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ABSTRACT Human adenovirus (HAdV) is ubiquitous in the human population, 
constituting a significant burden of global respiratory diseases. Children and individu­
als with low immunity are at risk of developing severe infections without approved 
antiviral treatment for HAdV. Our study demonstrated that TRIM35 inhibited HAdV-C5 
early gene transcription, early protein expression, genome replication, and infectious 
virus progeny production. Furthermore, TRIM35 was found to inhibit HAdV replication 
by attenuating E1A expression. Mechanistically, TRIM35 interacts with and degrades E1A 
by promoting its K48-linked ubiquitination. Additionally, K253 and K285 are the key sites 
necessary for TRIM35 degradation. Moreover, an oncolytic adenovirus carrying shTRIM35 
was constructed and observed to exhibit improved oncolysis in vivo, providing new ideas 
for clinical tumor treatment. Our results expand the broad antiviral activity of TRIM35 and 
mechanically support its application as a HAdV replication inhibitor.

IMPORTANCE E1A is an essential human adenovirus (HAdV) protein responsible for the 
early replication of adenovirus while interacting with multiple host proteins. Understand­
ing the interaction between HAdV E1A and TRIM35 helps identify effective antiviral 
therapeutic targets. The viral E1A protein is a crucial activator and regulator of viral 
transcription during the early infection stages. We first reported that TRIM35 interacts 
with E1A to resist adenovirus infection. Our study demonstrated that TRIM35 targets E1A 
to resist adenovirus, indicating the applicability of targeting virus-dependent host factors 
as a suitable antiviral strategy.

KEYWORDS human adenoviruses (HAdV), virus–host interactions, antiviral, TRIM35, 
E1A, ubiquitination

H uman adenovirus (HAdV) is widespread across the population and is a significant 
burden of respiratory diseases worldwide (1). Diseases due to HAdV vary based 

on the virus serotype involved, but respiratory infections are common and may cause 
bronchitis or pneumonia (2, 3). These minor infections are not counted and reported, 
leading to underrated infection and prevalence of HAdV (4). Furthermore, an adenovirus 
infection can cause severe diseases. These include disseminated infection, neurological 
complications, and death in children, the elderly, and immunocompromised individuals 
(4, 5).

Usually, HAdV must reprogram the intracellular environment to allow the viral 
genome to replicate in the infected cells once infected (6). During infection, the virus 
replicates using the host protein interaction network. This either facilitates the virus 
to hijack host molecular elements and complete its life cycle or counteract the host 
immune defense for virus removal (7). Once the viral genome enters the nucleus, 
adenoviral E1A is expressed as the first early gene (8). The E1A gene encodes E1A, a 
small protein with 289 residues (R) in the HAdV-C5 subtype. The pre-messenger RNA of 
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the E1A gene encodes five differentially expressed splice variants during viral infection. 
E1A is also a significant transactivator of viral early gene expression and a coregulator of 
many cellular genes (9). The function of E1A is performed mainly by various protein–pro­
tein interactions between E1A and host factors (8). Therefore, studying the interaction 
between E1A and new host factors will help discover novel viral regulatory mechanisms.

Ubiquitination is a common post-translational modification in cells, strongly affecting 
the structure, localization, function, and stability of the targeted protein across various 
cellular processes (10, 11). Viral pathogen-associated molecular patterns (PAMPs) and 
other viral molecules could be targeted by the host ubiquitin system (12, 13). On 
the other hand, certain viruses have evolved to manipulate the cellular ubiquitination 
machinery during replication, such as HAdVs (14).

The tripartite motif (TRIMs) family proteins are a class of E3 ubiquitin ligase consisting 
of the RING-finger domain, B-box domain, Coiled-coil domain, and C-terminal domain 
(15). TRIMs are involved in the ubiquitination-mediated degradation of various proteins, 
such as viral proteins (15–17). For instance, TRIM32 can degrade PB1 by ubiquitination, 
limiting influenza virus infection (18). TRIM69 limits the dengue virus replication by 
ubiquitinating viral NS3 (19). TRIM22 and TRIM41 exert antiviral activity by degrading 
viral nucleoprotein and inhibiting influenza A virus infection (20, 21). TRIM35 plays an 
oncogene role in hepatocellular carcinoma and erythroleukemia (22), with unknown 
roles during virus infection.

Our previous research has indicated that TRIM35 positively regulated RIG-I-mediated 
innate immune pathways to inhibit the replication of the influenza A virus (23). However, 
the role of TRIM35 in HAdV infection remains unclear. This study identified the physi­
cal interaction between TRIM35 and E1A. Moreover, overexpression of TRIM35 inhibits 
HAdV infection, whereas its knockdown increases the susceptibility of the hosts to viral 
infection. TRIM35 can degrade E1A protein as a ubiquitin E3 ligase through ubiquiti­
nation. Our study expands the systematic understanding of TRIM35, suggesting that 
TRIM35 could be a new host restriction factor in HAdV infection. Consequently, targeting 
virus-dependent host factors might emerge as a viable antiviral strategy. In addition, 
given the regulation of TRIM35 on adenovirus replication, we engineered an oncolytic 
adenovirus (OAV) carrying shTRIM35. Moreover, its more substantial antitumor effect was 
verified in vivo, providing novel ideas for clinical tumor research and therapeutics.

RESULTS

TRIM35 inhibits HAdV replication

Based on our mass spectrometry analysis and virus infection results (Fig. S2; Table S3), we 
hypothesize that TRIM35 modulates HAdV infection. We assessed the biological effects 
of TRIM35 overexpression on HAdV infection to investigate the role of TRIM35-E1A 
interaction in the viral life cycle. First, retrovirus encoding TRIM35 was transduced into 
A549 cells to establish TRIM35 overexpression stable cell lines and control cell lines with 
empty retrovirus (24). TRIM35 protein expression was elevated in TRIM35-overexpressing 
cells than in control cells (Fig. 1A). After infecting control and TRIM35-overexpressing 
A549 cells with HAdV-C5 at a multiplicity of infection (MOI) of 5 or 20, TRIM35 overex­
pression negatively affected the virus growth (Fig. 1B). The growth decreased about 
10-fold at 24 h with an MOI of 5 with lesser effects at other time points or MOI of 
20. No significant effect on cell viability was observed during TRIM35 overexpression 
with CCK-8 assay (Fig. 1C). HAdV-C5-GFP virus (HAdV-C5-GFP) infected the control and 
TRIM35-overexpressing A549 cells separately. The results indicated that the number 
of infected cells decreased, with TRIM35-overexpression inhibiting HAdV-C5 replication 
(Fig. 1D). TRIM35 in A549 cells was knockdown using small interfering RNA (siRNA) to 
determine the effect of TRIM35 deletion on viral growth (Fig. 1E). TRIM35-knockdown 
cells were infected with HAdV-C5 at an MOI of 5 or 20 and virus titers were determined 
after 24 or 48 h of infection. After TRIM35 depletion, the virus growth was upregulated 
by 10-fold at the 24 h time point with an MOI of 5 (Fig. 1F). Furthermore, the CCK-8 
assay revealed that TRIM35 knockdown had no significant effect on cell viability (Fig. 1G). 
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Besides, we observed a more severe cytopathic effect induced by HAdV-C5 infection with 
an MOI of 5 at 36 h in cells treated with TRIM35-specific siRNA than in scrambled siRNA 
(Fig. 1H). These findings indicate that the knockdown of TRIM35 positively affected virus 
growth.

FIG 1 TRIM35 overexpression inhibits HAdV-C5 infection. (A) An A549 cell line stably overexpressing TRIM35 was developed. The western blot confirmed 

that TRIM35 was overexpressed compared with the empty retrovirus transduced A549 control cell line. (B) Virus replication in TRIM35 overexpressed A549 

cells. TRIM35 overexpression or control A549 cells were infected with HAdV-C5 at an MOI of 5 or 20, respectively. The supernatant was collected at specified 

time points, and the virus titer was determined using TCID50 assays on HEK293 cells. ***, P < 0.001; ****, P < 0.0001. (C) Measurement of cell viability of 

overexpressing TRIM35 in A549 cells using CCK-8 assay. The data are expressed as mean ± standard deviation (SD) of three transfections. (D) Virus-infected cells 

were visualized using fluorescence microscopy. Scale bars, 200 µm. (E) Knockdown of TRIM35 expression in A549 cells using siRNA. After transfecting the A549 

cells with TRIM35-targeted or control siRNA for 48 h, we collected the whole cell lysate and subjected it to western blot analysis with rabbit anti-TRIM35. (F) Virus 

replication in A549 cells treated with siRNA. SiRNA was transfected into cells and HAdV-C5 infected cells with an MOI of 5 or 20. The supernatant was collected 

at specified time points, and the infectious virus was titrated with TCID50 assays on HEK293 cells. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. (G) The effect of 

siRNA-treated TRIM35 on A549 cell viability was detected using CCK-8 assay. The data are expressed as mean ± standard deviation (SD) of three transfections. 

(H) Virus-infected cells with an MOI of 5 were visualized using brightfield microscopy at 36 h post-infection. Scale bars, 100 µm. (I) IFA of E1A protein expression. 

HAdV-C5 infected cell lines stably overexpressed TRIM35 or control A549 cells with an MOI of 20 for 12 h, then fixed and stained using anti-E1A antibody. (J) E1A 

expression in virus-infected cells was detected. The HAdV-C5 virus infected TRIM35 overexpression or control A549 cells with an MOI of 10. The whole cell lysate 

was collected at specified time points and detected using western blotting with mouse anti-E1A monoclonal antibody. At least three independent experiments 

were conducted.
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HAdV-C5 infected TRIM35 overexpression and empty retrovirus transduced A549 cells 
with an MOI of 20 to understand E1A distribution during the viral life cycle. Fewer E1A 
proteins accumulated in the nucleus in TRIM35-overexpressing A549 cells than in control 
A549 cells at 12 h post-infection (Fig. 1I). The newly synthesized E1A is imported into 
the nucleus from the cytoplasm, inducing expression of viral gene expression and the 
completion of the viral replicative cycle (14, 25). In another experiment, E1A expression 
was detected at 0–72 h after HAdV-C5 infection (Fig. 1J). The observed difference first 
appeared after 12 h of infection and continued until 72 h. Viral E1A expression was high 
at 12 h after infection and lasted until 48 h in control A549 cells. However, in TRIM35-
overexpressing A549 cells, lesser E1A was detected at 24 h after infection and more 
at 48 h. Therefore, stable TRIM35 overexpression significantly inhibits E1A expression 
and virus replication. These results suggest that TRIM35 may be a host restriction factor 
affecting viral replication and progeny production.

TRIM35 inhibits the transcription of HAdV-C5 genes

Immunofluorescence staining and western blot showed that TRIM35 could inhibit E1A 
expression during HAdV-C5 infection. Therefore, we detected whether the transcription 
and genome replication of the HAdV-C5 virus could be inhibited using TRIM35. TRIM35 
overexpression cell lines or control A549 cell lines were infected with HAdV-C5. The 
HAdV-C5 transcripts of E1A, DBP, and Hexon were detected using qPCR. Compared to 
control cells, E1A, DBP, and Hexon levels were significantly decreased in TRIM35-overex­
pressing cells at 24 h or 48 h post-infection (Fig. 2A through C). Real-time PCR demon­
strated that the TRIM35-overexpressing cell line has a higher TRIM35 expression than the 
control cell line (Fig. 2D).

We further used siRNA to silence TRIM35 and identified its effect on HAdV-C5 
transcription. A549 cells treated with siRNA targeting TRIM35 or control siRNA were 
infected with the HAdV-C5 virus. Then the E1A, DBP, and Hexon transcripts of HAdV-C5 
were detected using qPCR. E1A, DBP, and Hexon levels were significantly elevated in 
TRIM35-specific siRNA-treated cells (Fig. 2E through G). Meanwhile, real-time PCR 
confirmed that A549 cells treated with siRNA targeting TRIM35 showed a much lower 
TRIM35 expression than that in control siRNA-treated A549 cells (Fig. 2H). These results 
indicate that TRIM35 overexpression inhibits viral genome replication and gene expres­
sion.

E1A interacts with TRIM35

As it was unclear if TRIM35 was associated with E1A, we first tested whether they 
interacted by cotransfecting HEK293 cells with E1A from HAdV-C5 and V5-tagged 
TRIM35. The interaction between TRIM35 and full-length E1A protein was established 
with immunoprecipitation (Fig. 3A). Furthermore, E1A was associated with endogenous 
TRIM35 during normal infection (Fig. 3B). We used V5 tag protein fusions of TRIM35 
fragments (DelR, DelB, RBD, and RBCD) (Fig. 3C) and performed coimmunoprecipitation 
experiments on cotransfected cells to map the interaction region (23). Coimmunopreci­
pitation experiments revealed that DelR and DelB had negligible effects on TRIM35 and 
E1A interactions. However, the absence of SPRY (RBD or RBCD) eliminated the interac­
tion, suggesting that the C-terminal SPRY domain is required. Therefore, the PRY/SPRY 
domain of TRIM35 is essential for E1A interaction (Fig. 3D), which is sufficient to interact 
with E1A (Fig. 3E). GST pull-down assay also established the interaction of TRIM35-E1A. 
GST-TRIM35 can pull down E1A but not GST alone (Fig. 3F). Thus, E1A interacts directly 
with TRIM35. We explored whether E1A and TRIM35 are colocalized in cells. Subse­
quently, confocal microscopy validated that the two proteins mainly colocalized in the 
cytoplasm during adenovirus infection (Fig. 3G). In summary, TRIM35 interacts with E1A 
via the C-terminal region.
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TRIM35 promotes Lys48-linked polyubiquitination of E1A

To explore the role of TRIM35 in E1A protein, the wild-type (WT) TRIM35 was transfected 
into HEK293T cells and infected HAdV-C5. WT TRIM35 decreased E1A protein expression 
during HAdV-C5 infection (Fig. 4A), indicating that TRIM35 promotes E1A destabilization 
(26). TRIM proteins utilize their ubiquitin E3 ligase activity to mediate target protein 
degradation (17, 27, 28). Therefore, we explored whether TRIM35 could degrade HAdV-
C5 E1A. Elevated TRIM35 reduced HAdV-C5 E1A protein levels in a dose-dependent 
manner (Fig. 4B). Western blot analysis revealed that TRIM35 overexpression led to 
decreased E1A expression (Fig. 4C). HEK293T cells were cotransfected with HAdV-C5-
derived E1A and V5-tagged TRIM35 to assess the role of TRIM35 in E1A degradation. 
Then, they were treated with a protein synthesis inhibitor (cycloheximide) for 2, 4, or 6 h, 
respectively. Cell lysates were collected and detected using quantitative western 
blotting. The presence of TRIM35 destabilizes E1A expression (Fig. 4D and E). To deter­
mine the role of TRIM35 in E1A degradation, HEK293T cells were transfected with E1A, 
together with TRIM35 or vector for 24 h and treated with protease inhibitor MG132 for 
12 h. Western blot analysis indicated that MG132 prevented the TRIM35-mediated E1A 
degradation (Fig. 4F).

TRIM35 has E3 ligase activity, suggesting it may ubiquitinate E1A (17, 29). First, we 
constructed an HA-Ub mutant (K0), and then arginine (R) replaced the lysine (K) residues 
in K0 (10, 12, 28). Furthermore, the single lysine residues mutants (K6, K11, K27, K29, K33, 
K48, or K63) were constructed to determine the type of polyubiquitination of E1A by 
TRIM35 (Fig. 4G). E1A and TRIM35-V5 have cotransfected with WT HA-Ub or its mutants 

FIG 2 TRIM35 inhibits HAdV-C5 transcription and replication. (A through C) HAdV-C5 infected TRIM35 overexpression or control A549 cells with an MOI of 20. 

Whole cells were collected at specified time points. RT-qPCR was used to analyze the RNA levels of E1A, DBP, and Hexon transcripts. The represented results are 

means and SD values from three experiments normalized to acquire for GAPDH. *, P < 0.05; **, P < 0.01; ****, P < 0.0001. (D) Quantitative reverse transcription 

PCR (RT-qPCR) confirmed the stable overexpression of TRIM35. ***, P < 0.001. (E through G) A549 cells were transfected with siRNA targeting TRIM35 or control 

siRNA for 36 h and infected with HAdV-C5 at an MOI of 20. Subsequently, the whole cells were collected at specified time points, and RT-qPCR analysis was 

performed using specific primers for E1A, DBP, and Hexon transcripts. The represented results are means and SD values from three experiments normalized to 

GAPDH results. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (H) Quantitative RT-qPCR confirmed the siRNA knockdown of TRIM35 in A549 cells. ****, P < 0.0001. At least 

three independent experiments were conducted.
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into HEK293T cells. The results showed that TRIM35-mediated E1A polyubiquitination 
could be identified in the presence of HA-K48-Ub, but other HA-Ub mutants could not 
(Fig. 4H). Coimmunoprecipitation analysis revealed that TRIM35 promoted E1A 

FIG 3 TRIM35 interacts and colocalizes with E1A. (A) TRIM35-V5 was cotransfected with E1A from the HAdV-C5 into HEK293T cells. The cell lysates were 

immunoprecipitated (IP) using an anti-E1A antibody (left panel), anti-V5 antibody (right panel), or control IgG and blotted as indicated. (B) HAdV-C5 infected 

A549 cells with an MOI of 20 during normal infection. Cell lysates were collected at specified time points and immunoprecipitated using an anti-TRIM35 

antibody. (C) Truncated expression mutant diagram of TRIM35. (D) E1A and V5-tagged TRIM35 mutants were cotransfected into HEK293T cells. The cell lysates 

were immunoprecipitated using an anti-V5 antibody and detected with a western blot. (E) V5-tagged TRIM35 PRY/SPRY domain and E1A were transiently 

cotransfected into HEK293T cells and determined using co-IP and western blot. (F) The interaction between E1A and TRIM35 was detected with the GST 

pull-down assay. HEK293T cells were transiently transfected with GST or GST-TRIM35. After 36 h of transfection, the cell lysate was collected and incubated 

with Glutathione Sepharose 4 Fast Flow for 6 h. The cell lysates expressing pcDNA3.1-E1A were mixed. Subsequently, unbound proteins were washed away 

and western blots were conducted. (G) HAdV-C5 infected control A549 cells or TRIM35-overexpression A549 cells with an MOI of 20 for 8 h to identify 

their colocalization. The cells were fixed using 4% paraformaldehyde, incubated with anti-E1A and anti-TRIM35 antibodies, and finally analyzed by confocal 

microscopy. At least three independent experiments were conducted.
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ubiquitination only in the presence of the K48 ubiquitin mutant but not in the presence 
of the K48R ubiquitin mutant (Fig. 4I). Thus, TRIM35 catalyzes K48-linked E1A polyubiqui­
tination.

Ubiquitin E3 ligase activity is needed for TRIM35 antiviral function

Based on previous studies, TRIM35 can degrade E1A protein through K48 ubiquitina­
tion. Thus, we explored which domain of TRIM35 is involved in degradation. The RING 

FIG 4 TRIM35 ubiquitinates and degrades E1A. (A) IB analysis of HEK293T cells expressing TRIM35-V5 or control vector for 24 h, followed by HAdV-C5 infection. 

(B) HEK293T cells were cotransfected with E1A and gradually increased TRIM35-V5. The cell lysates were immunoblotted with specified antibodies. (C) Gray 

value calculation of three independent experiments in (B). ****, P < 0.0001. (D) TRIM35-V5 or pcDNA3.1 were cotransfected with E1A for 48 h and then treated 

with 20 µg/mL cycloheximide for 0, 2, 4, or 6 h. Whole-cell lysates were blotted using indicated antibodies. (E) Quantification of relative E1A levels is shown 

in the bottom panel. (F) E1A was cotransfected with vector or TRIM35-V5 into HEK293T cells. After 24 h, cells were treated with dimethyl sulfoxide or 10 µM 

MG132 for 12 h. The cell lysates were blotted with the indicated antibodies. (G) Depiction of ubiquitin molecules and their mutation sites. (H) E1A, TRIM35-V5, 

and pHA-Ub WT or mutants (K6, K11, K27, K29, K33, K48, or K63) were cotransfected into HEK293T cells. Ubiquitination and immunoblotting experiments were 

performed using indicated antibodies. (I) HEK293T cells were cotransfected with E1A, TRIM35-V5, and pHA-Ub mutants (K48, K48R). Then, ubiquitination assays 

were performed and blotted with indicated antibodies. At least three independent experiments were conducted.
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domain is critical for the E3 ligase activity of TRIM proteins (29, 30). E1A was transfected 
with the TRIM35 RING deletion (DelR) mutant into HEK293T cells to define the role of 
ligase activity of TRIM35 in the E1A protein. The DelR mutant did not decrease E1A 
protein expression (Fig. 5A), suggesting that the RING domain in TRIM35 mediated E1A 
ubiquitination and degradation. Therefore, the role of the RING domain in TRIM35-medi­
ated viral restriction was evaluated. First, we transduced retrovirus encoding TRIM35 
RING deletion (DelR) mutant into A549 cells to develop the RING deletion (DelR) 
overexpression stable cell lines and then infected with HAdV-C5. TCID50 assay revealed 
that the mutant could not inhibit HAdV-C5 replication compared to the control A549 
cells. In contrast, the TRIM35-overexpressing A549 cells could inhibit HAdV-C5 replication 
(Fig. 5B). In another experiment, the HAdV-C5-GFP virus (HAdV-C5-GFP) infected the 
control, DelR-overexpressing, and TRIM35-overexpressing A549 cells. The assay revealed 
that the RING deletion (DelR) mutant is not resistant to HAdV-C5 infection (Fig. 5C). 
Moreover, in vitro ubiquitination assay indicated that TRIM35 elevated the E1A ubiquiti­
nation levels in the presence of HA-K48-Ub. However, ectopic expression of the RING 
deletion mutant showed little or no effect on E1A ubiquitination (Fig. 5D). Therefore, the 
antiviral function of TRIM35 needs E3 ubiquitin ligase activity (31).

The E3 ligase activity of TRIM proteins requires cysteine (C) residues in their RING 
domain (32, 33). The RING domain of TRIM35 has eight cysteine residues (23). We 
performed in vitro ubiquitination experiments to determine which cysteine residues are 
essential for E1A polyubiquitination in the RING domain of TRIM35. The results indicated 
that the polyubiquitination of E1A by TRIM35 mutant C21S was significantly decreased 
compared with WT TRIM35 (Fig. 5E). Thus, the C21S mutation in the TRIM35 RING domain 
is essential in the antiviral response.

E1A K253 and K285 are the crucial sites for TRIM35-mediated degradation

The ubiquitin binding to receptor lysine residues on substrate proteins is essential in 
ubiquitination (26, 34). Three lysine residues have been identified among the HAdV-C5 
E1A protein (35) (Fig. 6A). We constructed E1A mutants containing single, double, or 
three arginine mutations to identify the specific E1A lysine residue for TRIM35 ubiquitina­
tion. HEK293T cells were cotransfected with V5-tagged TRIM35 and Flag-tagged E1A or 
its mutants. Western blot results indicated that when the K253R and K285R sites of E1A 
mutated simultaneously, e.g., K253/285R and K208/253/285R, the E1A protein expression 
level was significantly complemented than in WT E1A, while other E1A mutants did not 
(Fig. 6B and C). Moreover, K253/285R residues were the major degradation sites on HAdV-
C5 E1A. As expected, gradually increased TRIM35 does not affect the expression of E1A 
K253/285R mutants (Fig. 6D). Furthermore, ectopic expression of TRIM35 had little or no 
effect on the ubiquitination of E1A K253/285R mutants (Fig. 6E). Besides, this modifica-
tion occurred in the cytosol, possibly blocking E1A nuclear import in addition to causing 
degradation (36). Next, we detected the effect of TRIM35 on the WT E1A and the E1A 
mutant (K208, K253, and K285R) acetylation levels. The data indicated that TRIM35 has 
no effect on the acetylation of E1A (Fig. 6F). We also examined whether TRIM35 affects 
the interaction between E1A and importin α3 (36). The results depict that TRIM35 does 
not affect E1A and importin α3 binding, with no blocking nuclear import of E1A (Fig. 6G). 
Our data indicate that TRIM35 mediates E1A polyubiquitination and degradation at the 
K253/285R site, providing a versatile way to combat HAdV-C5 infection.

Schematic diagram of the oncolytic adenovirus expressing a short-hairpin 
RNA against TRIM35 (shTRIM35) genome

Serotype 2 and 5 species C viruses have been investigated at viral gene function, gene 
regulation, replication, and host–virus interaction levels (37, 38). Due to the depth of 
reagents from early Ad studies, gene therapy, vaccine development, and oncolytic Ad 
vector development were initially based on the Ad5 serotype (39–42). To further validate 
whether our hypothesis and findings are relevant for cancer therapy with oncolytic 
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adenoviruses, a recombinant oncolytic adenovirus carrying shTRIM35 was constructed 
(Fig. 7A). A more severe cytopathic effect caused by OAV-shTRIM35 infection could be 

FIG 5 TRIM35 needs E3 ligase activity for antiviral function. (A) E1A and gradually increased RING deletion (DelR) mutants were cotransfected into HEK293T cells. 

Then, cell lysates were blotted using indicated antibodies. (B) DelR-overexpressing, TRIM35-overexpressing, or control A549 cells were infected with HAdV-C5 at 

an MOI of 5. The supernatant was collected at specified time points, and the virus titer was determined using TCID50 assay on HEK293 cells. All experiments were 

repeated at least three times. (C) Observation of virus-infected cells using a fluorescence microscope, as described in (B) with the HAdV-C5-GFP virus. Scale bars, 

100 µm. (D) HEK293T cells were cotransfected with E1A and empty vector, TRIM35-V5 or DelR mutant with V5 tag, then treated with 10 µM MG132 for 12 h to 

prevent E1A protein degradation. The cell lysates were collected for immunoprecipitation using an anti-E1A antibody, and immunoblotting was performed using 

specified antibodies. (E) E1A, HA-K48-Ub, and V5-tagged TRIM35 or its mutants were cotransfected into HEK293T cells and immunoprecipitated using an anti-E1A 

antibody. The ubiquitination of E1A was detected via immunoblotting with indicated antibodies. At least three independent experiments were conducted.
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FIG 6 E1A K253 and K285 are the crucial sites for TRIM35-mediated degradation. (A) Amino acid mapping of adenovirus type 5 E1A protein, red-labeling lysine 

K. (B) Different lysine mutants of HAdV-C5 E1A protein were constructed and analyzed by western blot. (C) Gray value calculation of the three independent 

experiments in (B). (D) HEK293T cells were cotransfected with E1A K253/285R and gradually increased TRIM35 for 36 h. Cell lysates were blotted with specified 

antibodies. (E) TRIM35-V5, HA-K48-Ub, and Flag-tagged HAdV-C5 E1A WT or K253/285R mutant were cotransfected into HEK293T cells, and the cells were 

collected for immunoprecipitation to detect K48-linked ubiquitination of E1A. (F) HEK293T cells were cotransfected with WT E1A and mutants (K208R, K253R, 

and K285R), together with TRIM35-V5, for 36 h. The indicated antibodies were used to detect the immunoblot results of acetylated E1A. (G) HEK293T cells were 

transfected with plasmids expressing E1A, Flag-tagged importin α3, and TRIM35-V5. The cell lysates were immunoprecipitated using a mouse anti-E1A mAb, and 

the bound proteins were detected via western blotting with the specified antibodies. At least three independent experiments were conducted.
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observed in A549 cells than in OAV) with an MOI of 10 at 36 h post-infection (Fig. 7B). The 
data indicated that OAV-shTRIM35 showed a more substantial oncolytic effect in vitro. In 
addition, real time cell anaIysis (RTCA) revealed that OAV-shTRIM35 had a better anti-
proliferative effect on different tumor cells (Fig. 7C). OAV-shTRIM35 has a more significant 

FIG 7 Schematic diagram of the oncolytic adenovirus expressing a short-hairpin RNA against TRIM35 (shTRIM35) genome. (A) The construction diagram of 

OAV-shTRIM35. (B) A549 cells were infected with OAV-shTRIM35 or OAV at an MOI of 10. The tumor-killing effect was observed at 36 h post-infection using 

the microscope. (C) The anti-proliferative effects of OAV and OAV-shTRIM35 on PC-3, A549, HepG2, and Huh7 cells were analyzed using RTCA. At least three 

independent experiments were conducted.
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oncolytic activity than traditional OAVs, facilitating subsequent modification and 
application of oncolytic adenovirus.

Effect of ectopic shTRIM35 expression on oncolytic activity in vivo

PC-3 cells were used to establish tumor models and characterize the oncolytic effects 
of OAV-shTRIM35. When the subcutaneous tumor diameter was about 5 mm, mice were 
randomly divided into three groups: PBS, OAV, and OAV-shTRIM35 (n = 5). The virus was 
intratumorally injected every other day with three injections, with a total dose of 1 × 
109 PFU. The scheme of the treatment schedule is depicted in Fig. 8A. The intratumoral 
administration of OAV-shTRIM35 demonstrated antitumor activity compared with the 
saline or OAV-treated group, with tumor growth inhibition of 78.56% for the PC-3 cell 
cancer model (Fig. 8B, C, and D). Additionally, OAV-shTRIM35 significantly reduced the 
tumor volume (Fig. 8E). Three mice were sacrificed from each group on Day 7 after 
administration, and genomic DNA was extracted from tumor tissues. Real-time PCR 
was used to detect the content of the viral genome. The data indicated that tumors 
treated with OAV-shTRIM35 had more high-level viral expression than OAV (Fig. 8F). 
More E1A protein was also detected in OAV-shTRIM35 (Fig. 8G). The data indicated that 
OAV-shTRIM35 could induce a sufficient antitumor effect against prostate carcinoma in 
vivo.

DISCUSSION

HAdVs represent a ubiquitous and clinically significant pathogen without an effective 
antiviral treatment (43). Human adenovirus can cause severe diseases that can be fatal in 
some populations. No FDA-approved drugs are available to treat adenovirus infections 
(44, 45), and current antiviral research is very definite. The "one drug, one bug" method 
of direct antiviral has significant limitations since most currently approved antiviral drugs 
are enzymes targeting the virus. Moreover, the activity range of these enzymes is very 
narrow and insufficient to resist virus diversity (44–46). So, developing antiviral drugs 
with a wide range of effects is very meaningful. Targeting virus-dependent host factors is 
one way to establish broad-spectrum antiviral drugs (47).

Many proteins have significant roles in different stages of the viral life cycle to 
regulate antiviral responses. TRIM family members are the most studied innate or 
intrinsic antiviral factors (13, 15, 17). The direct interaction between the host factors and 
viruses is disrupted by innate immunity to weaken viral infection (47). Some TRIM 
proteins, such as TRIM22, TRIM32, and TRIM25, have been reported as intrinsic limiting 
factors (18, 21, 48). Similarly, our study revealed that TRIM35 ubiquitinates and directly 
degrades E1A to inhibit adenovirus infection. Therefore, TRIM35 is a new intrinsic 
immune factor inhibiting HAdV infection.

Ubiquitin (Ub) is widely distributed in eukaryotes and is a highly conserved protein 
with 76 amino acids. The seven lysine residues K6, K11, K27, K29, K33, K48, and K63 are 
vital in the Ub function, each acting as an Ub target to connect to another Ub (12). K48-
linked polyubiquitination is the most well-understood ubiquitination targeting protein 
degradation via the 26S proteasome (49, 50). Other ubiquitination-like modifications 
have been gradually discovered, including sumoylation, ISGylation, neddylation, 
palmitoylation, and acetylation (51–54).

As ubiquitin E3 ligases, TRIM35 consists of RING, B-box, a coiled-coil domain, and a 
multifunctional C-terminal domain (22, 23). The C-terminus of TRIM35 consists of a SPRY 
domain and belongs to a subgroup of the TRIM family. We demonstrated how TRIM35 
affects HAdV infection. TRIM35 overexpression significantly negatively affects viral 
growth and decreases early viral gene expression. Further studies revealed that E1A 
interacts with the SPRY domain of TRIM35. Then the E1A and TRIM35 interaction was 
confirmed to be direct via GST pull-down assay.

E1A is essential in the life cycle of HAdV (55, 56). Once the virus is infected, the cell 
protein will catalyze the E1A transcription process (57). E1A protein can stimulate the 
transcription of other early HAdV-C5 mRNAs, which is necessary to synthesize other viral 
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proteins (58, 59). The early viral E2A gene encodes a single-stranded DNA binding 
protein, HAdV DBP, essential for viral genome replication (56). The time-course analysis of 
transcription indicated that TRIM35 interfered with the expression of HAdV-C5 early 
genes E1A and DBP during infection. We also observed that the antiviral activity of 
TRIM35 required E3 ligase activities. These results align with previous findings that 
TRIM35 could inhibit the production of the infectious progeny of the influenza virus (23). 
Furthermore, TRIM35 mediates the degradation of E1A through K48-linked ubiquitina­
tion, suppressing HAdV replication (Fig. 9).

FIG 8 Effect of ectopic shTRIM35 expression on oncolytic activity in vivo. (A) Experimental timeline for in vivo studies as shown. Nude mice were subcutaneously 

inoculated with PC-3 cells of 2 × 106 cells per mouse (n = 5 per group). When tumors reached about 50 mm3, tumors were directly injected with PBS, OAV, or 

OAV-shTRIM35 (1 × 109 PFU) every other day for three injections. (B) The tumor growth curves of each mouse were displayed. (C) The mean tumor volume curves 

± SD were displayed. (D) Tumor inhibition rates in different groups are represented. (E) The size of the tumor mass in each different group is shown. (F and G) E1A, 

Hexon, and DBP viral gene expression in tumor tissues were detected on day 7 after three times of OAV/OAV-shTRIM35 treatments. Then, the E1A viral protein 

expression was detected in the tumor through a western blot. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Recombinant adenoviruses have been extensively investigated and used in clinical 
trials for cancer and vaccines, such as replication-defective adenovirus vectors and 
conditional replication adenoviruses (60–62). Replication-defective adenovirus vector 
has been used in cancer gene therapy in vivo (41, 63, 64). Extensive primary research and 
clinical trials have proved safe but ineffective (65, 66). Combined with our findings that 
TRIM35 could effectively mediate the replication and transcription of adenovirus, a novel 
oncolytic adenovirus expressing shRNA targeting TRIM35 was constructed, confirming its 
better oncolytic effect in vivo. Our findings provide new strategies and significant 
implications to enhance the efficiency of Ad-based therapy.

In summary, we demonstrated for the first time that E1A interacts with E3 ligase 
TRIM35 during HAdV infection. Moreover, TRIM35 inhibits HAdV replication and targets 
E1A for proteasome degradation, indicating that TRIM35 is a potent antiviral during 
HAdV infection. Managing this natural defense pathway could provide a potential 
strategy for regulating HAdV infection.

MATERIALS AND METHODS

Cells and viruses

HEK293 cells, HEK293T cells, Huh7 cells, and HepG2 cells were maintained in Dulbecco’s 
modified Eagle medium with antibiotics and 10% fetal bovine serum. A549 cells were 
cultured in F-12K medium plus 10% fetal bovine serum. PC-3 cells were cultured in 
1,640 medium plus 10% fetal bovine serum. All the cells were tested for mycoplasma 
contamination.

The HAdV-C5 virus expressing wt E1A was preserved in our laboratory. A549 cells 
were infected with different MOI of plaque-forming units (PFU)/mL. Cells were cultured 
to about 70% confluence and infected for 2 h at 37°C. Samples were collected at 

FIG 9 Schematic model of TRIM35-mediated inhibition in HAdV-C5 infection by degrading E1A. E1A is transported from the nuclear pore into the nucleus in the 

cytoplasm. In the presence of TRIM35, E1A could be degraded via Lys48-linked polyubiquitination, delaying the virus life cycle.
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specified time points for downstream experiments. The virus titer was determined using 
the 50% tissue-culture infectivity endpoint (TCID50) method of Reed and Muench (67).

Adenovirus construction

The U6-promoter-driven TRIM35 shRNA was synthesized by Azenta Life Sciences and 
cloned into the adenoviral shuttle plasmid pZD55. pZD55-TRIM35 shRNA was cotrans­
fected into HEK293 cells with adenoviral cytoskeleton plasmid pBHGE3 using Lipofecta­
mine 2000 according to the manufacturer’s instructions (63). The packaged adenovirus 
Ad5-ZD55-TRIM35 shRNA was amplified in HEK293 cells. Then, the virus was collected, 
and the titer was measured with the 50% tissue-culture infectivity endpoint (TCID50) 
method.

Plasmids and antibodies

Vectors with cytomegalovirus (CMV) promoters are used to construct all plasmids. 
Full-length E1A was built into pcDNA3.1. Plasmids expressing the V5-tagged TRIM35 
gene were described previously (23). The TRIM35 mutant constructs were generated 
through PCR mutagenesis. All the plasmid constructs were confirmed using DNA 
sequencing.

Antibodies included were: anti-GAPDH (10494–1-AP; Proteintech), anti-E1A (05–599; 
Millipore), anti-TRIM35 (SAB2103161A; Sigma Aldrich), anti-HA (51064–2-AP; Protein­
tech), anti-V5 (V8012, V8137; Sigma Aldrich), anti-GST (10000–0-AP; Proteintech), 
anti-Flag (F1804, F7425; Sigma Aldrich), Pan Acetylation Monoclonal antibody (66289–
1-Ig; Proteintech), and Mouse IgG (A7028; Beyotime). Alexa Fluor 633 goat anti-mouse 
IgG (H + L) (A21050) and Alexa Fluor 488 donkey anti-rabbit IgG (H + L) (A21206) 
were procured from Life Technologies. DyLight 800 goat anti-mouse IgG (H + L) (072–
07-18-06) and DyLight 800 goat anti-rabbit IgG (H + L) (072–07-15-06) were provided by 
KPL. The antibody was diluted according to the standard protocol for western blot and 
immunofluorescence.

Coimmunoprecipitation and western blotting

NP-40 lysis buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.5, 0.1% NP-40) was used to 
lyse cells with a protease inhibitor cocktail. Centrifugation was performed at 4°C 12,000 
× g for 15 min, and the lysates were collected. The supernatants were denatured in 
5× sample loading buffer for 10 min at 95°C. The supernatant and the corresponding 
primary antibody for immunoprecipitation assays were incubated overnight at 4°C in the 
presence of protein G-agarose (Roche), followed by western blotting.

GST pull-down assay

GST pull-down was performed as described previously (23, 24). First, GST or GST-TRIM35 
fusion protein was purified and mixed with lysates from cells expressing E1A overnight at 
4°C. The GST-agarose dragged protein was detected using the western blot with mouse 
anti-E1A and rabbit anti-GST antibodies.

Ubiquitination assay

HEK293T cells were cotransfected with E1A and pHA-Ub, with or without TRIM35-V5. 
The cells were treated with 10 µM MG132 (Sigma-Aldrich) for 12 h. Then, the cells 
were lysed using NP-40 lysis buffer with a deubiquitinase inhibitor (10 µM N-ethylmalei­
mide; Sigma-Aldrich). Next, anti-E1A antibodies were added to the samples separately. 
Subsequently, the samples were incubated overnight at 4°C and were detected using the 
western blot with the specified antibody.
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Immunofluorescence assay

The cells were fixed with 4% paraformaldehyde for 30 min at room temperature, 
permeabilized using 0.5% Triton X-100, and blocked with 3% BSA phosphate-buffered 
saline (PBS). The primary antibodies (rabbit α-TRIM35, mouse α-E1A) were incubated for 
1 h at room temperature, and the secondary antibodies (Alexa Fluor 488, Alexa Fluor 
633; Life Technologies) were incubated for 40 min at room temperature. Confocal images 
were obtained using a Zeiss LSM880 scanning confocal microscope (Zeiss Microsystems).

Real-time gene expression analysis

Total RNA was extracted at the indicated time points under the manufacturer’s 
instructions with the TRIzol reagent (Invitrogen). Total RNA was used to perform reverse 
transcription reactions according to the manufacturer’s guidelines. Subsequently, the 
cDNA was used for real-time expression analysis using the SYBR Green PCR Master 
Mix (Takara) with a LightCycler 480 II system (Roche). Relative RNA quantities were 
determined with the ΔΔCt method and normalized to GAPDH mRNA levels. Table S1 lists 
the specific primers for real-time PCR. Student’s t-test was used for statistical analysis and 
significance determination of real-time expressions.

siRNA knockdown

siRNA knockdown was conducted as described previously (24). The TRIM35-specific 
silencer siRNA was transfected into A549 cells with RNAiMax reagent (Life Technologies) 
based on the manufacturer’s specifications, with a final concentration of 10 nM siRNA. 
Silencer Select negative-control siRNA was used as the negative siRNA control. Table S2 
lists the siRNA sequences for transient silencing of human TRIM35 or scrambled siRNA 
obtained from Gene Pharma.

Cell viability

Cell viability was determined with the Cell Counting Kit–8 (Sigma). The cells were 
seeded into a 96-well plate. Cell viability was measured according to the manufacturer’s 
instructions.

Virus replication assay

All viruses were amplified in HEK293 cells with low passages, and virus titers were 
determined in HEK293 cells. All the infections were performed in a serum-free medium. 
A549 lung epithelial cancer cells were infected with HAdV-C5 at a specific multiplicity of 
infection. They were collected at different time points post-infection to determine the 
virus titer. All the experiments were conducted in a biosafety level 2 laboratory.

In vivo tumor study

All the animal experiments were performed under protocols approved by the Institu­
tional Animal Care and Use Committee of Xuzhou Medical University. For human tumor 
xenograft studies, PC-3 cells (2 × 106 cells per mouse) were prepared and injected 
subcutaneously within the right flank of male Balb/c nude mice (purchased from 
GemPharmatech Co. Ltd., Nanjing, China). We used caliper measurement to monitor 
tumor growth and body weight of mice twice or three times per week. Tumor vol­
ume was determined using the formula length × width2 × 0.5. Once tumor volumes 
reached 50–100 mm3, PBS, oncolytic adenovirus OAV or OAV-shTRIM35 was intratumor­
ally administered for three injections every other day at 1 × 109 PFU per mouse. After 7 
days of treatment, tumors were collected from three mice for each group and analyzed 
using qRT-PCR and western blotting to determine the expression of adenoviral E1A, 
Hexon, and DBP.
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Mass spectrometry

Whole-cell lysate protein (250 µg for each sample) was digested according to the FASP 
procedure. Briefly, the detergent, DTT, and other low-molecular-weight components 
were removed using 100 µL UA buffer by repeated ultrafiltration facilitated by centri­
fugation. The protein suspension was digested with 5 µg trypsin in 100 µL 25 mM 
NH4HCO3 overnight at 37°C. After digestion, the peptides in each sample were desalted 
on C18 cartridges, concentrated by vacuum centrifugation, and reconstituted in 40 µL 
of 0.1% (vol/vol) formic acid. Liquid chromatography-tandem MS (LC-MS/MS) analysis 
was performed on a Q-Exactive mass spectrometer (Thermo Fisher Scientific) that was 
coupled to Easy nLC (Proxeon Biosystems, now Thermo Fisher Scientific) for 120 min with 
the help provided by Shanghai Applied Protein Technology (Shanghai, China).

The MS data were analyzed using MaxQuant software (version 1.6.14) and were 
searched against the UniProt proteome database. The label-free quantitation algorithm 
was performed for quantitative analysis. Quantifiable proteins were defined as those 
identified at least twice in the three biological replicates. Proteins with an adjusted P 
value <0.05 and abundance fold change >2 were assigned as differentially expressed 
between the empty vector and adenovirus E1A overexpression (Table S3).

Statistical analysis

All experiments were performed at least three times. The sample size was sufficient for 
data analysis using paired two-tailed Student’s t-tests. All the statistical analyses had 
significance at P < 0.05.
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