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The biological function of Tripartite Motif 39 (TRIM39) remains
largely unknown. In this study, we report that TRIM39 regulates
the steady-state levels of p21 and is a pivotal determinant of cell
fate. Ablation of TRIM39 leads to destabilization of p21 and
increased G1/S transition in unperturbed cells. Furthermore, DNA
damage-induced p21 accumulation is completely abolished in cells
with depleted TRIM39. As a result, silencing of TRIM39 abrogates
the G2 checkpoint induced by genotoxic stress, leading to in-
creased mitotic entry and, ultimately, apoptosis. Importantly, we
show p21 is a crucial downstream effector of TRIM39 mediating
G1/S transition and DNA damage-induced G2 arrest. Mechanisti-
cally, TRIM39 interacts with p21, which subsequently prevents
Cdt2 from binding to p21, therefore blocking ubiquitylation and
proteasomal degradation of p21 mediated by CRL4““*? E3 ligase.
Strikingly, we found a significant correlation between p21 abun-
dance and TRIM39 expression levels in human hepatocellular car-
cinoma samples. Our findings identify a causal role for TRIM39 in
regulating cell cycle progression and the balance between cyto-
stasis and apoptosis after DNA damage via stabilizing p21.

Tripartite motif 39 (TRIM39), also known as Ring finger
protein 23 (RNF23), belongs to a family of proteins charac-
terized by a TRIM consisting of RING domain, B-box, and
coiled-coil domain. Recently, TRIM39 has been shown to stabi-
lize modulator of apoptosis 1 (MOAP-1) by suppressing its pol-
yubiquitylation process mediated by the anaphase promoting
complex (APC/C)“®™ (1, 2). In agreement with the proapoptotic
role of MOAP-1, TRIM39 was found to enhance apoptosis in
response to high-dose etoposide treatment in HEK293T cells.
Because p53 signaling is deficient in HEK293T cells, it remains to
be elucidated what other mechanisms may contribute to the DNA
damage responses regulated by TRIM39. In addition to this, the
physiological functions of TRIM39 remain com}laletglly unknown.

The cyclin-dependent kinase inhibitor p21<™/WAF! promotes
cell cycle arrest in response to cellular stresses induced by che-
motherapeutics, UV irradiation, or y-irradiation. Levels of p21
increase in response to DNA damage primarily due to its tran-
scriptional up-regulation by the tumor suppressor p53 (3). Al-
though p21 accumulates after genotoxic stresses, it is degraded in
response to DNA damage induced by low-dose UV irradiation
(4, 5). Three E3 ubiquitin ligase complexes, SCFS*P?, CRLAC?,
and APC/C4? have been shown to trigger p21 ubiquitylation
and degradation during an unperturbed cell cycle (6-8). Fol-
lowing UV irradiation, the CRL4““? E3 ligase [composed of
Cul4A/B, DNA damage-binding protein 1 (DDB1), and Cdt2]
promotes the ubiquitylation and degradation of p21 in co-
operation with proliferating cell nuclear antigen (PCNA). Positive
regulators of p21 stability remain largely unknown. Phosphoryla-
tion of p21 by p38 and JNK has been reported to stabilize p21 (9).
WISp39 and hSSB1 were found to stabilize p21 via protein—
protein interactions (10, 11). Ras can stabilize p21 by promoting
the formation of p21—cyclin D1 complexes that prevent ubiquitin-
independent p21 degradation (12).

Here, we identified p21 as a unique TRIM39 interacting
protein. TRIM39 positively regulates p21 stability by interfering
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with the formation of the Cdt2-p21 complex, therefore attenu-
ating CRL4““-mediated ubiquitylation and degradation of p21.
We demonstrated a crucial role of TRIM39 in G1/S transition
under physiological conditions, as well as in regulating the bal-
ance between cytostasis and apoptosis after DNA damage via
stabilizing p21.

Results

Splice Variants of Human TRIM39. It was reported that the human
TRIM39 protein is 98% identical to the mouse protein. The
mouse TRIM39 protein lacked 30 amino acids (amino acids 269—
298) due to an alternative splicing (13). Primers designed to
amplify the reported human TRIM39 ORF (accession no.
NM_021253; 1,557 bp, 518 aa) from HCT116 cells, amplified
a second isoform (1,467 bp) encoding a protein of 488 aa that is
missing amino acids 269-298 within TRIM39 Exon6. Sequencing
results revealed this additional splice variant, TRIM39p (accession
no. NM_172016), is 97.5% identical to mouse TRIM39 (Fig. S14).
Ectopically expressed TRIM39p corresponded to the faster mi-
grating and most abundant form of TRIM39, whereas TRIM39a
corresponded to the slower migrating form (Fig. S1B). PCR as-
say of cDNA from a variety of human cancer cells confirms that
TRIM39p is relatively more abundant than TRIM39a in these
cells (Fig. S1C).

TRIM39 Stabilizes p21. TRIM39 has been shown to promote apo-
ptosis through stabilization of MOAP-1 (2). To test if regulation
of apoptosis by TRIM39 has any cross-talk with the p53 signaling
pathway, we introduced TRIM39 into HCT116 WT cells as well
as HCT116 p53~~ cells, followed by examining the expression
levels of p53 and its downstream target genes. Surprisingly, cells
expressing ectopic TRIM39a or TRIM39p resulted in a signifi-
cant accumulation of p21 in both cell lines (Fig. 14), suggesting
TRIM39-mediated up-regulation of p21 was p53-independent.
By contrast, the levels of p53, Mdm2, and Puma were not af-
fected by TRIM39 overexpression (Fig. 14). Notably, p21l
mRNA levels remained unchanged in the presence of ectopic
TRIM39 (Fig. S24). Up-regulation of exogenously expressed
p21 was also observed in HEK293T cells expressing ectopic
TRIM39 (Fig. S2B). To clarify further the role of TRIM39 in
regulating p21 expression, we performed a knockdown experi-
ment using two independent shRNAs targeting both TRIM39a
and TRIM39p (75 shRNA and 1,680 shRNA) and one shRNA
targeting TRIM39a alone (1,164 shRNA) (Fig. 1B). Because the
TRIM39 antibodies generated by us (as well as one commercially
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Fig. 1. TRIM39 stabilizes p21. (A) HCT116 WT and p53~' cells were infected
with the indicated lentiviral constructs. Cell extracts were then prepared and
analyzed by Western blotting with the indicated antibodies. (B, Upper)
Schematic representation of the indicated shRNAs targeting TRIM39. (B,
Lower) Protein extracts from cells infected with indicated lentiviral shRNA
constructs were analyzed by Western blotting. Total RNA was isolated, and
gRT-PCR was performed. (C) Error bars represent the SD of triplicate meas-
urements. Con, control. (D and E) Cells expressing indicated shRNAs were
treated with 0.2 pM doxorubicin (Dox) for 8 or 16 h. (D) Cell lysates were
then extracted and subjected to Western blotting. Total RNA from cells was
isolated and subjected to qRT-PCR. (E) Error bars represent the SD of tripli-
cate measurements. (F) Cells infected with lentivirus encoding the indicated
shRNAs were treated with DMSO or MG132 (20 pM) for 4 h. Cell extracts
were analyzed by Western blotting using the indicated antibodies. (G)
HCT116 WT cells expressing the indicated shRNAs were treated with 25 pg/
mL cycloheximide (CHX) for the indicated time. (Left) Cell lysates were har-
vested and analyzed by Western blotting. (Right) Semiquantification with
p-actin as a loading control and relative p21 levels at time 0 set as 1. (H)
Immunohistochemical staining of p21 in HCC samples and adjacent hepatic
tissues. N, normal hepatic tissue adjacent to tumor region; T, tumor region.
(Scale bar, 400%, 20 pm; 1,000x, 8 um). (Upper Right) Expression levels of p21
were measured by Western blotting. (Lower Right) Expression levels of
TRIM39 were determined by gRT-PCR assay. Representative results are
shown. (/) Abundance of p21 is positively correlated with TRIM39 mRNA
levels in HCC samples. The correlation between TRIM39 and p21 expression
in HCC samples was analyzed by Fisher’s exact test.

available TRIM39 antibody) were not working well with en-
dogenous TRIM39, we conducted a quantitative RT-PCR (qRT-
PCR) assay using Tagman probes to evaluate the knockdown
efficiency. Cells stably expressing 75 shRNA or 1,680 shRNA
profoundly reduced both TRIM39a and TRIM398 mRNA levels,
whereas cells expressing 1,164 shRNA only abolished TRIM39«a
mRNA expression (Fig. 1C). To verify the knockdown specificity
further, we transiently transfected TRIM39a or TRIM39p along
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with GFP expression vector into HEK293T cells, followed by
delivering lentiviral shRNAs against different TRIM39 isoforms.
As shown in Fig. S2C, 75 shRNA or 1,680 shRNA largely at-
tenuated both TRIM39a and TRIM39f protein levels, whereas
1,164 shRNA only reduced TRIM39a expression. We next
determined the effect of TRIM39 ablation on p21 expression.
Strikingly, TRIM39a/p compound knockdown or depleting
TRIM39« alone in HCT116 cells abolished p21 protein levels
(Fig. 1B). The reduction of p21 protein after TRIM39 depletion
was not a consequence of transcriptional repression, as shown by
the lack of a decrease in p21 mRNA levels on TRIM39 knock-
down (Fig. 1C). Notably, depleting TRIM39 failed to affect the
protein levels of other selected cell cycle regulators (Fig. 1B).
On TRIM39 knockdown, p21 degradation was not limited to
HCT116 cells, because p21 proteolysis was also observed in ad-
ditional tumor cell lines, including HeLa, Saos2, and U20S cells
(Fig. S2D). DNA damage is known to induce p21 via both p53-
dependent and p53-independent pathways. To assess whether
TRIM39 regulates p21 expression under DNA damage con-
ditions, we exposed TRIM39-depleted HCT116 cells with gen-
otoxic agents. In HCT116 WT and HCT116 p53~~ cells,
doxorubicin treatment led to up-regulation of p21 protein levels.
Strikingly, TRIM39 knockdown completely abolished p21 ele-
vation triggered by doxorubicin treatment (Fig. 1D). Likewise,
etoposide-induced p21 accumulation was also profoundly at-
tenuated in TRIM39-depleting cells (Fig. S2 E and F). Notably,
depletion of TRIM39 did not abolish p21 mRNA induction on
genotoxic treatment (Fig. 1E). We also determined the mRNA
levels of TRIM39 during the cell cycle and under DNA damage
conditions. TRIM39 mRNA abundance remained unchanged
throughout the cell cycle or on DNA damage treatment (Fig. S2
G and H). These data suggest TRIM39 family members are es-
sential for p21 expression under physiological conditions as well
as in response to DNA damage treatment.

It is known that p21 is degraded by proteasome-mediated
degradation. Interestingly, proteasome inhibitor MG132 failed
to stabilize p21 protein levels further in the presence of ectopi-
cally expressed TRIM39a or TRIM39p (Fig. S2I), arguing that
TRIM39 may prevent proteasome-mediated p21 destruction.
Furthermore, down-regulation of p21 protein levels mediated by
TRIM39 knockdown can be blocked by MG132 treatment (Fig.
1F), thereby suggesting that TRIM39 maintains the steady-state
levels of p21 by blocking its proteasomal degradation. To prove
that TRIM39 affects p21 stability per se, we treated control cells
or cells stably expressing TRIM39 shRNA with cycloheximide
and examined the half-life of p21. A significant decrease in p21
half-life was observed on TRIM39 knockdown (Fig. 1G). By
contrast, ectopically expressed TRIM39 profoundly extended the
half-life of p21 protein (Fig. S2 J and K). Thus, TRIM39 is es-
sential for the maintenance of steady-state levels of p21.

Levels of p21 are often misregulated in human cancers (14,
15). To assess the correlation between p21 and TRIM39 abun-
dance in hepatocellular carcinoma (HCC), we first determined by
qRT-PCR the expression status of TRIM39 and p21 using 62
pairs of HCC tissues. Notably, we excluded 18 HCC samples that
showed concordant changes in p21 mRNA and protein levels
compared with their normal controls. TRIM39a or TRIM39p
mRNA levels were reduced in 22 of 62 samples (35.5%) and were
elevated in 22 of 62 samples (35.5%). We then measured its
cellular localization by immunohistochemistry (IHC) staining. In
HCC samples, p21 mainly localized in the nuclei of the cancer
cells (Fig. 1H). Strikingly, a significant correlation between p21
protein levels and TRIM39 mRNA abundance was observed (Fig.
11), further supporting a possible link between p21 and TRIM39.

TRIM39 Binds p21. Protein—protein interactions play essential roles
in regulating p21 stability. We therefore asked if TRIM39
physically associates with p21. As shown in Fig. 24, exogenously
expressed TRIM39a or TRIM39p was coimmunoprecipitated
with ectopically expressed p21. Reciprocal immunoprecipitation
with exogenous p21 also brought down overexpressed TRIM39«
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Fig. 2. TRIM39 interacts with p21. (A) HEK293T cells were transiently trans-
fected with plasmid DNA expressing Flag-p21 and/or TRIM39-Myc. Total cell
lysates were immunoprecipitated with the indicated antibodies. The asterisk
indicates the specific TRIM398-Myc band. IP, immunoprecipitate. (B) HCT116
WT cells infected with the indicated lentiviral constructs were collected, and
the cell lysates were immunoprecipitated with anti-Myc and anti-p21 anti-
bodies. The immunoprecipitates were subjected to Western blotting with
the indicated antibodies. (C and D) Extracts from HEK293T cells transfected
with TRIM39a-FLAG were incubated with recombinant full-length (FL) GST-
p21 or GST-p21 mutant coupled to GSH-Sepharose. Proteins retained on
Sepharose were then blotted with the indicated antibodies. (E) Extracts from
HEK293T cells transfected with FLAG-p21 were incubated with recombinant
full-length GST-TRIM39a or GST-TRIM39a deletion mutant protein coupled
to GSH-Sepharose. Proteins retained on Sepharose were then blotted with
the indicated antibodies. (F) Purified His-TRIM39 proteins were incubated
with GST-p21. Proteins retained on Sepharose were then blotted with the
indicated antibodies. (G) HCT116 WT cells were transfected with the in-
dicated expression constructs for 48 h. Cell lysates were then harvested and
analyzed by Western blotting with the indicated antibodies. (H) HCT116
WT cells were transiently transfected with the indicated constructs for 48 h.
Cells were then fixed and stained as indicated. (Scale bars, 10 um.)
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or TRIM398. To test if TRIM39 associates with endogenous p21
protein, we introduced TRIM39a-Myc or TRIM39p-Myc into
HCT116 WT cells and then performed immunoprecipitation
with anti-Myc antibody. The association between p21 and
TRIM39a or TRIM39p was readily detected (Fig. 2B). These
results suggest a specific interaction between TRIM39 and p21 in
vivo. Data from GST pull-down experiments suggest that the
C-terminal region (amino acids 152-158) of p21 mediates TRIM39-
p21 association (Fig. 2C). Furthermore, GST-p21 (amino acids
152-164) itself could interact with TRIM39, suggesting that
amino acids 152-164 of p21 are both required and sufficient for
TRIM39 interaction. To identify key amino acid residues of p21
required for TRIM39 interaction, we constructed mutant p21
expression vectors bearing a single point mutation within the
region of amino acids 156-158. Lysine-to-alanine substitution at
K156 completely disrupted p21-TRIM39 complex formation
both in vitro and in vivo (Fig. 2D and Fig. S2L), indicating K156
residue of p21 is essential for TRIM39 interaction. Mapping the
region of TRIM39 required for p21 binding revealed that amino
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acids 268-337 and amino acids 389-518 were critical regions for
the interaction between TRIM39 and p21 (Fig. 2E). By contrast,
TRIM39 N-terminal domain (TRIM39-N; amino acids 1-268)
failed to bind p21 both in vitro and in vivo (Fig. 2E and Fig.
S2M). To determine whether the interaction of TRIM39 and p21
is direct, we generated and purified recombinant TRIM39 and
p21. Purified His-TRIM39a or His-TRIM39p was able to interact
with GST-p21 under cell-free conditions, suggesting a direct in-
teraction between TRIM39 and p21 (Fig. 2F). Several TRIM
family members are known to demonstrate E3 ubiquitin ligase
activity. We next investigated whether the RING domain of
TRIM309 is required for stabilizing p21. To this end, full-length
TRIM39 or TRIM39-AN73 (RING domain deletion mutant)
was transfected into HCT116 WT and U20S cells, respectively.
Endogenous p21 levels were then assessed by Western blotting.
Similar to full-length TRIM39, TRIM39-AN73 exhibited a very
robust effect on stabilizing p21 (Fig. 2G and Fig. S2N), sug-
gesting that the E3 ligase activity of TRIM39 is dispensable for
regulating the steady-state levels of p21.

To determine the subcellular localization of the TRIM39-p21
complex, we transfected HCT116 WT cells with vectors expressing
full-length TRIM39-Myc or TRIM39-N-Myc. Immunofluores-
cent staining revealed that TRIM39«, TRIM39p, or TRIM39-N
predominantly localized in the nucleus. Furthermore, exogenous
TRIM39a or TRIM39p colocalized with endogenous p21 in the
nucleus (Fig. 2H). Notably, cells introduced with full-length
TRIM39a or TRIM39p exhibited a profound increase of nucleus
p21. By contrast, overexpression of TRIM39-N failed to up-
regulate p21 protein levels (Fig. 2H and Fig. S2I). Taken to-
gether, these data indicate that TRIM39 exerts a positive effect
on p21 stability through interacting with p21 in the nucleus.

TRIM39« Interacts with TRIM39g. During the course of examining
the half-life of p21 protein in cells expressing exogenous TRIM39a
or TRIM39p, we found that TRIM39«a is an unstable protein
with a short half-life of around 40 min in asynchronous cells.
TRIM39p showed a relatively longer protein half-life, which is
about 4 h (Fig. S2 J and K). Importantly, both TRIM39a and
TRIM39p could be stabilized by the addition of MG132 (Fig. S2I),
arguing that the steady-state levels of TRIM39a or TRIM39p
might be regulated in a proteasome-dependent manner.

The fact that cells depleted of both TRIM39a and TRIM39p
showed a very similar effect on p21 destabilization compared with
cells depleted of TRIM39a alone raised two possibilities: (i)
TRIM39« is a dominant regulator of p21, or (ii) TRIM39a and
TRIM39p are both required for maintaining p21 stability. To
distinguish these possibilities, we first performed a rescue exper-
iment by introducing a shRNA-resistant form of TRIM39a or/and
TRIM39p into HCT116 WT cells stably depleted of both o and f
isoforms of TRIM39 (Fig. S3 A and B). The stability of p21 was
decreased in cells stably expressing 75 shRNA or 1,680 shRNA.
Surprisingly, reconstitution with shRNA-resistant TRIM39a
(TRIM390a-75R or TRIM39a-1,680R) or TRIM39p (TRIM39p-
75R or TRIM39B-1,680R) in these cells failed to restore p21
expression levels, suggesting TRIM39a or TRIM39§ alone is in-
sufficient for maintaining p21 stability. By contrast, coexpression
of both shRNA-resistant a and f isoforms of TRIM39 signifi-
cantly restored p21 protein levels in cells expressing 75 shRNA or
1,680 shRNA (Fig. S3C). Likewise, delivering shRNA-resistant
TRIM39a (TRIM39a-1,164R) into cells expressing 1,164 shRNA
also restored p21 protein levels (Fig. S3D). These data further
indicate that both TRIM39a and TRIM39p may be required for
maintaining the steady-state levels of p21.

We hypothesized that TRIM39a and TRIM398 may form
a protein complex to regulate p21. To test this possibility, we
transiently transfected HEK293T cells with TRIM39a or TRIM39
individually or with both plasmids and then performed coim-
munoprecipitation with antibodies against different tag proteins.
As shown in Fig. S3 E and F, ectopically expressed TRIM39a
and TRIM39p physically interacted with each other. We next
showed that purified recombinant His-TRIM39p was able
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to interact with GST-TRIM39a under cell-free conditions (Fig.
S3G), suggesting a direct interaction between TRIM39a and
TRIM39p. To assess the biochemical consequence of this in-
teraction, we examined the expression levels of exogenously
expressed TRIM39a (with a shorter half-life) in the absence or
presence of ectopic TRIM39p. Our results revealed that over-
expression of TRIM39f led to up-regulation of TRIM39a
protein levels (Fig. S3H). Indeed, in cells depleted of TRIM39p
alone (the TRIM39a-resistant form was introduced into cells
stably expressing 75 shRNA or 1,680 shRNA), the half-life of
TRIM39a was significantly decreased (Fig. S37). Taken together,
TRIM39p is essential for maintaining the steady-state levels of
TRIM39a, likely through protein—protein interactions.

TRIM39 Protects p21 from Ubiquitin-Mediated Degradation via
Competing with Cdt2 for p21 Interaction. Ubiquitylation is crucial
for proteasome-mediated destruction of p21. To test if TRIM39
affects p21 ubiquitylation in vivo, we measured polyubiquitylated
p21 levels in cells expressing full-length TRIM39 or TRIM39-N.
As shown in Fig. 34, endogenous p21 was efficiently ubiquitylated
in the presence of proteasome inhibitor MG132. Interestingly, both
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Fig. 3. TRIM39 protects p21 from CRL4“?-mediated ubiquitylation and
degradation. (A) HCT116 WT cells expressing HA-ubiquitin were infected
with the indicated lentiviral plasmids for 48 h. Endogenous p21 protein was
immunoprecipitated and immunoblotted with the indicated antibodies. (B)
HCT116 WT cells expressing HA-ubiquitin were infected with the indicated
lentiviral shRNA. The immunoprecipitates were subjected to Western blot-
ting with the indicated antibodies. Con, control. (C-E) HCT116 WT cells
infected with lentivirus encoding the indicated shRNAs were lysed, and cell
extracts were subjected to Western blotting with the indicated antibodies.
The ratio of p21 protein normalized to p-actin relative to the control
(marked as 1) was indicated below each lane. (F) Bacterially expressed GST or
GST-Cdt2 was bound to glutathione-Sepharose beads and incubated with
purified His-p21 (5 pg) in the presence or absence of increasing amounts of
His-TRIM39¢, His-TRIM39B, or His-TRIM39-N. Proteins retained on Sepharose
were blotted with the indicated antibodies. (G) HCT116 p53~~ cells infected
with lentiviral vectors expressing the indicated TRIM39 constructs were
treated with UV irradiation (20 J/m) for 6 h. Cell lysates were then extracted
and subjected to Western blot analysis. The ratio of p21 protein normalized
to p-actin relative to the control (marked as 1) was indicated below each
lane. (H) HCT116 p53~ cells expressing HA-ubiquitin were infected with the
indicated shRNAs. Cells were then exposed to UV irradiation (20 JIm?) in the
presence of MG132 (20 pM) for 6 h before harvesting. The p21 was immu-
noprecipitated with anti-p21 polyclonal antibody. The immunoprecipitates
(IP) were subjected to Western blotting with the indicated antibodies.
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TRIM39a and TRIM39p largely abolished the polyubiquitylation
of endogenous p21. By contrast, TRIM39-N failed to protect p21
from ubiquitylation, suggesting that the direct binding of TRIM39
with p21 is important for blocking p21 polyubiquitylation. Con-
versely, ablation of endogenous TRIM39 by 75, 1,164, or 1,680
shRNA resulted in a significant increase of p21 polyubiquitylation
(Fig. 3B).

It has been proposed that on association with PCNA, p21 is
targeted for ubiquitylation by CRLAC42 ubiquitin ligase complex in
S phase and in response to low-dose UV treatment. Because p21
associates with Cdt2 via residues 156-161, which is overlapping
with the region (amino acids 152-158) required for TRIM39 in-
teraction, we speculate that the mechanisms underlying TRIM39-
dependent p21 stabilization might be associated with the CRL44?
ubiquitin ligase complex. To clarify this, we first examined whether
p21 degradation on TRIM39 depletion is dependent on Cul4A/B,
DDBI, Cdt2, and PCNA. Down-regulation of TRIM39 by shRNA
significantly decreased the basal levels of p21 without affecting the
steady-state levels of Cul4, Cdt2, PCNA, and DDBI. Silencing
each one of the components of CRL4““ resulted in significant
protection of TRIM39 depletion-induced p21 destabilization (Fig.
3 C-E). By contrast, knocking down Skp2 or Cdhl (TRIM39 was
recently reported to inhibit APC/C“™) failed to prevent p21 deg-
radation in cells depleted of TRIM39 (Fig. S4 A-C), suggesting
TRIM39 stabilizes p21 via disrupting CRLA““*-mediated pro-
teolytic degradation of p21.

Cdt2 was proposed as the substrate factor recruiting p21 to the
rest of the CRL4 ubiquitin ligase complex (16). We hypothesized
that TRIM39 may compete with Cdt2 for p21 interaction. To
address this, we conducted an in vitro competition assay to assess
the interaction between GST-Cdt2 and His-p21 in the absence
or presence of an increasing amount of full-length TRIM39 or
TRIM39-N. Strikingly, only full-length TRIM39a or TRIM39p, but
not TRIM39-N, disrupted Cdt2-p21 complex formation in a dose-
dependent manner (Fig. 3F), suggesting that association between
TRIM39 and p21 is critical for preventing Cdt2 from binding
to p21. Notably, no in vitro interaction between GST-Cdt2 and
His-TRIM39 was detected (Fig. S4D). Furthermore, WT p21
and p217“N* (PCNA binding-deficient mutant of p21) bind to
TRIM39 with equal efficiency (Fig. S4E), arguing that the inter-
action between TRIM39 and p21 is independent of the PCNA-
interacting peptide (PIP) box. It is known that the destruction
of p21 by CRL4“%*? reg\lllires p21 binding to PCNA. Consistent
with this notion, p217“N* exhibited increased protein stability
compared with WT p21 (Fig. S4F, lanes 1 and 4). Imgortantly,
exogenously expressed TRIM39 failed to stabilize p21°“N* fur-
ther as it did WT p21 (Fig. S4F), suggesting inhibition of
CRL4“?.mediated p21 degradation is the key mechanism
underlying TRIM39-dependent stabilization of p21 protein.

To verify further that competing with Cdt2 for p21 binding is
central to TRIM39-mediated p21 stabilization, we next asked if
TRIM39 could protect p21 ubiquitylation and subsequent deg-
radation triggered by UV irradiation. To this end, we infected
HCT116 p53~' cells with lentiviral vector expressing full-length
TRIM39 or TRIM39-N and then detected p21 levels in the
presence or absence of UV damage. In agreement with previous
reports, irradiation of HCT116 p537~ cells with low-dose UV
exposure caused the degradation of p2l. Intriguingly, both
TRIM39a and TRIM39p, but not TRIM39-N, significantly re-
versed UV-mediated degradation of p21 (Fig. 3G). Consistent
with the protection of p21 from UV-induced degradation, pol-
yubiquitylation of p21 on UV exposure was profoundly abolished
in cells expressing TRIM39a or TRIM39p (Fig. 3H). These data
demonstrate that TRIM39a and TRIM39p are essential for
stabilizing p21 in unperturbed cells as well as in UV-irradiated
cells. Taken together, our data demonstrate that TRIM39 reg-
ulates p21 stability via competing with Cdt2 for p21 binding,
therefore disrupting CRL4““? ubiquitin ligase-mediated p21
ubiquitylation and degradation.
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Regulation of Cell Cycle Progression and DNA Damage Responses by
TRIM39 Is p21-Dependent. We reasoned that if TRIM39 is crucial
for maintaining the basal levels of p21 protein, TRIM39 should
affect cell cycle progression from G1 to S phase. Indeed, the
fraction of cells in S phase, as determined by incorporation of
BrdU into DNA and measurement of DNA content, as well as by
double thymidine block and release, was substantially increased
by TRIM39 silencing, similar to what was observed in p21-null or
p21-depleting HCT116 cells (Fig. 4 A-D). In contrast, cells were
arrested in G1 phase when TRIM39 was overexpressed (Fig. S5).
Notably, ablation of TRIM39 in HCT116 p21~'~ cells showed no
additional effect on G1/S transition (Fig. 44), ruling out the
possibility that TRIM39 may additionally regulate S-phase entry
by mechanisms independent of p21. Importantly, complementa-
tion of TRIM39-depleting cells with exogenous p21 fully blocked
accelerated G1/S transition induced by TRIM39 ablation (Fig. 4
B, C, and E). Taken together, these data indicate p2l is a critical
downstream effector of TRIM39 in mediating G1/S transition.
Consistent with the notion that p21 is essential to sustain the
G2 checkpoint after DNA damage in human cells (17, 18), we
found that after low-dose doxorubicin treatment, HCT116 WT
and HCT116 p537/~ cells arrested in G2 phase, whereas p21-
depleting or HCT116 p21~'~ cells entered mitosis more readily
(Fig. 4 F and G), as judged by phosphohistone H3 staining. In-
triguingly, a large fraction of TRIM39-depleting cells entered
mitosis on doxorubicin exposure, which can be blocked by in-
troducing exogenously expressed p21 (Fig. 4 G and H). Notably,
on doxorubicin treatment, silencing TRIM39 had no additional
effect on mitotic entry in cells lacking p21 (Fig. 4F). These data
strongly indicate p21 is a key downstream mediator of TRIM39
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in sustaining the DNA damage-induced G2 checkpoint. To as-
sess the effect of TRIM39 depletion on apoptosis elicited by
DNA-damaging agents, we treated HCT116 WT cells or HCT116
p537/~ cells with doxorubicin or etoposide and then performed
propidium iodide staining. Flow cytometry analysis revealed that
a significant portion of the TRIM39-depleting cells became ap-
optotic by 24 h of genotoxic treatment, in contrast to a marginal
induction of apoptosis in control shRNA-expressing cells (Fig. 41).
Silencing p21 exerted similar effects on DNA damage-induced
apoptosis (Fig. 4/). Notably, knockdown TRIM39 had no addi-
tional effect on DNA damage-induced apoptosis in cells lacking
p21 (Fig. 4I). Importantly, reintroducing p21 into TRIM39-
depleting cells profoundly protected cells from doxorubicin-
or etoposide-triggered apoptotic death (Fig. 47). These data
suggest that TRIM39 ablation may sensitize cells to DNA
damage-induced apoptosis via blunting p21 accumulation. Taken
together, our findings uncover the physiological significance of
the TRIM39-p21 axis in regulating G1/S transition. Moreover,
our study identifies a causal role of TRIM39 in determining the
outcome of DNA damage response and reveals TRIM39 as
a crucial regulator in triggering cytostasis.

Discussion

In this study, we identified TRIM39 as a binding partner of p21
in the nucleus. Exogenous TRIM39 stabilized p21 by preventing
its ubiquitylation, whereas TRIM39 depletion resulted in de-
stabilization of p21, which was accompanied by increased ubig-
uitylation. Mechanistically, we found that TRIM39 competed
with Cdt2 for p21 interaction, which subsequently abrogated p21
proteolysis mediated by CRLAY? E3 ligase. Indeed, destruction
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of p21 on TRIM39 knockdown was significantly blocked by si-
lencing of Cul4, Cdt2, DDBI1, or PCNA. Furthermore, UV-in-
duced ubiquitylation and degradation of p21 were profoundly
abolished by ectopically expressed TRIM39. Therefore, disrupting
CRLA? E3 ligase-mediated p21 ubiquitylation and degradation
serves as a crucial mechanism underlying TRIM39-dependent
stabilization of p21. Strikingly, TRIM39 ablation prevented
p21 elevation induced by doxorubicin or etoposide, indicating
TRIM39-mediated posttranslational stabilization of p21 is
essential for p21 accumulation on genotoxic treatment.
Given the crucial role of TRIM39 in maintaining the steady-
state levels of p21, we hypothesized that TRIM39 might affect cell
cycle progression via acting on p21. In unperturbed cells, TRIM39
depletion resulted in an accelerated G1/S transition, which can be
reversed by reintroduction of p21. In response to DNA damage,
p21 is essential for G2 arrest (18). Consistent with impaired DNA
damage-induced p21 elevation in the absence of TRIM39, down-
regulation of TRIM39 attenuated G2 arrest in cells exposed to
genotoxic treatment, leading to increased mitotic entry and
apoptosis, which can be rescued by introduction of ectopic p21.
More importantly, silencing TRIM39 in HCT116 p21~"~ cells did
not produce additional effects on S-phase entry and the DNA
damage-induced G2 checkpoint. Taken together, these data in-
dicate that the TRIM39-p21 axis plays a crucial role in control-
ling cell cycle progression and DNA damage-induced G2 arrest.
Furthermore, the biological function of TRIM39 in cell fate
determination is largely dependent on its ability to stabilize p21.
How TRIM39 is regulated remains largely unknown. We
found that both a and p can be stabilized on proteasome in-
hibitor treatment, suggesting TRIM39 proteins may undergo
proteasome-mediated degradation. Because DNA replication, as
well as DNA damage repair, after UV irradiation requires p21 to
be degraded, it is conceivable that the short half-life of TRIM39
(especially TRIM39a) operates in concert with other signaling
pathways to ensure the rapid turnover of p21 during the G1/S
transition or after low-dose UV irradiation. The regulation of
TRIM39 family members during cell cycle progression or after
DNA damage needs further investigation. Surprisingly, pro-
teolytic destruction of p21 on TRIM39a and TRIM398 com-
pound knockdown can only be rescued by introduction of
both a and p shRNA-resistant constructs, suggesting the post-
translational regulation of p21 by TRIM39 is dependent on the
presence of both a and f isoforms. How exactly o and f isoforms
work as a complex to regulate p21 remains to be elucidated.
Notably, MOAP-1 was recently reported as a substrate of the
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APC/CC! ybiquitin ligase. TRIM39 was proposed to regulate
MOAP-1 via acting on APC/C“" (1). Unfortunately, the mo-
lecular mechanisms underlying TRIM39-dependent regulation
of APC/C®M are obscure. The biological function of TRIM39
has been proposed to enhance apoptosis because MOAP-1 is a
proapoptotic factor in response to genotoxic insults (2). How-
ever, these data were solely based on exposing HEK293T cells to
high-dose etoposide (100 pM) treatment. In HEK293T cells, p21
protein levels are undetectable. Hence, it is conceivable that in
the absence of p21, TRIM39 functions as a proapoptotic factor
via distinct binding partners like MOAP-1.

It was found that p21 is overexpressed in a variety of human
cancers. We found a strong correlation between TRIM39 mRNA
abundance and p21 protein levels in HCC samples. Surprisingly,
both up-regulation and down-regulation of TRIM39 levels were
found in HCC samples. How TRIM39 acts to regulate tumor-
igenesis, as well as the antitumor response, remains to be elu-
cidated. Furthermore, because p21 also plays a role in DNA
repair, senescence, and reprogramming of induced pluripotent
stem cells, examining the biological functions of TRIM39 under
these physiological and physiopathological conditions could pro-
vide a clue as to how to explore TRIM39 for potential therapeutic
applications. In summary, our study identifies TRIM39 as a key
regulator in modulating p21 stability and establishes a clear
functional role of the TRIM39-p21 axis in cell cycle progression
and cellular responses to genotoxic insults.

Materials and Methods

Results are reported as the mean + SD of three or more independent
experiments. Unless stated otherwise, comparisons were performed with
a two-tailed Student t test.

A description of cell culture and reagents, plasmids and antibodies, real-
time PCR, RNAI, in vivo ubiquitylation, flow cytometry, immunofluorescence,
IHC, and in vitro binding is provided in S/ Material and Methods.
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