen-
dent luciferase reporter (24) were described in our previous
studies. Human XIAP- and PP2A catalytic � subunit-specific
shRNA constructs were purchased from Open Biosystems
(Pittsburgh, PA). For stable transfection, cultures were sub-
jected to blasticidin or hygromycin selection, and cells surviv-

ing the antibiotic selection were pooled as stablemass transfec-
tants. These stable transfectants were cultured in the selected
antibiotic-free medium for at least two passages before utiliza-
tion for experiments.
Anchorage-independent Growth Assay—Anchorage-inde-

pendent growth ability was determined in soft agar as described
in our previous studies (25). Briefly, 3 ml of 0.5% agar in basal
modified Eagle’s medium supplemented with 10% FBS was lay-
ered onto eachwell of 6-well tissue culture plates. Cells (3� 104
cells) suspended in 1 ml of normal medium were mixed with 2
ml of 0.5% agar in basal modified Eagle’s medium supple-
mented with 10% FBS, and 1ml of mixture was added into each
well on top of the 0.5% agar layer. Plates were incubated at 37 °C
in 5% CO2 for 2–3 weeks, and the colonies with more than 32
cells were scored and are presented as colonies/104 cells.
Cell Cycle Analysis—After treatment, cells were harvested

and fixedwith 5ml of ice-cold 80% ethanol overnight. The fixed
cells were washed twice with PBS and then suspended in pro-
pidium iodide staining solution (50 mg/ml propidium iodide,
10 mg/ml RNase A, and 0.1% Triton X-100) (Sigma) for at least
1 h at 4 °C. The DNA content was determined by flow cytom-
etry using the Epics XL FACS (Beckman Coulter, Miami, FL)
and EXPO 32 software as described in previous studies (23).
Cell Proliferation Assay—Confluentmonolayers of cells were

trypsinized, and 1 � 103 viable cells suspended in 100 �l of
mediumwere added to each well of 96-well plates. After adher-
ence, cells were synchronized by replacing regular culture
medium with 0.1% FBS medium and cultured for another 24 h.
The proliferation of the cells was determined using the Cell-
Titer-Glo� Luminescent Cell Viability Assay kit (Promega,
Madison, WI) with a luminometer (Wallac 1420 Victor2 mul-
tipliable counter system) as described in our publications (23,
26).
Western Blot—Cell extracts were prepared with cell lysis

buffer (10 mM Tris-HCl, pH 7.4, 1% SDS, and 1 mM Na3VO4),
and protein concentrations were determined with a NanoDrop
1000 spectrophotometer (ThermoScientific,Wilmington,DE).
Proteins (30–60 �g) were subjected to SDS-PAGE and subse-
quently probed with the indicated primary antibodies and alka-
line phosphatase-conjugated second antibody (Cell Signaling
Technology Inc.) as described in our publications (22, 27). Sig-
nals were detected using an enhanced chemifluorescence
Western blot system (Model Storm 860, GE Healthcare) as
described in our previous publications (28, 29).
Reverse Transcription-Polymerase Chain Reaction (RT-PCR)—

Total RNAwas extracted with TRIzol reagent (Invitrogen), and
cDNAs were synthesized with the ThermoScript RT-PCR sys-
tem (Invitrogen). The human cyclin D1 cDNA fragments were
amplified by primers 5�-GAGGTCTGCGAGGAACAGAAG
TG-3� and 5�-GAG GGCGGA TGG AAA TGA ACT TCA-3�,
and two oligonucleotides (5�-AGAAGGCTGGGGCTCATT
TG-3� and 5�-AGG GGC CAT CCA CAG TCT TC-3�) were
used as the specific primers to amplify human GAPDH cDNA
as a loading control.
Luciferase Reporter Assay—Cells stably transfected with

luciferase reporter constructs were seeded into 96-well plates.
After the cell density reached 70–80%, cells were treated as
indicated in the figure legends and then extracted with lucif-
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erase assay lysis buffer (Promega). The luciferase activity was
determined with the Dual-Luciferase Reporter Assay System
according to the manufacturer’s instructions as described
(30, 31).
Immunoprecipitation—Total cell lysate was incubatedwith 2

�g of anti-GFP antibody for 2 h at 4 °C. Protein A/G PLUS-
agarose (40 �l) was added into the mixture and incubated with
agitation for an additional 4 h at 4 °C as described (28, 32). The
immunoprecipitated agarose beads were washed with the cell
lysis buffer three times and subjected to Western blot assay.
Statistical Methods—Student’s t test was used to determine

the significance of differences between different groups from
each experiment. The differences were considered significant
at p � 0.05.

RESULTS

XIAP and Its E3 Ligase Played an Important Role in Anchor-
age-independent Growth and Cell Cycle G1/S Progression of
Colon Cancer Cells—It has been verified that XIAP has addi-
tional biological functions that do not rely on its inhibition of
apoptosis (12, 33). To delineate the biological significance of
XIAP in cancer cell proliferation, HCT116 XIAP-deficient
(XIAP�/�) transfectants with XIAP (HA-XIAP) and XIAP
H467A, a point mutation resulting in loss of its E3 ubiquitin
ligase activity (34), were seeded in soft agar for determination of
its anchorage-independent growth capability compared with
WT(vector) and XIAP�/�(vector). As shown in Fig. 2A, the
expression level of XIAP, HA-XIAP, and its various deletions
and pointmutationwere identified in the stableHCT116 trans-

fectants. The deficiency of XIAP expression in colon cancer
cells resulted in a dramatic reduction of anchorage-indepen-
dent growth capability as compared with that observed with
WT(vector) cells (Fig. 1A). The inhibition of size and frequency
of colonies in XIAP�/�(vector) cells could be completely
restored by reconstituted expression of HA-XIAP in XIAP�/�
cells (XIAP�/�(XIAP)), whereas ectopic expression of HA-
XIAPH467A in XIAP�/� cells (XIAP�/�(XIAPH467A)) did
not showobservable restoration (Fig. 1A). These results suggest
that XIAP and its E3 ligase activity play an essential role in
anchorage-independent growth of HCT116 cells. In view of the
association of cell cycle with cancer cell growth, we further
explored the effect of XIAP and its E3 ligase on cell cycle pro-
gression. Consistent with its effects on anchorage-independent
growth, XIAP deficiency resulted in a significant growth arrest
at the G0/G1 phase, and the reconstituted HA-XIAP H467A
cells displayed a similar G0/G1 alteration, whereas ectopic
expression of HA-XIAP restored cell cycle proportions similar
to those inWT(vector) cells (Fig. 1B). Furthermore, the results
obtained from the cell proliferation assay fully supported the
notion that XIAP and its E3 ligase activity played a key role in
cancer cell growth (Fig. 1C).
XIAPRINGDomain and Its E3 Ligase ActivityWere Required

for Cyclin D1 Expression in Cancer Cells—It is known that
cyclins, CDKs, and CDK inhibitors are responsible for regula-
tion of G1 to S transition (35). Therefore, we compared protein
expression of cyclins and CDKs among various stable transfec-
tants. To exclude the possibility that the altered levels of cyclin

FIGURE 1. XIAP and its E3 ligase promoted anchorage-independent growth of colon cancer HCT116 cells. A, HCT116 cell transfectants were seeded in soft
agar as described under “Experimental Procedures.” Colonies are expressed as mean � S.D. from five assays of three independent experiments. The asterisk (*)
indicates a significant decrease compared with WT(vector) cells (p � 0.05). B, after synchronization in 0.1% FBS medium for 24 h, cells were cultured in 2% FBS
medium for another 24 h and then subjected to cell cycle analysis by flow cytometry as described in our previous studies (23). The results represent one of three
independent experiments. C, the proliferation rates were determined in the indicated cells using a CellTiter-Glo Luminescent Cell Viability Assay kit. Results are
presented as the mean � S.D. of the triplicate assays. The asterisk (*) indicates a significant inhibition of proliferation index compared with WT(vector) cells (p �
0.05). Error bars represent S.D.
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D1 were due to differences in cell cycle distribution, cells were
synchronized at G0 (24-h serum starvation) followed by release
from cell cycle arrest by addition of 2% serum and subsequent
inspection of cyclin D1 protein levels. The results showed that
deficiency of XIAP repressed expression of cyclin D1 (Fig. 2A).
Reconstituted expression of XIAP in XIAP�/� cells com-
pletely resumed cyclin D1 protein expression, indicating that
XIAP plays an essential role in the mediation of cyclin D1 pro-
tein expression. Ectopic expression of XIAP with deletion of all
three BIR domains (XIAP�BIR) could also resume cyclin D1
expression, whereas expression of XIAP�RING or XIAP
H467A did not show observable restoration of cyclin D1
expression in XIAP�/� cells (Fig. 2A), demonstrating that
RING domain and its E3 ligase, but not BIRs, were crucial for
cyclin D1 expression. Unlike cyclin D1 expression, the expres-
sion levels of CDK4, CDK6, and p27 were almost the same
across all three cell lines (Fig. 2A). These results suggest that
XIAPE3 ligase deficiency directly causes the reduction of cyclin
D1 expression rather than affecting other regulators of G0/G1
phase checkpoints. To verify this notion, we stably transfected
specific shRNA targeting human XIAP in human bladder can-
cer T24T and TCCSUP cells, and the stable transfectants were
established and identified (Fig. 2, B and C). The results indi-
cated that knockdown of XIAP expression also reduced cyclin
D1 expression in both T24T andTCCSUP cancer cells (Fig. 2,B
andC), suggesting that XIAP regulation of cyclinD1 expression
was not HCT116 cell-specific.
To elucidate the molecular mechanisms underlying the

cyclin D1 regulation by XIAP RING domain and its E3 ligase,
we evaluated cyclin D1 mRNA levels among various trans-
fectants. Consistent with cyclin D1 protein expression,
cyclin D1mRNA expression was profoundly down-regulated
in XIAP�/�(vector), XIAP�/�(XIAP�RING), and XIAP�/�

(XIAP H467A) cells as compared with that in eitherWT(vector)
or XIAP�/�(XIAP) cells (Fig. 2D). Moreover, the results from
determination of cyclin D1 promoter-driven luciferase reporter
activity indicated that cyclin D1 promoter activity was markedly
reduced in XIAP�/�(vector), XIAP�/�(XIAP�RING), and
XIAP�/�(XIAP H467A) cells compared with WT(vector),
XIAP�/�(XIAP), and XIAP�/�(XIAP�BIR) cells (Fig. 2E),
indicating that RING domain and its E3 ligase were critical for
XIAP regulation of cyclin D1 expression at the transcription
level.
c-Jun/AP-1, but Not NF�B, Mediated XIAP Up-regulation of

Cyclin D1 Expression—The next experiment was designed to
identify the transcription factor responsible for XIAP E3 ligase-
mediated cyclin D1 transcription. Because previous studies
have demonstrated that NF�B and AP-1 are two key transcrip-
tion factors in the mediation of cyclin D1 transcription (23, 36,
37) and because BIR domains of XIAP have been reported to be
crucial for NF�B activation (38), cytoplasmic and nuclear
extracts were prepared, and the nuclear/cytoplasm distribution
of NF�B components (p65 and p50) was examined byWestern
blot in comparison with the distribution of another transcrip-
tion factor, c-Jun, which is a major component of AP-1, in the
transfectants. Consistent with the reported BIR domain regu-
lation of NF�B activation (38), our results showed that XIAP
deletion or BIR domain deficiency reduced the nuclear/cyto-
plasm ratio of either p65 or p50 protein levels in comparison
with those inWT cells, whereas RING domain deletion did not
show this regulatory effect (Fig. 3A). Very interestingly, XIAP
RING domain and its E3 ligase were found to be crucial for
c-Jun phosphorylation and activation, although they did not
affect c-Jun protein expression and distribution between the
nucleus and cytoplasm, andBIR domainwas not involved in the
XIAP regulation of c-Jun phosphorylation (Fig. 3A). Our results

FIGURE 2. XIAP E3 ligase regulated cyclin D1 expression at transcription level. A, after synchronization in 0.1% FBS medium, the indicated cells were
cultured in 2% FBS medium for another 24 h, and the cell extracts were then subjected to Western blot (WB) as indicated. B and C, T24T and TCCSUP cells
were stably transfected with XIAP shRNA (shXIAP), and the stable transfectant extracts were subjected to Western blot as indicated. D, the indicated cells were
cultured in 2% FBS for 24 h synchronization. The cells were then used to determine mRNA expression by RT-PCR as described in our previous studies (55). E, cells
(1 � 103) stably transfected with cyclin D1 promoter-driven luciferase reporter were seeded into each well of a 96-well plate. After synchronization, cells were
cultured in 2% FBS medium for 24 h and then extracted for determination of luciferase activity (27). The results are presented as luciferase activity relative to
WT HCT116 cells. The asterisk (*) indicates a significant inhibition of cyclin D1 transcription compared with WT(vector) cells (p � 0.05). Error bars represent S.D.
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suggest that XIAP expression was essential for its mediation of
c-Jun phosphorylation at Ser-63 and Ser-73 rather than regula-
tion of nuclear/cytoplasm distribution and expression of c-Jun
protein. During the comparison of cyclin D1 expression with
either nuclear c-Jun phosphorylation or NF�B nuclear/cyto-
plasm distribution among the cells transfected with XIAP and
its various deletions, it was noted that cyclin D1 expression and
c-Jun phosphorylation at Ser-63/73were consistently regulated
by XIAP and its RING domain and E3 ligase as well, which is
distinctly different from BIR domain regulation of p65/p50
nuclear/cytoplasm distribution. Thus, we anticipated that
c-Jun phosphorylation at Ser-63/73mediated by RING domain
and its E3 ligase might be associated with cyclin D1 up-regula-
tion, whereas BIR-regulated NF�B is not involved in cyclin D1
transcription. Consistent with our findings of XIAP regulation
of c-Jun phosphorylation in nuclear extract, deletion of RING
domain or inactivation of E3 ligase by point mutation resulted
in loss of their regulation of c-Jun phosphorylation at Ser-63/73
in whole cell extracts without affecting the expression of other
AP-1 components, such as c-Fos and Fra1 (Fig. 3B). Given the
finding that XIAP RING domain and its E3 ligase regulated
c-Jun phosphorylation at Ser-63/73, we examined whether
XIAP RING domain and its E3 ligase also modulated AP-1
transactivation. The results showed that deletion of either

XIAP or RING domain or point mutation of E3 ligase attenu-
ated AP-1-dependent transactivation, whereas BIR domain
deletion showed an AP-1 transactivation similar to that of full-
length XIAP (Fig. 3C). Together, our results demonstrate that
c-Jun/AP-1 activation and cyclin D1 expression are consis-
tently dependent on RING domain and its E3 ligase, whereas
NF�B nuclear translocation is associated with BIR domain.
However, XIAP regulates both c-Jun/AP-1 and NF�B in
HCT116 cells.
Ectopic Expression of Dominant Negative Mutant c-Jun

(TAM67)AbrogatedXIAP-regulatedCyclinD1Expression—To
obtain direct evidence of c-Jun/AP-1 in XIAP regulation of
cyclin D1 transcription, we used TAM67, a dominant negative
mutant form of c-Jun with a transactivation domain deletion
(39). Ectopic expression of TAM67 was identified by detection
of expression of the 29-kDa c-Jun mutant (c-Jun(D)), and
TAM67 expression exhibited a dramatic inhibition of c-Jun
phosphorylation at Ser-73 and impaired c-Jun phosphorylation
at Ser-63 in bothWT and XIAP�/�(HA-XIAP) cells (Fig. 4A).
It was noted that the ectopic expression of TAM67 did not
show much inhibition of c-Jun phosphorylation at Ser-73 and
Ser-63 in XIAP�/�(vector) cells (Fig. 4A) because deficient
XIAP expression in the cells had already resulted in a dramatic
reduction of c-Jun phosphorylation at Ser-73 and Ser-63, which
was consistent with the results observed in Fig. 3A. Moreover,
inhibition of c-Jun phosphorylation by TAM67 also attenuated
cyclin D1 protein expression in the same cells (Fig. 4A). Con-
sistent with cyclin D1 protein expression, ectopic TAM67
expression in WT or XIAP�/�(HA-XIAP) cells inhibited
cyclin D1 transcription to a level as low as that observed in
XIAP�/� cells, suggesting that c-Jun activation is responsible
for almost 100%ofXIAP-mediated cyclinD1 transcription (Fig.
4B). To further validate the important role of AP-1 in XIAP-
mediated cyclin D1 transcription activity, we transfected cyclin
D1 promoter-Luc reporter (�963 CD1 Luc) and this reporter
with AP-1 binding site mutation (�963 AP-1 mut CD1 Luc)
into WT(vector), XIAP�/�(vector), and XIAP�/�(XIAP)
cells, respectively. As shown in Fig. 4C, deficient XIAP expres-
sion in XIAP�/� cells led to a dramatic reduction of cyclin D1
promoter transcription activity in comparison with that in
WT(vector) or XIAP�/�(XIAP) cells that were transfected
with wild-type �963 cyclin D1 promoter-luciferase reporter.
The XIAP-mediated cyclin D1 promoter transcription activity
was completely abolished inWT(vector) and XIAP�/�(XIAP)
cells transfected with �963 cyclin D1 promoter with mutated
AP-1 binding site (Fig. 4C). These results demonstrate that
c-Jun/AP-1 is crucial for XIAP-dependent up-regulation of
cyclin D1 transcription.
XIAP RING Domain and Its E3 Ligase Regulated c-Jun Phos-

phorylation viaUp-regulating Phosphatase 2A Phosphorylation
at Tyr-307—To elucidate the mechanism underlying the regu-
lation of the c-Jun phosphorylation by the XIAP RING domain
and its E3 ligase, we next examined whether or not this signal-
ing pathway was the result of c-Jun upstream kinase activation
(40). We compared the activation of MAPK family members,
including JNKs, p38, and ERKs, among the various XIAP trans-
fectants. The results showed that there was no difference in any
of the JNKs, p38, and ERKs among various transfectants (Fig.

FIGURE 3. XIAP and its E3 ligase regulated c-Jun phosphorylation and
AP-1 transactivation. A, cells (5 � 105) were seeded into 10-cm dishes. After
synchronization, cells were cultured in 2% FBS medium for 12 h and extracted
for isolation of cytoplasmic and nuclear fractions according to the protocol of
the nuclear/cytosol fractionation kit (Biovision Inc.). The isolated protein frac-
tions were subjected to Western blot for determination of protein expression.
B, cells (1 � 105) were seeded into each well of a 6-well plate. After synchro-
nization, cells were cultured in 2% FBS medium for another 12 h, then
extracted, and subjected to Western blot. C, cells (1 � 103) stably expressing
AP-1-luciferase reporter were seeded into each well of a 96-well plate. After
synchronization, cells were cultured in 2% FBS medium for 18 h and then
extracted for determination of luciferase activity as described previously (27).
The asterisk (*) indicates a significant inhibition of AP-1 activity compared
with WT(vector) cells (p � 0.05). Error bars represent S.D. PARP, poly(ADP-
ribose) polymerase.
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5A), indicating that XIAP regulation of c-Jun phosphorylation
was not through targeting of its upstream MAPKs. Because
c-Jun phosphorylation is also regulated by PP2A (41), we com-
pared the PP2A expression and phosphorylation at Tyr-307.
The results did show a consistent requirement of XIAP and its
RING domain as well as its E3 ligase for mediation of PP2A
phosphorylation at Tyr-307, whereas deletion of BIR domain in
XIAP did not show an observable impact on PP2A phosphory-
lation (Fig. 5, B and C). In contrast, total protein expression
levels of A and C subunits of PP2A were comparable in all
transfectants (Fig. 5B). Because PP2A phosphorylation at
Tyr-307 inhibits PP2A phosphatase activity (42), we there-
fore anticipated that XIAP expression would attenuate PP2A
phosphatase activity on c-Jun phosphorylation by increasing
PP2A phosphorylation at Tyr-307 and that RING domain and
its E3 ligase are required for this XIAP biological function. To
test these notions, we treated XIAP�/�(vector), XIAP�/�
(XIAP�RING), and XIAP�/�(XIAP H467A) cells with PP2A
inhibitor okadaic acid to see whether inhibition of PP2A activ-
ity could lead to an increase in c-Jun phosphorylation at Ser-
63/73 and cyclin D1 expression. The results indicated that inhi-
bition of PP2A activity by okadaic acid led to a marked
induction of c-Jun phosphorylation at Ser-63/73 and an
increase in cyclin D1 expression in all three cell lines (Fig. 5D).
Furthermore, we used shRNA targeting the PP2A catalytic sub-
unit to specifically knock down PP2A expression. The result
showed that the knockdown of PP2A expression led to an
increase in cyclin D1 expression in XIAP�/�(XIAP�RING)
andXIAP�/�(XIAPH467A) cells (Fig. 5, E and F). In addition,
we carried out a co-immunoprecipitation assay to determine
whether PP2A could interact with and bind to c-Jun protein.
TheGFP-c-Jun transfectant was used to carry out the immuno-
precipitation assay. As shown in Fig. 5G, the C subunit of PP2A
was present in the complex co-immunoprecipitated using anti-
GFP antibodies, suggesting that the PP2A C subunit could
interact with c-Jun in the intact cells. These results are consis-
tent with previous reports demonstrating that PP2A binds to
c-Jun in rat keratinocytes under non-stress condition (43) and
regulates c-Jun phosphorylation (41, 44). Taken together, our
results strongly indicate that the inhibition of PP2A activity via

mediation of its phosphorylation at Tyr-307 by XIAP RING
domain and E3 ligase results in increased c-Jun phosphoryla-
tion at Ser-63/73 and AP-1 transactivation in turn leading to
cyclin D1 transcription and protein expression in XIAP-ex-
pressing cancer cells.
Ectopic Constitutive Expression of CyclinD1RescuedAnchor-

age-independent Growth and G1/S Phase Transition in XIAP-
deficient and E3 Ligase-deficient Colon Cancer Cells—The
above results showed that the XIAP-deficient or XIAP E3
ligase-deficient cancer cells failed to exhibit normal anchorage-
independent growth and G1/S phase transition with a marked
reduction of cyclin D1 protein expression. To test whether the
decreased cyclin D1 expression was responsible for attenuation
of anchorage-independent growth and cell cycle progression,
we transfected GFP-cyclin D1 expression construct into
XIAP�/� cells and HA-XIAP H467A transfectants. Ectopic
expression of GFP-cyclin D1 in XIAP�/� cells or XIAP�/�
(XIAP H467A) cells was demonstrated by Western blot using
anti-GFP and anti-cyclin D1 antibodies (Fig. 6A). Ectopic
expression of GFP-cyclin D1 in either XIAP�/� cells or
XIAP�/�(XIAP H467A) cells promoted cell cycle progression
(Fig. 6B) and increased the anchorage-independent growth
capability (Fig. 6, C andD) as compared with those observed in
their control vector transfectants. In addition, it has been
reported that that cyclin D1 expression in human colon cancer
cells was a key factor for the growth and tumorigenicity of those
colon cancer cells (45). Thus, we conclude that E3 ligase-regu-
lated cyclin D1 expression is crucial for XIAP-mediated cell
cycle progression and anchorage-independent growth of can-
cer cells.

DISCUSSION

Although known for its ability to regulate caspases and apo-
ptosis, XIAP also participates in other diverse cellular func-
tions, including signal activation, coppermetabolism, andubiq-
uitination (46). XIAP is differently up-regulated in many forms
of human cancers and confers resistance to chemotherapy-in-
duced cell death (13). Among the IAPs, XIAP is themost potent
protein as a cancer therapeutic target. It has been reported that
inhibition of XIAP by a chemical inhibitor or small interfering

FIGURE 4. c-Jun/AP-1 activation mediated by XIAP E3 ligase was crucial for XIAP regulation of cyclin D1 transcription. A, the TAM67 construct or the
empty vector was stably transfected into the indicated cells, and stable transfectants were established. After synchronization, cells were cultured in 2% FBS
medium for another 24 h and then extracted for Western blot as indicated. B, the cyclin D1 promoter-luciferase reporters were transfected into the indicated
cells, and stable transfectants were established. After synchronization, cells were cultured in 2% FBS medium for 24 h and then extracted for determination of
luciferase activity. The results are presented as cyclin D1 promoter activity relative to WT(vector) without transfection of TAM67. The asterisk (*) indicates a
significant inhibition of cyclin D1 promoter activity compared with control vector transfectant (p � 0.05). C, the cells were transfected with �963 CD1 Luc and
�963 AP-1 mut CD1 Luc, respectively, and stable transfectants were established. After synchronization, cells were cultured in 2% FBS medium for 24 h and then
extracted for luciferase activity assay. The results are presented as cyclin D1 promoter activity relative to the WT �963 CD1-Luc reporter transfectant. The
asterisk (*) indicates a significant inhibition of cyclin D1 promoter activity compared with the WT �963 CD1-Luc reporter transfectant (p � 0.05). Error bars
represent S.D.
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RNA (siRNA) reduces cancer cell growth (47, 48). However,
whether these effects of XIAP are direct or rather secondary
effects resulting from the induction of other gene expression
remains unknown. In the current study,we investigated the role
of XIAP in cell cycle progression and demonstrated the activity
of XIAP E3 ligase and its downstream signaling components,
including PP2A and AP-1, in regulating cyclin D1 expression.
We found that the decreased cyclin D1 expression is responsi-
ble for the retardation of anchorage-independent growth of
XIAP�/� cancer cells. This is the first demonstration that
XIAP regulates cancer cell growth via transcriptional positive
modulation of cyclin D1 expression.
CyclinD1 as a cofactor forCDK4 andCDK6 is essential in the

transition from G1 phase to S phase. Overexpression of cyclin
D1 occurs in one-third or more of colorectal cancers (49, 50).
Molecular understanding of cyclin D1 regulation is important
in understanding carcinogenic mechanisms of cancer develop-
ment. Our results showed that knock-out of XIAP in cancer
cells decreased cyclin D1 expression, cell cycle transition, and
anchorage-independent cell growth. Reconstitutive expression
of XIAP in XIAP�/� cells restored these biological effects.
D-type cyclins are believed to serve as links between the extra-
cellular environment and the core cell cyclemachinery (51, 52).
Thus, we anticipate that XIAP might function as a mediator of
the signaling pathway between an environmental factor (pres-
ent in the serum) and the cell cycle machinery by regulating
cyclin D1 transcription. Considering that both XIAP and cyclin
D1 are overexpressed in many cancer tissues, these results fur-
ther enable us to explore the potential utilization of XIAP as a
target for cancer therapy.

XIAP exerts its antiapoptotic effect by inactivating several
key caspases mainly via BIRs (13). In addition, XIAP also con-
tains a RING finger that provides it with ubiquitin ligase (E3)
activity. Over the last few years, the E3 ligase activity of XIAP
has emerged as a signaling cascade that influences cell death
(14), inflammation (15), and migration (16). In this study, we
found that expression of XIAPwith an E3 ligase-defective point
mutant (H467A) in XIAP�/� cells did not rescue decreased
cyclin D1 expression, cell cycle transition, or anchorage-inde-
pendent growth in comparison with the wild-type XIAP. Our
results demonstrate a crucial role of E3 ligase in XIAP regula-
tion of malignancy behavior of cancer cells. Thus, the E3 ligase
in XIAP RING domain could be a valuable target for cancer
therapy.
Identification of the signaling pathways underlying XIAP E3

ligase regulation of cyclin D1 transcription reveals that c-Jun
phosphorylation and AP-1 transcription activity are inhibited
in XIAP E3 ligase-defective cells. AP-1 is a canonical regulator
of transcription of cyclin D1 (37). Deficiency of XIAP E3 ligase
activity repressed AP-1 transcriptional activity (Fig. 3C), and
the AP-1 binding site mutation could revoke the cyclin D1 up-
regulation by XIAP (Fig. 4C). Thus, XIAP E3 ligase may func-
tion to activate AP-1 and induce expression of cyclin D1.
Expression of cyclin D1 can also be regulated by other tran-
scriptional factors, including NF-�B (23). Although the XIAP
BIR domain is related to NF-�B transcription activity, NF-�B is
not involved inXIAP-induced transcription of cyclinD1 in can-
cer cells.
With regard to the mechanism by which XIAP E3 ligase reg-

ulates the c-Jun phosphorylation/AP-1 transactivation that

FIGURE 5. XIAP E3 ligase up-regulated protein phosphatase 2A phosphorylation at Tyr-307 and mediated c-Jun phosphorylation at Ser-63/Ser-73.
A and B, after synchronization, cells were cultured in 2% FBS medium for 12 h and extracted for Western blot. The results shown in B were quantified using
Quantity One software and are presented as the ratio of phospho (p)-PP2A Tyr-307 to PP2A C subunit (C). D, cells (1 � 105) were seeded into each well of 6-well
plates. After synchronization, cells were treated with the indicated concentration of okadaic acid (OA) for 8 h in regular medium and then extracted for Western
blot. E and F, HCT116 XIAP�/�(XIAP�RING) and XIAP�/�(XIAP H467A) cells were stably transfected with PP2A catalytic subunit-specific shRNA (shPP2A), and
the stable transfectants were cultured in 2% FBS for 24 h after synchronization. The cell extracts were subjected to Western blot (WB) as indicated. G, 293T cells
were transfected with the GFP-c-Jun construct. 36 h after transfection, the whole cell lysates were subjected to co-immunoprecipitation (IP) assay using
anti-GFP antibody. The immunoprecipitates were subjected to Western blot as indicated.
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subsequently leads to cyclin D1 transcription and expression,
we found that the serine/threonine phosphatase PP2A plays an
essential role in the mediation of these observed biological
effects. Our results show that the XIAP RING domain and E3
ligase are crucial for PP2A phosphorylation at Tyr-307, sug-
gesting that the XIAP RING domain and its E3 ligase are
required forXIAP inhibition of PP2Aphosphatase activity. Our
results also show that the defect of cyclin D1 transcription and
expression in XIAP�/�(XIAP�RING) and XIAP�/�(XIAP
H467A) is due to a deficiency of E3 ligase in both cells that
results in loss of E3 ligase up-regulation of PP2A phosphoryla-

tion at Tyr-307, subsequently leading to the increased PP2A
phosphatase activity. Although the molecular mechanism
underlying XIAP and its E3 ligase up-regulation of PP2A phos-
phorylation at Tyr-307 is not understood, there are two possi-
bilities. 1) XIAP may act as an adaptor molecule to recruit a
tyrosine phosphatase, thus facilitating the dephosphorylation
of PP2A proteins. This scenario would be similar to XIAP E3
ligase facilitating the formation of complexes between TAK1-
binding protein 1 and I�B kinase � that enables TGF-� to acti-
vate p65/RelA (53). 2) PP2A may be the target of XIAP RING
domain-mediated ubiquitination, and this ubiquitination may

FIGURE 6. Ectopic expression of GFP-cyclin D1 restored cell cycle progression and anchorage-independent growth of HCT116 XIAP�/�(vector) and
XIAP�/�(XIAP H467A) cells. HCT116 XIAP�/�(vector) and XIAP�/�(XIAP H467A) cells were transfected with the GFP-cyclin D1-expressing plasmid or
empty vector, and stable transfectants were established by blasticidin selection. A and B, after synchronization in 0.1% FBS medium, cells were cultured in 2%
FBS medium for 24 h. Cells were then extracted for Western blot (WB) as indicated (A) or subjected to flow cytometry analysis (B). C and D, stable transfectants
as indicated were subjected to anchorage-independent growth assay in soft agar. The colony formation was photographed (C), and the colonies are expressed
as mean � S.D. from five assays of three-independent experiments (D). The asterisk (*) indicates a significant increase compared with XIAP�/�(vector) or
XIAP�/�(XIAP H467A) cells (p � 0.05). Error bars represent S.D. E, the proposed model for XIAP regulation of cancer cell proliferation.
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further affect PP2A phosphorylation at Tyr-307. This would be
like Itch, a ubiquitin E3 ligase, that mediates Smad2 ubiquitina-
tion and regulates Smad2 phosphorylation independently of
changes in Smad2 protein levels (54). Further elucidation of
mechanisms underlying XIAP E3 ligase regulation of PP2A
phosphorylation at Tyr-307 that are independent of protea-
some-dependent degradation is of significance and is a current
project underway in our laboratory.
In summary, our current studies elucidate a novel scenario in

which theXIAPE3 ligase leads to phosphatase PP2Aphosphor-
ylation at Tyr-307, which in turn results in c-Jun phosphory-
lation at Ser-63/Ser-73 and AP-1 activation, further affecting
cyclin D1 transcription and protein expression by which XIAP
E3 ligase regulates HCT116 cancer cell cycle progression and
anchorage-independent growth. Considering that both XIAP
and cyclin D1 are overexpressed in many cancer tissues (21),
these results further enable us to explore the potential utiliza-
tion of XIAP as a target for cancer therapy. Because the biolog-
ical effects of XIAP are mediated by its E3 ligase, our study also
offers valuable insight into the understanding of XIAP-medi-
ated cancer cell anchorage-independent growth, further en-
abling us to explore the utilization of the E3 ligase of XIAP as a
target for cancer therapy.
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