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ABSTRACT TRIM32 is often aberrantly expressed in many types of cancers. Kaposi’s 
sarcoma-associated herpesvirus (KSHV) is linked with several human malignancies, 
including Kaposi’s sarcoma and primary effusion lymphomas (PELs). Increasing evidence 
has demonstrated the crucial role of KSHV lytic replication in viral tumorigenesis. 
However, the role of TRIM32 in herpesvirus lytic replication remains unclear. Here, we 
reveal that the expression of TRIM32 is upregulated by KSHV in latency, and reactivation 
of KSHV lytic replication leads to the inhibition of TRIM32 in PEL cells. Strikingly, RTA, 
the master regulator of lytic replication, interacts with TRIM32 and dramatically promotes 
TRIM32 for degradation via the proteasome systems. Inhibition of TRIM32 induces cell 
apoptosis and in turn inhibits the proliferation and colony formation of KSHV-infected 
PEL cells and facilitates the reactivation of KSHV lytic replication and virion production. 
Thus, our data imply that the degradation of TRIM32 is vital for the lytic activation of 
KSHV and is a potential therapeutic target for KSHV-associated cancers.

IMPORTANCE TRIM32 is associated with many cancers and viral infections; however, the 
role of TRIM32 in viral oncogenesis remains largely unknown. In this study, we found 
that the expression of TRIM32 is elevated by Kaposi’s sarcoma-associated herpesvirus 
(KSHV) in latency, and RTA (the master regulator of lytic replication) induces TRIM32 for 
proteasome degradation upon viral lytic reactivation. This finding provides a potential 
therapeutic target for KSHV-associated cancers.
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T he tripartite motif (TRIM) family proteins, the majority of which possess E3 ubiquitin 
ligase activities, exhibit multiple functionalities in cellular processes encompassing 

intracellular signaling, developmental pathways, apoptosis regulation, innate immunity 
responses, autophagy modulation, and carcinogenesis progression (1). TRIM proteins are 
characterized by an N-terminal region consisting of one RING finger domain and one 
or two zinc finger domains known as B box (B1- and B2-box) (2, 3), along with their 
associated coiled-coil region (4). Most of the TRIM family proteins have the activities of 
E3 ubiquitin ligases due to containing a RING finger domain (5–7). TRIM proteins possess 
a diverse domain at the carboxyl terminus, including the domains of SPRY, NHL, and 
PHD (1, 8). To date, more than 80 known TRIM proteins are classified in 11 subfamilies, 
according to the presence of C-terminal domains and one uncategorized group without 
the RING domain (8).

TRIM32, an important member of the TRIM family, has been identified as a pivotal 
player in the degradation process of diverse substrate proteins, including dysbindin, 
PIASy, and Abl-2 (9), and extensively implicated in many diseases, including malig
nancies and viral infections (10, 11). Interestingly, TRIM32 is aberrantly expressed in 
many cancers, including head and neck squamous cell carcinoma, colorectal cancer, 
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hepatocellular carcinoma, and lung cancer (12–14). It has been shown that TRIM32 
not only enhances TNFα-mediated apoptosis via XIAP degradation, thereby augment
ing tumor cell sensitivity to chemotherapeutic agents (15–17), but also is potentially 
involved in antiviral infection (18, 19) and immune regulation (18, 20) by its ubiqui
tin-protein ligase activity (21). For example, TRIM32 can directly induce K63-linked 
polyubiquitination of STING upon cytosolic DNA stimulation to facilitate the induction 
of an antiviral response (22) and can negatively regulate TLR3/4-mediated immune 
responses (23). These findings suggest that regulating TRIM32 expression may be 
indispensable for preserving cell growth and viral infection.

Kaposi’s sarcoma-associated herpesvirus (KSHV), also known as human herpesvirus 8 
(HHV-8), is an oncogenic γ-herpesvirus and highly homologous with Epstein–Barr virus. 
KSHV has been documented as the etiological agent for Kaposi’s sarcoma (KS), primary 
effusion lymphoma (PEL), and the plasma cell variant of multicentric Castleman disease 
(24, 25). Like other herpesviruses, KSHV is capable of establishing latent infection in host 
cells and reactivating for lytic replication under certain conditions (26). Although the 
majority of KSHV-positive cells in cancer are in a latent state of infection, approximately 
1%–3% of the cells exhibit a lytic state of virus activation (27). Increasing evidence has 
shown that the sequential expression of viral lytic products (immediate early, early, and 
late genes) may promote cell proliferation, angiogenesis, and local inflammation, leading 
to the initiation and progression of KS tumors (28–32). The majority of the KSHV genome 
remains transcriptionally quiescent during latency; however, the expression of the lytic 
genes is essential and sufficient to trigger the transition from latent to lytic replication 
(33). The first lytic gene to be expressed during lytic cycle replication in B lymphocytes 
is the immediate early gene, Rta (ORF50) (33), which produces RTA serving as a viral 
transcription factor that controls the switch from the latent to the lytic cycle and triggers 
the expression of early genes including ORF59 (34, 35), followed by the expression of 
late genes (32, 36–38). In latently infected cells, RTA (as replication and transcription 
activator) expression is tightly restricted, indicating that the Rta gene is transcriptionally 
repressed in established latency host cells (39). The repression of RTA expression has 
been demonstrated to involve the regulation of numerous viral and cellular factors. 
RTA possesses the activity of a ubiquitin E3 ligase to target substrates for degradation 
selectively (40, 41).

In terms of the role of TRIM32 in herpesvirus infection and mediated pathogenesis, it 
has been reported that TRIM32 served as a crucial positive regulator of HSV-1-induced 
IFN-β production in corneal epithelial cells and played a predominant role in clearing 
HSV-1 from the cornea (42). A recent study showed that TRIM32 also causes STING to 
ubiquitinate at the Lys150 site, leading to the recruitment of VP1-1 for viral immune 
evasion (43). However, the role of TRIM32 in the regulation of KSHV life cycle remains 
unclear.

In this study, we found that the expression of TRIM32 was elevated in KSHV latently 
infected cells, and reactivation of KSHV lytic replication upon chemical stimulation leads 
to the inhibition of TRIM32 in PEL cells. Importantly, RTA, the master regulator of lytic 
reactivation, interacts with TRIM32 and promotes TRIM32 for proteasomal degradation. 
Knockdown of TRIM32 reduces the cell proliferation and colony formation of KSHV-infec
ted PEL cells, which in turn facilitates the reactivation of KSHV lytic replication and virion 
production. Thus, our findings imply that the degradation of TRIM32 induced by RTA is 
important for the lytic activation of KSHV, which provides an attractive therapeutic target 
for KSHV-associated cancers.

RESULTS

Inhibition of TRIM32 contributes to the reactivation of KSHV lytic replication

It has been reported that TRIM32 is overexpressed in various tumor tissues (10). To 
explore whether the expression of TRIM32 is associated with KSHV-infected tumor cells, 
we first detected the protein levels of TRIM32 in KSHV latently infected PEL (BC1, BC3, 
BCBL1, and JSC1) and uninfected B-lymphoma (BJAB) cell lines by immunoblotting (IB) 
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assays. The results showed that the protein levels of TRIM32 were dramatically elevated 
in PEL cells, when compared with KSHV-uninfected BJAB cells (Fig. 1A). To confirm if 
the elevation of TRIM32 protein levels is due to KSHV infection during latency, we also 
detected the protein levels of TRIM32 in paired cell lines, including KSHV latently infected 
B-lymphoma BJAB (K-BAJB), epithelial iSLK (iSLK-Bac16), and rat endothelial MM (KMM) 
cell lines, and their uninfected parental cell lines (BJAB, iSLK, and MM). Supportingly, 
the expression level of TRIM32 protein was consistently higher in KSHV-infected cells 
(K-BJAB, KMM, and iSLK-16) than in the KSHV-negative cells (BJAB, MM, and iSLK) (Fig. 
1B). These data suggest that the TRIM32 protein level is increased in cells latently 
infected by KSHV.

To explore the role of TRIM32 in KSHV latent infection, BCBL1 cells stably transduced 
with a recombinant lentivirus expressing small hairpin RNA targeting TRIM32 (shTRIM32) 
or luciferase control (shCtrl) were first generated and assessed. The results of quantita
tive PCR showed a significant reduction in TRIM32 transcript in the shTRIM32 group, 
when compared with the shCtrl or parental mock group (Fig. 2A), which was further 
confirmed by the results of consistently lower protein levels by immunoblotting assays 
(Fig. 2B). Strikingly, we observed that the inhibition of TRIM32 expression dramatically 
led to an upregulation of RTA expression (Fig. 2B). Furthermore, subsequent quantita
tive PCR analysis revealed a significant increase in transcriptional expression of both 
immediately early gene ORF50 (RTA) and early gene ORF59 upon TRIM32 knockdown 
(Fig. 2C), indicating that TRIM32 is a key host molecule involved in the regulation of viral 
lytic replication. To further assess the impact of TRIM32 knockdown on the intracellular 
viral episome copy number, we also performed quantitative PCR to detect the viral 
genome copy number change in the BCBL1 cells with or without TRIM32 knockdown 
by tittering the latent gene ORF72 and terminal repeat (TR) as described previously (44, 
45). As shown in Fig. 2D, the inhibition of TRIM32 significantly enhanced viral genome 
replication, which may facilitate the reactivation of KSHV lytic replication.

FIG 1 Expression of TRIM32 is elevated in KSHV latently infected cells. (A) High expression of TRIM32 

in PEL cells. Equal numbers of KSHV-positive PEL (BC1, BC3, BCBL1, and JSC1) or negative BJAB cells 

were subjected to an immunoblotting assay with antibodies as indicated. (B) The expression of TRIM32 is 

elevated by KSHV in latent infection. Equal amounts of KSHV latently infected (K-BJAB, KMM, and iSLK-16) 

and its parental uninfected (BJAB, MM, and iSLK) cells were subjected to an immunoblotting assay with 

antibodies as indicated. Relative density (RD) of protein level of TRIM32 is quantified and shown.
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FIG 2 Inhibition of TRIM32 expression reactivates KSHV lytic replication and virion production. 

(A) Establishment of BCBL1 cells with TRIM32 knockdown. BCBL1 cells individually infected with lentivirus 

carrying green fluorescence protein (GFP)-tagged small hairpin RNA (shRNA) against TRIM32 (shT32-1 

or shT32-2) or luciferase control (shCtrl) were analyzed by a fluorescence microscope (upper panel) or 

harvested for quantitative PCR (lower panel). Relative levels of TRIM32 transcripts are shown at the 

bottom panels. Uninfected cells were used as mock. The percentage of GFP-positive cells is quantified by 

flow cytometry and shown. DIC, differential interference contrast. (B) Knockdown of TRIM32 induces RTA 

expression in PEL cells. Whole cell lysates (WCLs) from BCBL1 cells with or without TRIM32 knockdown 

from panel (A) were individually subjected to an IB assay with antibodies as indicated in the figure. 

GAPDH was used as an internal control. (C) Knockdown of TRIM32 enhances the transcription of 

KSHV lytic genes. Total RNA extracted from panel (A) was individually subjected to reverse transcrip

tion and quantitative PCR analysis for transcriptions of KSHV lytic genes including ORF50 and ORF59. 

(D) Knockdown of TRIM32 enhances the viral episome DNA copy number. The KSHV episome DNA 

extracted from panel (A) was subjected to quantitative PCR analysis for ORF72 and TR copies. The 

statistical significance was evaluated, and P < 0.01 was indicated by two asterisks; P < 0.001 was indicated 

by three asterisks.
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Expression of TRIM32 is reduced during the lytic cycle of KSHV

Given that TRIM32 knockdown leads to the reactivation of KSHV lytic replication 
in PEL cells, to determine whether the reactivation of the KSHV lytic cycle reduces 
the expression of TRIM32, we treated KSHV-positive PEL (BCBL1 and BC3) cells with 
tetradecanoyl phorbol acetate (TPA) and sodium butyrate to activate KSHV from latency 
to lytic replication for 24 h, followed by immunoblotting analysis of TRIM32 and 
RTA. With the KSHV-negative B-lymphoma BJAB and DG75 cells as parallel controls, a 
significant reduction of TRIM32 and marked upregulation of RTA were observed in both 
KSHV-positive BCBL1 and BC3 cells upon the reactivation of lytic replication. In contrast, 
no significant change occurs in the KSHV-negative BJAB and DG75 cells (Fig. 3A). To 
address whether the reduction of the protein level of TRIM32 upon lytic reactivation 
is due to the inhibition at the transcriptional level, the mRNA levels of TRIM32 and 
RTA in PEL cells treated with TPA and sodium butyrate were individually quantified by 
quantitative PCR analysis. The results showed that the transcription levels of TRIM32 
were increased slightly instead of decreased in both BCBL1 and BC3 cells upon TPA and 
sodium butyrate treatment, albeit the transcription of RTA was dramatically increased 
(Fig. 3B). There was no significant change in TRIM32 transcripts in KSHV-negative cells 
(Fig. 3B). These data indicate that the reactivation of KSHV lytic replication reduces 
TRIM32 expression at the protein level, rather than the transcriptional level. To reduce 
the effect of genetic background differences, three cell lines, 293T-219, iSLK-219, and 
iSLK-Bac16 [in which RTA expression or KSHV whole genome is under doxycycline 
(Dox) induction individually], were used for the induction of RTA expression, followed 
immunoblotting with TRIM32. A similar phenomenon of a dose-dependent reduction 
of TRIM32 at the protein level along with the increased expression of RTA in all three 
cell lines was observed (Fig. 3C, upper panel). In contrast, the mRNA levels of TRIM32 
were not significantly changed in both iSLK-Bac16 and 293T-219 cells upon reactivation, 
albeit a slight increase was observed in iSLK-219 cells (Fig. 3C, lower panel). The results 
suggest that RTA may exert an inhibitory effect on the regulation of TRIM32 at the 
protein levels instead of transcriptional levels. The difference of TRIM32 transcripts in 
iSLK-16 and iSLK-219 cells indicates that the regulation of TRIM32 upon reactivation of 
lytic replication in different viral systems could be varied.

RTA induces TRIM32 degradation via the proteasome

It has been reported that RTA could serve as a ubiquitin E3 ligase to induce different 
substrates, including STAT6, for degradation during KSHV lytic replication (41, 46, 47). To 
further validate whether RTA also participates in the downregulation of TRIM32 at the 
protein level, we examined the expression of TRIM32 in iSLK cells carrying doxycycline-
induced RTA alone upon Dox induction for different time points. The results showed that 
the protein levels of TRIM32 were gradually reduced along with the increased level of 
RTA expression (Fig. 4A), while no significant change at the transcription level of TRIM32 
was observed (Fig. 4B). To further address if the regulation of RTA in the reduction of 
TRIM32 at protein levels is via proteasome degradation, we co-transfected myc-tagged 
TRIM32 or GFP-myc vector with different dosages of myc-tagged RTA into HEK293T cells, 
followed by treatment with or without MG132 for the inhibition of proteasome activity. 
The results showed a significant reduction of TRIM32, but not GFP protein, observed 
along with the increase of RTA (Fig. 4C, upper panels), while the inhibition of proteasome 
activity by MG132 significantly blocked the degradation of TRIM32 (Fig. 4C, lower 
panels). Consistently, MG132 but not chloroquine (Chl) efficiently inhibited the RTA-
induced degradation of TRIM32 in BCBL1 cells upon the reactivation of lytic replication 
(Fig. 4D). These data suggest that the degradation of TRIM32 induced by RTA is mainly 
dependent on the proteasome pathway, rather than the lysosomal pathway.
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FIG 3 The protein level of TRIM32 is reduced in PEL cells with KSHV lytic reactivation. (A) Reactivation of KSHV in PEL cells dramatically reduced the protein 

level of TRIM32. Equal amounts of KSHV-infected PEL cells (BCBL1 and BC3) and uninfected B-lymphoma cells (BJAB and DG75) were individually treated with 

or without 20 ng/mL TPA (T) and 1.5 mM sodium butyrate (NB) for 20 h, followed by whole cell lysate for IB with antibodies as indicated. GAPDH was used as 

an internal control. RD of the protein level of TRIM32 or RTA was quantified and shown. (B) Reactivation of KSHV in PEL cells did not significantly impair the 

transcriptional level of TRIM32. Total RNA extracts from BCBL1, BC3, and BJAB cells treated with T/NB as in panel (A) were individually reversely transcribed and 

quantitative PCR analysis for TRIM32 transcripts. (C) Doxycycline-induced RTA expression in iSLK-16, iSLK-219, and 293T-219 cells led to the decreased protein 

level of TRIM32. Equal amounts of iSLK or 293T cells carrying doxycycline-induced RTA and KSHV whole genome were treated with Dox for different time points 

and subjected to IB with antibodies as indicated. RD of protein levels of RTA and TRIM32 was quantified and shown in the middle panels. The relative mRNA 

transcripts of TRIM32 were detected by quantitative PCR analysis and shown at the bottom panels.
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FIG 4 RTA-induced degradation of TRIM32 is dependent on the activity of proteasome not lysosome. (A) Doxycycline-induced RTA expression in iSLK-RTA cells 

reduced the protein level of TRIM32. iSLK cells carrying Dox-induced RTA (iSLK-RTA) were treated with doxycycline for different time points and subjected to 

IB with antibodies as indicated. RD of protein levels of RTA and TRIM32 was quantified and shown in the middle panel. (B) The relative mRNA transcripts of 

TRIM32 from panel (A) were detected by quantitative PCR analysis. (C) RTA induced TRIM32 degradation in a dose-dependent manner. HEK293T cells were 

co-transfected with 1 µg plasmid of TRIM32-myc or GFP-NLS-myc with different doses of RTA-myc (0, 0.5, 1, and 2 µg) and treated with MG132 for 8 h at 48 h 

post-transfection, followed by immunoblotting assays with antibodies as indicated. RD of TRIM32 and GFP protein bands was quantified and shown at the 

bottom panels. (D) Inhibitor of the proteasome, not lysosome, blocks RTA-induced degradation of TRIM32 during lytic reactivation. BCBL1 cells were induced 

with or without TPA and sodium butyrate (T/NB) for 12 h and then individually treated with MG132, Chl, or both for 12 h, followed by immunoblotting assays 

with antibodies as indicated in the figure.
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FIG 5 RTA physically interacts with TRIM32. (A) Ectopic expression of exogenous TRIM32 interacts with RTA. WCL from 293T cells co-transfected with different 

combinations of GFP-TRIM32 and RTA-myc in the presence of MG132 or DMSO treatment was subjected to IP followed by IB or direct immunoblotting assays as 

indicated in the figure. HC, heavy chain. (B) TRIM32 co-localizes with RTA at the nuclear compartment. HEK293T cells transfected with GFP-TRIM32 and RTA-myc

(Continued on next page)
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TRIM32 interacts with RTA through its transactivation domain

To determine whether TRIM32 physically interacts with RTA, HEK293T cells were 
co-transfected with GFP-tagged TRIM32 with or without myc-tagged RTA, followed 
by treatment with MG132 or DMSO (dimethyl sulfoxide). The co-immunoprecipitation 
(co-IP) results revealed an obvious interaction between RTA and TRIM32 (Fig. 5A). 
Interestingly, immunofluorescent assay data showed that when co-expressed with RTA, 
TRIM32 was translocated mainly in the nuclear compartment, and this translocation 
was further enhanced by the inhibition of proteasome activity (Fig. 5B). To further 
investigate if the interaction between RTA and TRIM32 exists in the KSHV-positive PEL 
cells during lytic reactivation, BCBL1 cells treated with TPA and sodium butyrate were 
subjected to co-immunoprecipitation with anti-RTA antibody followed by immunoblot
ting with TRIM32 antibody. Consistently, endogenous TRIM32 in BCBL1 cells showed 
physical interaction with RTA (Fig. 5C). MG132 treatment enhanced the accumulation 
and co-localization of TRIM32 with RTA at the nuclear compartment in BCBL1 cells upon 
reactivation of lytic replication (Fig. 5D), further confirmed by the interaction between 
RTA and TRIM32.

To identify which domain of TRIM32 is required for the interaction with RTA, four 
truncated mutants of TRIM32 with a GFP tag were generated by deleting different 
domains (Fig. 6A) and were individually co-expressed with or without RTA-myc in 
HEK293T cells. The whole cell lysate was subjected to co-immunoprecipitation with 
GFP antibody followed by immunoblotting against the myc-tag for RTA. To avoid the 
inhibitory effects of RTA on the degradation of TRIM32, the transfected cells were 
treated with MG132 before harvesting. As shown in Fig. 6A, the deletion of the NHL 
domain (ΔNHL) of TRIM32 significantly abolished the interaction of TRIM32 with RTA, 
when compared with full-length TRIM32 and other three truncated mutants [deletions 
of the RING domain (ΔRING), zinc finger domain (ΔB-box), or coiled-coil region (ΔCC)] 
separately. These results suggest that TRIM32 interacts with RTA through its substrate-
binding NHL domain.

Since RTA can serve as an E3 ubiquitin ligase for several target substrates (47–49), to 
investigate whether the degradation of TRIM32 by RTA also relies on its E3 ligase activity, 
we generated various mutants of RTA within the RING finger domain (C131S, C141S, 
H145L, or ΔRING) and then individually co-expressed with exogenous GFP-tagged 
TRIM32 in 293T cells. Using wild-type RTA as a parallel control, immunoprecipitation 
assay results showed that site mutations within the RING domain of RTA significantly 
abrogated RTA-induced degradation of TRIM32 (Fig. 6B, right panel); in contrast, they did 
not alter the interaction between RTA and TRIM32 (Fig. 6B, left panel), suggesting that 
RTA can induce TRIM32 degradation through its E3 ligase activity.

RTA promotes K48-linked ubiquitylation of TRIM32

To determine whether RTA induces TRIM32 ubiquitylation via its E3 ligase activity, we 
performed experiments in ubiquitin-modified cells by co-expressing exogenous GFP-
tagged TRIM32 with or without wild-type or RING-deleted RTA in the presence of HA-
tagged ubiquitin in HEK293T cells. The results of co-IP assays with antibodies against GFP 
showed that a clear band of modified TRIM32 with ubiquitin was observed and only 

FIG 5 (Continued)

in the presence of MG132 or DMSO were subjected to immunofluorescent confocal assays with antibodies against myc-tag (red) or GFP (green). The dashed 

white circle indicates the nuclear compartment. Nuclei were stained by 4′,6-diamidino-2-phenylindole (DAPI) (blue). (C) Endogenous TRIM32 associated with RTA 

in the KSHV-positive cells with lytic reactivation. WCLs from BCBL1 cells treated with 20 ng/mL of TPA and 1.5 mM sodium butyrate (T/NB) for 20 h were subjected 

to IP followed by IB or direct immunoblotting assays as indicated in the figure. The asterisk indicates a non-specific band. (D) Inhibitor of proteasome leads to 

accumulation and co-localization of TRIM32 with RTA at the nuclear compartment of PEL with KSHV reactivation. BCBL1 cells induced with 20 ng/mL of TPA and 

1.5 mM sodium butyrate (T/NB) for 20 h, followed by treatment with or without MG132 for 8 h, were subjected to immunofluorescent assays with antibodies 

against TRIM32 and RTA. The dashed white circle indicates the nuclear compartment. Nuclei were stained by DAPI (blue). The enlarged merged view of TRIM32 

and RTA is shown at the bottom panels.
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FIG 6 RTA-induced degradation of TRIM32 relies on the RING domain of RTA. (A) RTA associated with the NHL domain of 

TRIM32. HEK293T cells were transfected with the indicated plasmids for 48 h, and the WCLs were subjected to IP followed 

by IB or direct immunoblotting assays with the indicated antibodies. Schematic of the TRIM32 amino acid sequence and its 

truncation mutants was shown at the bottom panels. The red circle indicates the RTA-associated domains. The domains of 

RING, B-box, coil-coil (CC), and NHL are shown. (B) RTA-induced degradation of TRIM32 was dependent on its RING domain. 

HEK293T were transfected with TRIM32 with GFP tag in the presence or absence of wild-type (WT) RTA with myc-tag or its 

mutants for 48 h and subjected to IB with antibodies as indicated in the figure. A brief schematic of the RTA amino acid 

sequence and its mutants is shown at the bottom panels.
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reduced in the presence of wild-type RTA, but not in the RING-deleted mutant (Fig. 7A, 
left panel). To further identify which lysine-linked form of ubiquitin participates in the 
modification of TRIM32 induced by RTA, we performed similar experiments with the 
ubiquitin mutant of only K6, K48, or K63 remained (all other lysines within ubiquitin were 
mutated). The results showed that with the exception of K48, neither K6- nor K63-linked 
ubiquitin modification of TRIM32 was reduced in the presence of wild-type RTA instead 
of its RING domain mutant (Fig. 7A, right panels). In agreement with this finding, the K48- 
not K63-linked form ubiquitinated endogenous TRIM32 was also dramatically increased 
in BCBL1 cells along with RTA expression upon reactivation of the lytic cycle (Fig. 7B, right 
panels). These data indicate that RTA promotes K48-linked ubiquitination of TRIM32.

Disruption of TRIM32 expression enhances the reactivation of KSHV lytic 
replication and virion production

To investigate the impact of TRIM32 on the cell survival and proliferation of KSHV-pos
itive PEL cells, equal numbers of BCBL1 cells stable expressing shTRIM32 or shRNA 
were subjected to cell apoptosis analysis with flow cytometry at 72 h or inoculated 
and monitored for several days for cell proliferation and colony formation. Along with 
KSHV-negative B-lymphoma BJAB cells as a parallel control, the results showed that 

FIG 7 RTA promotes K48-linked ubiquitylation of TRIM32. (A) RTA induced K48-linked ubiquitylation of exogenous TRIM32. HEK293T cells were individually 

co-transfected with the indicated plasmids for 48 h. The WCLs were subjected to IP and IB assays as indicated. HA-tagged WT ubiquitin and its lysine mutants 

containing only K6, K48, or K63 were used. (B) K48-linked ubiquitylation of endogenous TRIM32 was significantly induced during KSHV reactivation. BCBL1 cells 

were exposed to TPA and sodium butyrate (T/NB) for 24 h, followed by treatment with MG132 for 8 h before cell harvest. WCLs were subjected to denatured 

immunoprecipitation (de-IP) using antibodies targeting K48 or K63 polyubiquitin, followed by IB as indicated in the figure.
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FIG 8 TRIM32 is required for KSHV to block viral lytic replication and drive cell proliferation. (A) The impact of TRIM32 knocked down on cell apoptosis. The 

KSHV-negative (BJAB) and -positive (BCBL1) cell lines were individually subjected to infection with lentivirus carrying shRNA against TRIM32 (shT32-1 or shT32-2) 

or luciferase control (shCtrl) for 72 h, followed by flow cytometry analysis for cell apoptosis. The percentage of cell apoptosis from three duplicated experiments 

was quantified and shown at the bottom panels. ns, no significant difference. Knockdown of TRIM32 reduces KSHV-infected (B) cell proliferation and (C) colony 

formation. Equal amounts of BCBL1 cells stable expressing shRNA against TRIM32 (shT32-1 or shT32-2) or luciferase control (shCtrl) were cultured and measured 

for cell proliferation at the specified time point by the cell vitality counter or inoculated for soft agar assays and then fixed on 14 days, followed by staining 

with crystal violet to determine the colony number (bottom panel). Data are presented as the mean ± SD of three independent experiments. Asterisks indicate 

significant differences (**P < 0.01 and ***P < 0.001). (D) Knockdown of TRIM32 reduces the antiapoptosis ability of KSHV-infected PEL cells. BCBL1 cells with TRIM32 

(shTRIM32-1 or shTRIM32-2) or luciferase control (shCtrl) stable knockdown were individually treated with or without TPA/NaB (T/NB) for 24 h and subjected to 

immunoblotting with antibodies as indicated in the figure. (E) TRIM32 knockdown enhances TPA- and sodium butyrate-induced KSHV virion production.

(Continued on next page)
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downregulating TRIM32 expression significantly induced cell apoptosis of BCBL1 cells, 
but not BJAB cells (Fig. 8A), suppressed cell proliferation (Fig. 8B), and led to much less 
colony formation (Fig. 8C), which suggest that the disruption of TRIM32 induces cell 
apoptosis of KSHV-positive PEL cells, but not KSHV-negative B-lymphoma cells.

To further address the effect of RTA-induced degradation of TRIM32 on PEL cell 
apoptosis upon KSHV reactivation, the protein levels of PARP-1 (a cell apoptotic marker) 
in BCBL1 cells stable expressing shTRIM32 or shRNA with or without TPA and sodium 
butyrate treatment were individually examined by immunoblotting assays. The results 
showed that the knockdown of TRIM32 induced more cleavage of PARP1 protein (Fig. 
8D, compare lane 3 with 1) and more release of KSHV viral particles (Fig. 8E). Upon 
the reactivation of KSHV lytic replication, the protein levels of TRIM32 expression were 
significantly reduced and further hastened cellular apoptosis and augmented viral 
particle release, particularly in the TRIM32 knockdown group (Fig. 8D, compare lane 4 
with 2; Fig. 8E). These findings suggest that KSHV reactivation could lead to TRIM32 
degradation, thus enhancing cellular apoptosis and facilitating the production of virion 
particles upon reactivation.

DISCUSSION

Like other members of the herpesvirus family, the latent and lytic replication life cycle 
plays a critical role in KSHV-induced oncogenesis and pathogenesis (53), and a propor
tion of approximately 1%–3% of cells within KSHV tumor tissues undergo lytic activation 
(54). Upon stimulation or under certain conditions, KSHV will reactivate from the latent 
phase into the lytic replication phase, leading to a massive expression of the viral genes 
and the production of virion progeny (55, 56). Increasing evidence has shown that the 
activation of KSHV lytic gene expression plays a pivotal role in the onset and progres
sion of several KSHV-associated cancers, including PEL, for regulating antiproliferative 
and antiapoptotic signaling pathways (57, 58). Previous studies from our group and 
colleagues have reported that the master regulator of lytic replication, RTA, not only 
inhibits the formation of the LANA-RBP-Jκ complex (50, 51) but also induces STAT6 for 
degradation via the proteasome and lysosome (52), during KSHV reactivation by stimuli 
of TPA and sodium butyrate. Although RTA has been previously shown to increase the 
expression and ubiquitylation of TRIML2 in the lytic phase (41), the role of RTA in other 
members of the TRIM family remains largely unknown. In this study, we revealed that 
TRIM32 was aberrantly expressed in KSHV latently infected cells, and the inhibition of 
TRIM32 is sufficient to activate RTA expression and lytic cycle. Moreover, the interaction 
between TRIM32 and RTA resulted in TRIM32 degradation via the proteasome pathway 
upon stimuli treatment for lytic reactivation, which in turn induces cell apoptosis and 
enhances viral progeny production (Fig. 8F), indicating that TRIM32 plays a critical role in 
controlling the KSHV life cycle.

Although several reports about the precise involvement of TRIM32 in the regula
tion of tumorigenesis remain controversial, our observations indicate that TRIM32 was 
aberrantly expressed in the KSHV latently infected cells, and the disruption of TRIM32 led 
to the activation of PARP1 cleavage and cell apoptosis and inhibition of PEL cell growth 
and colony formation, supporting the notion that TRIM32 functions as an oncoprotein. 
This agrees with previous reports that TRIM32 could function as ubiquitin E3 ligase for 
antiapoptosis and cell growth by targeting p53 and Abl2 for degradation (12–14). In 
addition, we observed that the inhibition of TRIM32 not only dramatically induces cell 
apoptosis in KSHV latently infected cells but also significantly enhances the expression 

FIG 8 (Continued)

The supernatants from equal amounts of cells in panel (D) were purified to quantify virion production. The statistical significance was evaluated, and P < 0.05 

was indicated as double asterisks. (F) Proposed model of RTA-induced degradation of TRIM32 upon KSHV reactivation. During the reactivation of KSHV latently 

infected cells by stimuli (TPA and sodium butyrate), KSHV-encoded RTA has been previously reported to not only block the formation of LANA-RBP-Jκ complex 

(50, 51) but also induce STAT6 degradation via proteasome and lysosome (52). The results in this study further show that the interaction between TRIM32 and 

RTA leads to TRIM32 degradation via proteasome, which reduces cell proliferation and facilitates viral progeny production.
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of viral lytic protein RTA, indicating that TRIM32 may play critical dual roles in regulating 
both host cellular and viral proteins. Furthermore, there are a couple of protein bands 
that appeared at the endogenous or exogenous expression of TRIM32, suggesting that 
the precise regulation of TRIM32 at the post-translational level is highly possible and may 
be dynamically targeted during the different stages of the viral life cycle. However, the 
related molecular mechanisms of TRIM32 regulation at the protein level during KSHV 
latent infection remain to be further investigated.

It has been demonstrated that RTA is the pivotal protein involved in regulating the 
transition of KSHV from latency to lytic replication (59), and subsequent investigations 
showed that RTA could act as a ubiquitin E3 ligase to selectively ubiquitylate different 
host cellular proteins, including STAT6 and TRIML2 for degradation or stabilization (41). 
Unlike the RTA-mediated STAT6 degradation via the proteasome and lysosome pathways, 
TRIM32 was targeted by proteasome instead of lysosome systems. Previous reports 
that TRIM32 is also shown to be involved in the regulation of autophagy (60) indicate 
that both TRIM32 and STAT6 may cooperate together or separately in controlling the 
herpes viral life cycle, which is required to be further investigated. In addition, previous 
reports showed that the NHL domain of TRIM32 is required for oligomerization and its 
autoubiquitination activity (10, 61). The fact that RTA interacts with TRIM32 through its 
NHL domain suggests that the NHL domain is the key target for the virus to regulate 
TRIM32 protein stability, and only the proteasome instead of the autophagy pathway is 
selectively targeted by KSHV for TRIM32 degradation during the lytic cycle, indicating 
that there are complex and important roles of TRIM32 in controlling KSHV latency and 
lytic replication.

Apoptosis is known as programmed cell death eliciting no inflammatory responses 
(62), which are regulated by multiple proteins including p53 and PARP1 (63). Although 
the inhibition of TRIM32 presents a similar effect as TRIML2 in previous observation 
to activate PARP1 cleavage for cell apoptosis, which is further enhanced upon stimuli 
of lytic reactivation (41), the influence on viral production upon reactivation is totally 
opposite, indicating that TRIM32 plays a different role from TRIML2 in regulating host cell 
apoptosis, which eventually facilitates the release of KSHV virus particles.

In summary, our finding revealed that the interaction between TRIM32 and RTA leads 
to the degradation of TRIM32 during viral lytic reactivation, which will contribute to 
the release of KSHV virion progeny production, highlighting the pivotal role of TRIM32 
in governing the life cycle for herpesvirus pathogenesis, and may serve as a potential 
therapeutic target in KSHV-associated cancers.

MATERIALS AND METHODS

Cell culture and transfection

The KSHV-positive PEL (BC3, JSC1, BC1, and BCBL1) and KSHV-negative B-lymphoma 
(BJAB and DG75) cell lines from the American Type Culture Collection (ATCC) were 
maintained in a RPMI1640 medium supplemented with 10% fetal bovine serum (FBS) 
and 1% penicillin and streptomycin (Gibco-BRL). iSLK (1 µg/mL puromycin, 250 µg/mL 
G418) (64), iSLK-RTA (250 µg/mL G418, 100 µg/mL hygromycin) (65), iSLK-Bac16 (K-iSLK, 
1.1 mg/mL hygromycin, 250 µg/mL G418, and 1 µg/mL puromycin) (64), iSLK-219 (1.1 
mg/mL hygromycin, 250 µg/mL G418, and 4 µg/mL puromycin) (65), and rat endothelial 
MM and KMM (150 µg/mL hygromycin) cells (66) were kindly provided by Shou-Jiang 
Gao at the University of South California and were maintained in a DMEM (Dulbecco's 
Modified Eagle's Medium) supplemented with 10% fetal bovine serum (FBS) and 1% 
penicillin and streptomycin (Gibco-BRL) (41). HEK293T (ATCC) cells were maintained 
in a DMEM medium supplemented with 10% FBS and 1% penicillin and streptomy
cin (Gibco-BRL). All cell lines were incubated at 37°C in a humidified environmental 
incubator with 5% CO2. Cells were cultured 24 h before transfection with cell confluence 
reaching 60%–70%. HEK293T cells were transfected with 1 mg/mL polyethylenimine 
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Linear (PEI) MW40000 (40816ES03, Yeasen) at a ratio of 1 µg plasmid DNA:3 µL PEI and 
incubated for 48 h.

Reagents and antibodies

Mouse antibodies to GFP (50430-2-AP), myc-tag (60003-2-Ig), and GAPDH (60004-1-Ig) 
were purchased from Proteintech Group (Wuhan, China). Alexa Fluor 488-conjugated 
goat anti-rabbit IgG (H+L) (cat# 2072687, Invitrogen), Alexa Fluor 488-conjugated goat 
anti-mouse IgG (H+L) (cat# 1942237, Invitrogen), Alexa Fluor 594-conjugated goat 
anti-rabbit IgG (H+L) (cat# 111-585-003, Invitrogen), and Alexa Fluor 594-conjugated 
goat anti-mouse IgG (H+L) (cat# A-11032, Invitrogen) antibodies were purchased from 
Invitrogen Co. Ltd. Mouse monoclonal antibodies against RTA (4D2, a gift from Ke Lan 
at Wuhan University), myc (9E10, stored in the lab), and LANA (LANA1, stored in the 
lab) were individually prepared from hybridoma cultures. Rabbit antibodies against 
Flag polyAb (F1804; Sigma-Aldrich) or TRIM32 (ab96612, Abcam) and mouse antibodies 
against PARP1 (F2, Santa Cruz) were used in this study. The DAPI (cat# C006, Solarbio) and 
sodium butyrate (S615175, J&K Corporation) were used in chemical treatment assays. 
Proteasome inhibitor MG132 was purchased from Biomol International, and TPA and Chl 
were purchased from Sigma-Aldrich. Dox was purchased from Sangon Biotech (Shang
hai). Protease inhibitors of PMSF (Phenylmethanesulfonyl fluoride), leupeptin, aprotinin, 
pepstatin A, and puromycin were purchased from Amresco, and G418 from Inalco S.p.A.

DNA constructs

Plasmid TRIM32-myc was obtained by PCR amplicon (with cDNA from BJAB genome 
as template) and subcloned into pcDNA3.1-3xmyc vector at EcoRI and HindIII sites. 
Plasmid TRIM32-FLAG was obtained by PCR amplicon (with TRIM32-myc as template) 
and subcloned into pcDNA3.1-FLAG vector at Not1 and HindIII sites. The wild type of 
TRIM32 with a GFP tag at the amino terminus and its deleted mutants (ΔRING, ΔB-box, 
ΔCC, or ΔNHL) were generated by PCR amplicon (with TRIM32-FLAG as template) and 
subcloned into pEGFP-C1 vector at KpnI and BamHI sites. The RING domain deleted 
mutant (ΔRING) was constructed by deleting the DNA fragment of 1–288 nt in the ORF 
of TRIM32. The B-box domain deleted mutant (ΔB-box) was constructed by deleting 
the DNA fragment of 288–405 nt in the ORF of TRIM32. The coiled-coil domain deleted 
mutant (ΔCC) was constructed by deleting the DNA fragment of 405–762 nt in the ORF 
of TRIM32. The NHL domain deleted mutant (ΔNHL) was constructed by deleting the 
DNA fragment of 762–1,962 nt in the ORF of TRIM32. Plasmids RTA-myc and its mutants 
(ΔRING), CS (C131S, C141S), CL1 (C131S, H145L), CL2 (C141S, H145L), and CSL (C131S, 
C141S, and H145L), RFP-RTA, and pCDNA3.1-GFP-NLS-myc were described as previously 
(41).

Immunofluorescence assays

HEK293T cells were transfected with plasmids as indicated. After transfection for 24 h, 
these cells were then fixed with 4% paraformaldehyde (PFA) and permeabilized in PBS 
(phosphate buffered solution) containing 0.2% fish skin gelatin (G-7765; Sigma) and 0.2% 
Triton X-100 for 30 min, respectively. For BCBL1 cells, the cells after treatment were fixed 
with 4% PFA and gently spread on the coverslip and dried in a 37°C oven for 10 min, 
with the following operations as described above. Finally, cells were incubated with 
the indicated primary and secondary antibodies and nuclear staining with DAPI, then 
visualized with a Leica SP8 confocal microscope.

Generation of knockdown cell lines

A pGIPz vector plasmid containing shRNA-1 (5′-GAAGTTGAGAAGTCCAATA-3′) and 
shRNA-2 (5′-GGTGGAAAGCTTTGGTGTT-3′) targeting the TRIM32 gene was constructed 
and transduced into BJAB or BCBL1 cells. Transduction was followed by selection via 
culture with 1 µg/mL puromycin for 1 week. Surviving cells were cultured in a 10% FBS 
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medium. Knockdown efficiency was then verified by reverse transcription quantitative 
PCR or immunoblotting.

Immunoprecipitation and immunoblotting

IP and IB assays were performed as described previously (41). For IP, cell samples 
were collected at the indicated times and lysed on ice for 30 min using NP-40 lysis 
buffer (20 mM Tris-HCl, 150 mM NaCl, 1% NP-40, and 1 mM EDTA) with protease 
inhibitors, followed by centrifugation to collect the supernatant (14,500 rpm, 10 min) 
and incubation of the supernatant with the corresponding primary antibody at 4°C 
overnight. A protein of interest complex was captured with protein A/G sepharose 
beads and boiled in a loading buffer. For denature IP, cell samples were collected at the 
indicated times and denatured using NP-40 denatured buffer (20 mM Tris-HCl, 150 mM 
NaCl, 1% NP-40, 1 mM EDTA, and 2% SDS) with protease inhibitors, subsequently boiled 
for 10 min, and then lysed on ice using NP-40 lysis buffer, followed by the regular IP as 
described above. For IB, the cell lysates and immunoprecipitants were resolved by the 
appropriate concentration of sodium dodecyl sulfate polyacrylamide gel electrophoresis 
and then transferred to the nitrocellulose membrane. After incubation with the indicated 
primary and secondary antibodies, the membranes were scanned with an Odyssey 
Infrared scanner (Li-Cor Biosciences). Densitometric analysis was performed with the 
Odyssey scanning software.

Cell proliferation assay

BCBL1 cells stable carrying TRIM32 shRNA or luciferase control shRNA (shCTRL) were 
plated in a T25 flask and incubated for 24 h. After different culture time points, the cells 
were collected and counted using a Vi-Cell XR (Beckman Coulter) at different time points. 
The culture medium is replaced every 24 h.

Colony formation assay

The soft agar colony formation assay was performed as described previously (67). Briefly, 
a bottom layer containing 0.75% agar in 10% FBS RPMI1640 was prepared first, followed 
by an appropriate number of cells in a 0.36 mixture for the top layer. The dish with two 
layers was incubated at 37°C for 3 weeks, and then, the colonies were stained with a 
solution of 0.04% crystal–2% ethanol in PBS and counted using count PHICS software for 
ImageJ (68).

Quantitative real-time PCR

Total RNA was extracted from cells by using TRIzol and reverse-transcribed to cDNA 
using a kit from TransScript First-Strand cDNA Synthesis SuperMix (Beijing TransGen 
Biotech Co., Ltd) according to the manufacturer’s protocol. The cDNA was amplified in a 
20 µL total volume with 10 µL SYBR Green, 0.4 µL each primer (10 µM), 4.2 µL H2O, and 
5 µL cDNA. A melting-curve analysis confirmed the specificity of the amplified products. 
Relative levels of change were calculated using the threshold cycle (ΔΔCT) method, and 
samples were tested in triplicates. GAPDH was used as an internal control.

Purification and quantitation of KSHV virion

The BCBL1 cells with or without TRIM32 knockdown cells were treated with 20 ng/mL of 
TPA and 1.5 mM sodium butyrate (J&K Corporation) for 2 days at 37°C with 5% CO2. After 
treatment, the supernatant of the culture medium was collected and filtered through 
a 0.45 µm filter, and viral particles were spun down at 25,000 rpm for 2 h at 4°C. The 
concentrated virus was collected and used for virion quantitation by quantitative PCR as 
described previously (41).
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Cell apoptosis analysis

The apoptotic cells were analyzed by using an Annexin V-FITC/PI apoptosis detection 
kit (Yeasen, #40302ES50) according to the manufacturer’s instructions. Briefly, cells were 
harvested and washed twice with PBS and suspended in the binding buffer. The cells 
were then incubated with Annexin V-FITC and PI in the dark for 10 min at room 
temperature and subjected to flow cytometric analysis by using a BD FACSCalibur flow 
cytometer (BD Biosciences) and analyzed with FlowJo software.

Statistical analysis

Statistical significance of difference was used for unpaired two-tailed Student’s t-test 
with GraphPad Prism software. Each experiment was performed at least three times 
(unless specified otherwise) and calculated for the mean and standard deviation.
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