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Moloney leukemia virus 10 (MOV10) 
inhibits the degradation of APOBEC3G 
through interference with the Vif‑mediated 
ubiquitin–proteasome pathway
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Abstract 

Background:  MOV10 protein has ATP-dependent 5′–3′ RNA helicase activity and belongs to the UPF1p super-
family. It can inhibit human immunodeficiency virus type 1 (HIV-1) replication at multiple stages and interact with 
apolipoprotein-B-mRNA-editing enzyme catalytic polypeptide-like 3G (APOBEC3G or A3G), a member of the cytidine 
deaminase family that exerts potent inhibitory effects against HIV-1 infection. However, HIV-1-encoded virion infectiv-
ity factor (Vif ) protein specifically mediates the degradation of A3G via the ubiquitin–proteasome system (UPS).

Results:  We demonstrate that MOV10 counteracts Vif-mediated degradation of A3G by inhibiting the assembly of 
the Vif-CBF-β-Cullin 5-ElonginB-ElonginC complex. Through interference with UPS, MOV10 enhances the level of A3G 
in HIV-1-infected cells and virions, and synergistically inhibits the replication and infectivity of HIV-1. In addition, the 
DEAG-box of MOV10 is required for inhibition of Vif-mediated A3G degradation as the DEAG-box mutant significantly 
loses this ability.

Conclusions:  Our results demonstrate a novel mechanism involved in the anti-HIV-1 function of MOV10. Given that 
both MOV10 and A3G belong to the interferon antiviral system, their synergistic inhibition of HIV-1 suggests that 
these proteins may play complicated roles in antiviral functions.
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Background
Cellular apolipoprotein-B-mRNA-editing enzyme cata-
lytic polypeptide-like 3G (APOBEC3G or A3G) is a 
potent antiviral host factor that can be packaged into 
HIV-1 virions and induces a C–U conversion in the 
newly synthesized minus-stranded viral DNA, thereby 
triggering the breakage of viral DNA or generating G-to-
A hypermutations that result in a premature stop codon 
or mutated viral protein [1–5]. HIV-1 virion infectiv-
ity factor (Vif ) can effectively counteract the antiviral 

activity of A3G by inducing its degradation through the 
ubiquitin–proteasome system (UPS) [6–10]. Vif inter-
acts with A3G through its N-terminal domain and has 
a SOCS-box motif within its C-terminal domain, which 
includes a BC-box and Cullin-box and interacts with 
Cullin 5, ElonginB, and ElonginC to form an E3 ubiqui-
tin ligase complex and subsequently mediate the ubiq-
uitination of A3G. CBF-β can bind with Vif directly and 
facilitate the degradation of A3G. Moreover, CBF-β can 
increase the stability of HIV-1 Vif and promote assembly 
of Vif-Cullin 5-E3-ubiquitin-ligase complex; however, 
ElonginB and ElonginC facilitate the binding of CBF-β 
with Vif [11–16].

MOV10 is originally identified in the MOV-10 mouse 
strain, which carries the Moloney murine leukemia 
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virus. It is a member of the UPF1p family and has ATP-
dependent 5′–3′ RNA helicase activity [17, 18]. MOV10 
has complicated functions and features. For example, 
MOV10 is found to interact with Argonaute proteins and 
plays a role in microRNA (miRNA)-mediated regulation 
[19, 20]. MOV10 is also involved in polycomb-mediated 
repression of the tumor-suppressor INK4a [21]. Moreo-
ver, it has been reported that MOV10 is a type I inter-
feron stimulated gene and several reports have indicated 
that this protein has broad antiretroviral activity against 
various viruses, such as HIV-1, murine leukemia virus 
(MLV), and equine infectious anemia virus (EIAV) [22–
25]. Its inhibitory effect on LINE-1 retrotransposition has 
also been investigated [26, 27]. MOV10 can also be pack-
aged into HIV-1 particles and affects HIV-1 replication at 
multiple stages [22, 28–30]. MOV10 expresses in varie-
ties of human cells. And according to the data from GEO 
profile, we found that the expression profile of MOV10 
is in moderate or high level in CD4 + T cells and mono-
cytes (https://www.ncbi.nlm.nih.gov/geoprofiles, GEO 
Profiles ID: 89710126, 106167926, 52933168, 51070326).

Recently, several studies have reported that MOV10 
interacts with A3G and both of these proteins are located 
in P-bodies and can be induced by interferon-α [23, 29, 
31]. Based on the similar features of MOV10 and A3G, 
a research group has studied the possible relationship 
between these two restriction factors in HIV-1 infection 
[29]. They co-expressed MOV10 with A3G, but failed to 
find any functional synergistic effects on viral replication. 
Conversely, after knocking down endogenous MOV10 by 
siRNA in the presence of A3G, they did not find any sig-
nificant impact on HIV-1 infectivity. Nevertheless, they 
detected the possible synergy of these two inhibitors in 
the absence of HIV-1 Vif protein. Given that MOV10 can 
bind with A3G, we hypothesize that MOV10 may affect 
the process of Vif-mediated degradation of A3G.

Thus, in this study, we aim to elucidate the correlations 
between MOV10 and A3G in the presence of Vif, which 
could occur during natural infection by HIV-1. Our find-
ings provide important insights into the role of MOV10 
in Vif-mediated A3G degradation and the mechanism 

through which MOV10 mediates the functional assembly 
of the Vif-CBF-β-Cullin 5-ElonginB-ElonginC complex to 
affect the Vif-medicated ubiquitin–proteasome pathway.

Results
MOV10 counteracts Vif‑mediated degradation of A3G 
by interfering with the ubiquitin–proteasome pathway
In order to examine the relationships among MOV10, 
A3G, and Vif, we co-transfected MOV10-FLAG-, A3G-
HA-, and Vif-HA-expressing plasmids into 293T cells, 
and then evaluated the expression levels of A3G and Vif. 
Interestingly, significant increases in A3G and Vif protein 
expression were observed in cells overexpressing MOV10 
(Fig.  1a). To confirm this phenomenon, we analyzed 
changes in expression of A3G and Vif in the presence of 
different levels of MOV10. We found that the enhance-
ment of A3G and Vif expression was correlated with the 
level of MOV10 (Fig. 1b). We also observed the same phe-
notype by depleting endogenous MOV10 with MOV10-
specific siRNA (Fig.  1c) [32]. To exclude the possibility 
of off-target effects of siRNA, a restoration experiment 
was conducted. Co-transfection of rMOV10-FLAG-
expressing plasmid, a MOV10 construct that is resist-
ant to siRNA-targeting, with the MOV10-specific siRNA 
restored the expression of A3G (Fig.  1d), indicating that 
MOV10-specific siRNA does not have off-target effects.

To further validate this phenotype, a similar experi-
ment was performed in H9 cells infected with wild-type 
HIV-1. MOV10-knockdown H9 cells were constructed by 
the infection of MOV10-specific shRNA-expressing len-
tivirus. The cells were then infected with wild-type HIV-1 
viruses. The culture supernatants were collected at dif-
ferent days after infection, and HIV-1 p24 was detected 
by ELISA kit. After culture for 12 days, HIV-1 p24-posi-
tive cells were sorted by flow cytometry (Fig. 2). In these 
HIV-1 p24-positive cells, the expression of endogenous 
A3G was significantly down-regulated by endogenous 
MOV10 depletion. HIV-1 replication and the expression 
of Gag protein were also enhanced by the depletion of 
MOV10 (Fig. 2d). The results demonstrate that MOV10 
and A3G synergistically inhibit the replication of HIV-1.

(See figure on next page.) 
Fig. 1  MOV10 counteracts Vif-mediated degradation of A3G. a, b MOV10 overexpression inhibits Vif-mediated A3G degradation. Human 293T 
cells were transfected with pcDNA3.1-A3G-HA (0.8 μg), pcDNA3.1-Vif-HA (0.5 μg), and pcDNA3.1-MOV10-FLAG (1.5 μg) (a) or different amounts 
of pcDNA3.1-MOV10-FLAG (from 0.5 to 2 μg) (b). Then, cells were collected and lysed at 48 h, and analyzed by western blotting with anti-HA, 
anti-FLAG, and anti-GAPDH antibodies. c, d The effect of MOV10 depletion on Vif-mediated degradation of A3G. Cells were transfected with 
pcDNA3.1-A3G-HA (0.8 μg), pcDNA3.1-Vif-HA (0.5 μg), MOV10-specific siRNA (50 nM) (c) and/or siRNA-resistant MOV10 construct (rMOV10-FLAG) 
(0.4 μg) (d). After 48 h, cells were collected and analyzed by western blotting assay with anti-HA, anti-FLAG, anti-MOV10 and anti-GAPDH antibodies. 
Empty vector pcDNA3.1 was used in each transfection to normalize DNA amounts. Values in a–d represent percentages of A3G or MOV10 normal-
ized against GAPDH and compared with control. The bar graphs represent the average expression of A3G with different treatment and relative to 
the A3G-only reaction control (set to 100%). All the data represent mean ± SD from three independent experiments. Statistical significance was 
determined using t test: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001
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Fig. 2  MOV10 protects A3G from Vif-mediated degradation in wild-type HIV-1. a H9 cells were infected with pLKO.1-MOV10-shRNA or pLKO.1-Scr-
shRNA lentivirus for 8 h and then selected with puromycin for 2 weeks. MOV10-knockdown H9 cells and control cells were infected with wild-type 
HIV-1 for 3 h and cultured with fresh medium for 12 days. The culture supernatants were collected at the indicated time points. Then HIV-1 p24 was 
detected using HIV-1 p24 ELISA kit at different time points (b). And at 12th day, these cells were analyzed by flow cytometer (c). HIV-1 p24 positive 
H9 cells were sorted and detected by western blotting with anti-MOV10, anti-A3G, anti-Vif, anti-HIV-1 p24, and anti-GAPDH antibodies (d). Values 
in d represent percentages of A3G or MOV10 normalized against GAPDH and compared with control. The bar graphs in d represent the average 
expression of A3G with different treatment and relative to the A3G-only reaction control (set to 100%). Data in a, b, and d represent mean ± SD 
from three independent experiments. *, statistically significant, p ≤ 0.05 (t test). All the results are representative of at least three independent 
experiments
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Considering the relationships between Vif/A3G and 
the ubiquitin–proteasome pathway [6–8, 10, 33], we 
evaluated the effects of MOV10 on the expression levels 
of A3G and Vif in the presence of the proteasome inhibi-
tor MG132. After treatment with MG132 for 16  h, the 
expression levels of A3G and Vif were not affected by 
MOV10 overexpression (Fig.  3a). Further study showed 
that MOV10 could decrease the ubiquitination of A3G 
directly (Fig. 3b). Taken together, these data indicate that 
MOV10 can protect A3G from Vif-mediated degradation 
by interfering with the ubiquitin–proteasome pathway.

MOV10 affects the assembly of the Vif‑CBF‑β‑Cullin 
5‑ElonginB‑ElonginC complex
Previous studies have reported that A3G can bind 
with Vif (Fig.  4a) [10]. And, A3G protein contains two 
domains: the N-terminal domain is responsible for 
encapsidation and the C-terminal domain is responsible 
for deamination activity [34, 35]. Only the N-terminal 

domain of A3G can bind with Vif and the binding initi-
ates the degradation process of A3G [36]. Because A3G 
can also interact with MOV10 (Fig. 4b) [20], the interac-
tion of Vif with A3G may be affected by MOV10. To this 
end, we investigated the effects of MOV10 on the inter-
action between Vif and A3G in the presence of MG132. 
Human 293T cells were transfected with MOV10-
FLAG-, A3G-HA-, and Vif-FLAG-expressing plasmids 
and then treated with MG132 for 16 h. However, we did 
not detect any changes in the levels of Vif-FLAG in the 
A3G-HA-immunoprecipitated samples with or with-
out MOV10 (Fig. 4c). These results suggest that MOV10 
does not affect the binding of Vif with A3G and therefore 
it may interfere with other steps in the A3G degradation 
process.

The interaction of Vif with CBF-β, Cullin 5, ElonginB, and 
ElonginC can facilitate the formation of a ubiquitin ligase 
complex, which is required for Vif to induce the degrada-
tion of A3G [11–13, 37, 38]. Therefore, we next examined 

Fig. 3  MOV10 prevents A3G from Vif-induced degradation by decreasing the ubiquitination of A3G. a Human 293T cells were transfected with 
pcDNA3.1-A3G-HA (0.8 μg), pcDNA3.1-Vif-HA (0.5 μg), and pcDNA3.1-MOV10-FLAG (1.5 μg) and then treated with MG132 (4 μM) for 16 h. Lysed cells 
were collected at 48 h and detected by western blotting with anti-HA, anti-FLAG, and anti-GAPDH antibodies. b 293T cells were transfected with 
pcDNA3.1-A3G-HA (2 μg), pcDNA3.1-Vif-FLAG (1.25 μg), pcDNA3.1-MOV10-FLAG (2.5 μg), and pcDNA3.1-Ub-FLAG (3 μg). Cells were treated with 
MG132 (4 μM) for 16 h and analyzed by co-immunoprecipitation with anti-HA agarose beads. And then, samples were detected by western-blot-
ting using anti-HA, anti-FLAG, and anti-GAPDH. Values in a represent percentages of A3G normalized against GAPDH and compared with control. 
The bar graphs in a represent the average expression of A3G with different treatment and relative to the A3G-only reaction control (set to 100%). 
Data in a represent mean ± SD from three independent experiments. Empty vector pcDNA3.1 was used to equalize DNA amounts in each transfec-
tion. Data in a and b are representative of at least three independent experiments
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the effects of MOV10 on the interaction between Vif and 
different components in the complex. We transfected 
Vif-HA- and MOV10-FLAG-expressing plasmids with 
pcDNA3.1-ElonginB-FLAG, pcDNA3.1-ElonginC-FLAG, 
pcDNA3.1-Cullin 5-FLAG, or pcDNA3.1-CBF-β-FLAG 
into 293T cells. After immunoprecipitation, we found that 
the interactions of Vif with ElonginB, ElonginC, Cullin 
5, and CBF-β significantly decreased when MOV10 was 
overexpressed (Fig.  5a–d), indicating that MOV10 affects 
Vif-ElonginB, Vif-ElonginC, Vif-Cullin 5, and Vif-CBF-β 
interactions during the assembly of the Vif-CBF-β-Cullin 
5-ElonginB-ElonginC complex.

According to the above results, we suspected that 
MOV10 could interact with ElonginB, ElonginC, Cullin 
5, or CBF-β. To test this hypothesis, we co-transfected 

293T cells with pcDNA3.1-MOV10-HA plus pcDNA3.1-
ElonginB-FLAG, pcDNA3.1-ElonginC-FLAG, 
pcDNA3.1-Cullin 5-FLAG or pcDNA3.1-CBF-β-FLAG. 
Previous study has demonstrated that ElonginC, Elong-
inB, and Cullin 5 can interact with each other [39]. To 
eliminate the influence of these endogenous proteins, 
siRNAs specific to ElonginB, ElonginC, and Cullin 5 
mRNA were also co-transfected into cells at the same 
time (Fig.  6a). After immunoprecipitation and west-
ern blotting, significant binding was found between 
MOV10 and ElonginC or Cullin 5 (Fig.  6c, d). To fur-
ther confirm the binding, we detected the interaction 
between MOV10-HA and endogenous ElonginC or Cul-
lin 5. As shown in the Fig. 6f, g, the same phenomenon 
was observed. After treatment with an RNase mixture, 

Fig. 4  MOV10 has no influence on the binding of A3G with Vif. a, b A3G interacts with Vif or MOV10 effectively. a Human 293T cells were trans-
fected with 2 μg of pcDNA3.1-A3G-HA (pcDNA3.1-GFP-HA as a control) and 1 μg of pcDNA3.1-Vif-FLAG and then treated with MG132 for 16 h. b 
Human 293T cells were transfected with 1 μg of pcDNA3.1-Vif-FLAG and 2 μg of pcDNA3.1-A3G-HA or pcDNA3.1-GFP-HA. a, b lysates from these 
transfected cell samples were subjected to co-immunoprecipitation analysis using anti-HA agarose beads and then detected by western blotting. 
c The effect of MOV10 on the interaction between A3G and Vif. 293T cells were transfected with 2 μg of pcDNA3.1-A3G-HA together with 1 μg of 
pcDNA3.1-Vif-FLAG, and 2 μg of pcDNA3.1-MOV10-FLAG and then treated with MG132 (4 μM) for 16 h. Samples were immunoprecipitated with 
anti-HA agarose beads and analyzed by western blotting. Empty vector pcDNA3.1 was used to equalize DNA amounts in each transfection. Values 
in c represent portions of Vif-FLAG normalized against A3G-HA relative to control values. Data in a, b, and c are representative of at least three 
independent experiments
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we found that the binding of MOV10 with Cullin 5 was 
partially dependent on RNA, whereas the interaction 
between MOV10 and ElonginC was not (Fig. 6h, i). How-
ever, the interaction between MOV10 and ElonginB or 
CBF-β was not detected (Fig. 6b, e).

The helicase activity center of MOV10 is required for its 
inhibitory effects on Vif‑mediated A3G degradation
MOV10 contains a DEAG-box (D-E-A-G  =  Asp-Glu-
Ala-Gly) motif and the DEAG-box mutant impairs 
the helicase activity of MOV10 [18, 28]. To examine 
whether the DEAG-box motif was required for the 
effects of MOV10 on Vif-mediated degradation of A3G, 
we used a MOV10-DEAG mutant (a point mutation in 

the DEAG-box motif, from DEAG to DQAG) to repeat 
the experiment shown as Fig.  1a [18, 22, 23, 32, 40]. 
Compared with wild-type MOV10, the MOV10-DEAG 
mutant almost lost the ability to prevent the degrada-
tion of A3G mediated by Vif (Fig. 7a), suggesting that the 
DEAG-box motif is involved in regulating this inhibitory 
effects of MOV10. To confirm this conclusion, we further 
detected the binding of the MOV10-DEAG mutant with 
ElonginC or Cullin 5. Compared with wild-type MOV10, 
the bindings of MOV10-DEAG mutant with ElonginC 
or Cullin 5 decreased significantly (Fig. 7b, c), suggesting 
that the DEAG-box motif of MOV10 plays an important 
role in the interaction between MOV10 with ElonginC or 
Cullin 5.

Fig. 5  MOV10 affects the assembly of Vif-CBF-β-Cullin 5-ElonginB-ElonginC Complex. a–d The effect of MOV10 on the interaction between Vif and 
ElonginB (a), ElonginC (b), Cullin 5 (c), or CBF-β (d). 293T cells were transfected with pcDNA3.1-MOV10-FLAG (2 μg), pcDNA3.1-Vif-HA (1 μg), and 
4 μg of ElonginB-FLAG (a) or ElonginC-FLAG (b) or pcDNA3.1-Cullin 5-FLAG (c) or pcDNA3.1-CBF-β-FLAG (d). After treated with MG132 (4 μM) for 
16 h, cell lysates were immunoprecipitated with anti-HA agarose beads and analyzed by immunoblotting using anti-FLAG, anti-HA, and anti-GAPDH 
antibodies. In each transfection, empty vector pcDNA3.1 was used to normalize DNA amounts. Values in a–d represent percentages of ElonginB-
FLAG/ElonginC-FLAG/Cullin 5-FLAG/CBF-β-FLAG normalized against Vif-HA relative to control values. All the data is representative of at least three 
independent experiments
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MOV10 counteracts Vif‑mediated A3G degradation in the 
context of HIV‑1 replication
All of the above experiments were performed in the con-
text of lack of other HIV-1 proteins. To verify whether the 
effect of MOV10 on Vif-mediated A3G degradation could 
be observed in the context of HIV-1 replication, we used 
two types of HIV-1 pNL4-3ΔEnv-GFP clones. Human 
293T cells were transfected with pNL4-3ΔEnv-GFP-ΔVif, 
pcDNA3.1-Vif-HA, pcDNA3.1-A3G-HA, and different 
amounts of MOV10-FLAG-expressing plasmid. Con-
sistent with Fig. 1b, the expression levels of A3G and Vif 
were correlated with the expression levels of MOV10 in 
the presence of other HIV-1 proteins (Fig. 8a). Moreover, 
the same results were observed when we co-transfected 
293T cells with pNL4-3ΔEnv-GFP, pcDNA3.1-A3G-HA, 
and different amounts of pcDNA3.1-MOV10-FLAG 
(Fig. 8b). To further confirm this, we examined the effect 
of MOV10 depletion on Vif-mediated A3G degradation 
in the context of HIV-1 replication. The same phenotypes 
as shown in Fig.  1c were recapitulated by MOV10-spe-
cific siRNAs (Fig. 8c, d). These data indicate that MOV10 
can inhibit Vif-mediated degradation of A3G in the con-
text of HIV-1 replication.

MOV10 increases the quantity of A3G in HIV‑1 virions 
by protecting A3G from Vif‑mediated degradation
As noted above, we demonstrated that MOV10 could 
increase the quantity of A3G by interfering with the 
proteasome pathway in virus-producing cells. Given 
that A3G can be packaged into HIV-1 virions and exert 
anti-HIV-1 activity [2, 35, 41–44]. We next evaluated 
the effects of MOV10 on the quantity of A3G in HIV-1 
virions. We co-transfected 293T cells with pNL4-3ΔEnv-
GFP, pcDNA3.1-A3G-HA, and pcDNA3.1-MOV10-
FLAG, subsequently collected the supernatants and cells 
of each sample. Interestingly, although MOV10 enhanced 
A3G levels in cell lysates, the quantity of A3G was also 
increased in the supernatant viral particles (Fig.  9a). 
To further confirm this, the A3G levels were analyzed 
in virus-producing cells and viral particles following 

depletion of endogenous MOV10 with MOV10-specific 
siRNAs. MOV10 knockdown could reduce the quantity 
of A3G in both virus producing cells and viral particles 
(Fig.  9b). Previous studies showed that MOV10 can be 
packaged into virions and affects HIV-1 replication at 
multiple stages. Here, we overexpressed MOV10 in a 
dose-dependent manner, and we found that there was 
a synergy between the packaging levels of MOV10 and 
A3G (Fig. 9c). Taken together, these results demonstrate 
that MOV10 increases the quantity of A3G in HIV-1 viri-
ons by interfering with the Vif-mediated ubiquitin–pro-
teasome pathway.

Furthermore, to explore the potential synergistic effect 
of MOV10 and A3G on the infectivity of the newly-pro-
duced virions, NL4-3-ΔEnv-GFP and NL4-3-ΔEnv-GFP-
ΔVif particles were produced with increasing amounts 
of MOV10 in either the presence or absence of A3G. 
After normalization for HIV-1 p24, TZM-bl cells were 
infected with these viral particles and then the infectiv-
ity of viruses was determined (Fig.  10a, b). For NL4-3-
ΔEnv-GFP-ΔVif particles, compared with the group of 
single MOV10 or A3G treatment, the inhibitory effect of 
MOV10 or MOV10-DEAG mutant plus A3G group was 
equal to the effect of single A3G treatment group. And, 
the depletion of endogenous MOV10 with siRNA in the 
presence of A3G also has no impact on HIV-1 infectivity. 
It is consistent with previous study that co-expression of 
MOV10 did not enhance the inhibitory effect of A3G on 
the infectivity of ΔVif HIV-1 (Fig. 10a) [29]. However, for 
NL4-3-ΔEnv-GFP particles, the fold reductions in infec-
tivity at various amounts of MOV10 were different in the 
presence or absence of A3G and endogenous MOV10 
was helpful for A3G to decrease the infectivity of HIV-1. 
But, MOV10-DEAG mutant lost its ability to help A3G 
decrease the infectivity of HIV-1 (Fig.  10b). This data 
further confirms that DEAG-box motif of MOV10 plays 
an important role in protecting A3G from Vif-mediated 
degradation. These results indicate that the inhibitory 
effect of A3G on the infectivity of HIV-1 can be synergis-
tically enhanced by MOV10.

(See figure on previous page.) 
Fig. 6  MOV10 binds with ElonginC or Cullin 5. a The knockdown efficiency of siElonginB, siElonginC and siCullin 5. 293T cells were transfected with 
siElonginB, siElonginC or siCullin 5, after 48 h, the cells were collected and detected with qRT-PCR. Data in A represents mean ± SD (error bars). b–i 
Co-immunoprecipitated analysis of the interaction between MOV10 and ElonginB (b), ElonginC (c, f, h), Cullin 5 (d, g, i), or CBF-β (e). pcDNA3.1-
ElonginB-FLAG plus siElonginC and siCullin 5 (b), pcDNA3.1-ElonginC-FLAG plus siElonginB and siCullin 5 (c, h), pcDNA3.1-Cullin 5-FLAG plus siE-
longinB and siEloingC (d, i) or pcDNA3.1-CBF-β-FLAG (e) was transfected into 293T cells with pcDNA3.1-MOV10-HA or pcDNA3.1-GFP-HA. 293T cells 
were transfected with pcDNA3.1-MOV10-HA (pcDNA3.1-GFP-HA as a control) plus siElonginB and siCullin 5 (f) or siElonginB and siEloingC (g). After 
48 h, the cells were collected and immunoprecipitated with anti-HA agarose beads (b–i). The samples in h and i were treated with RNase mixture. 
And then, immunoprecipitated samples were analyzed by immunoblotting with anti-FLAG, anti-HA, anti-GAPDH, anti-MOV10, anti-ElonginC, and 
anti-Cullin 5 antibodies. Empty vector pcDNA3.1 was used to equalize DNA amounts in each transfection. Values in h and i represent portions of 
ElonginC-FLAG/Cullin 5-FLAG normalized against MOV10-HA and compared with control. Data in a–i is representative of at least three independent 
experiments
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Discussion
In this report, we studied the relationship between 
MOV10 and A3G in the presence of HIV-1 Vif. Interest-
ingly, we observed that MOV10 increased the levels of 
A3G and Vif in a concentration-dependent manner. The 
phenomenon is consistent with the previous study that 
the expression levels of A3G and Vif can be increased 

simultaneously in the presence of the proteasome inhibi-
tor MG132 [45, 46]. Vif is an E3 ubiquitin ligase substrate 
receptor that interacts with host factors ElonginB, Elong-
inC, Cullin 5, and CBF-β to form an E3 ubiquitin ligase 
complex, which results in the polyubiquitylation of both 
Vif and A3G. And then, the Vif-A3G complex can be 
degraded together via the ubiquitin–proteasome system 

Fig. 7  The DEAG-box motif of MOV10 is required for the binding of MOV10 with ElonginC or Cullin 5. a The effect of MOV10-DEAG mutant on 
Vif-mediated A3G degradation. 293T cells were transfected with 0.4 μg of pcDNA3.1-Vif-HA, 0.8 μg of pcDNA3.1-A3G-HA, and 1.5 μg of pcDNA3.1-
MOV10-FLAG or pcDNA3.1-MOV10-DEAG-mutant-FLAG as indicated. After 48 h, cell lysates were detected by western blotting assay with anti-HA, 
anti-FLAG, and anti-GAPDH antibodies. Values represent portions of A3G-HA normalized against GAPDH and compared with control. b, c Co-immu-
noprecipitated analysis of the interaction between MOV10-DEAG mutant and ElonginC or Cullin 5. Human 293T cells were transfected with 2 μg of 
pcDNA3.1-MOV10-HA or pcDNA3.1-MOV10-DEAG-HA and 6 μg of pcDNA3.1-ElonginC-FLAG or pcDNA3.1-Cullin 5-FLAG. After 24 h, MG132 were 
added in the transfected cells for 16 h. Then, the cells were collected for co-immunoprecipitation analysis with anti-HA agarose beads and detected 
by western blotting with anti-HA, anti-FLAG, and anti-GAPDH antibodies. In each transfection, empty vector pcDNA3.1 was used to equalize DNA 
amounts. Values in a represent percentages of A3G-HA normalized against GAPDH relative to control. The bar graphs in a represent the average 
expression of A3G with different treatments and relative to the A3G-only reaction control (set to 100%). Data in a represent mean ± SD from three 
independent experiments. Statistical significance was determined using t test: **p ≤ 0.01. All the data in a, b, and c is representative of at least three 
independent experiments
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[6, 12, 28, 37, 47, 48]. HIV-1 Vif has at least 4 conserved 
motifs, which are required for interactions with host 
proteins. The HCCH motif can bind to Cullin 5, the BC-
box motif (144-SLQYLA-149) binds to ElonginC, 101-
DVMK-104 binds to ElonginB, and 88-EW-89 is crucial 
for binding with CBF-β [38, 49–51]. Through a series of 
co-immunoprecipitation analyses, we found that MOV10 
can disrupt the interaction of Vif with ElonginB, Elong-
inC, Cullin 5, or CBF-β and then decrease the ubiquitina-
tion of A3G. Finally, the degradations of A3G and Vif are 
blocked and their expression levels in cells are increased 
subsequently. These results suggest that MOV10 func-
tions to mediate assembly of the Vif-CBF-β-ElonginB-
ElonginC-Cullin 5 complex.

Previous studies have shown that Cullin 5 functions as 
a scaffold protein for the E3 ubiquitin ligase [52, 53] ubiq-
uitin–proteasome . ElonginB, ElonginC, and CBF-β are 
adaptor proteins that function to maintain this complex. 
Moreover, Vif acts as a substrate acceptor to modulate 
the degradation of A3G [52, 54]. Therefore, reduced bind-
ing of Vif with Cullin 5 could affect the complex assembly 
efficiency. Moreover, researchers have verified the inter-
actions between the different components of the com-
plex. The binding of Cullin 5 to Vif enhances the stability 
of the Vif-CBF-β interaction [55]. Conversely, CBF-β is 
also crucial for the binding of Vif with Cullin 5, ElonginB, 

and ElonginC [37, 56, 57]. ElonginB and ElonginC play 
important roles in the interaction between Vif and CBF-β 
[16]. To clarify the mechanisms through which MOV10 
disrupts the assembly of the Vif-CBF-β-ElonginB-
ElonginC-Cullin 5 complex, we examined whether there 
were direct interactions between MOV10 and different 
components of the CBF-β-Cullin 5-ElonginB-ElonginC 
complex. The results demonstrate that MOV10 can bind 
with ElonginC or Cullin 5 and that binding between 
MOV10 and Cullin 5 is partially dependent on RNA. 
Our own study and previous studies have shown that 
MOV10 usually interacts with numerous RNA-associ-
ated proteins, such as AGO1/2, A3G, and HIV-1 Rev [20, 
32]. Thus, it is not surprising that MOV10 interacts with 
Cullin 5 in an RNA-dependent manner. Accordingly, 
significant decreases in the binding of Vif with Elong-
inB, ElonginC, Cullin 5, and CBF-β were observed when 
MOV10 was overexpressed. For the inhibitory effects 
of MOV10 on the binding of Vif with ElonginB or CBF-
β, the interactions of MOV10 with ElonginC, Cullin 5, 
and Vif may induce structural changes in the Vif-CBF-
β-ElonginB-ElonginC-Cullin 5 complex, subsequently 
disrupting the interactions between Vif and ElonginB 
and between Vif and CBF-β. Several studies have shown 
that DEAG-box motif of MOV10 is crucial for its heli-
case activity [18, 28]. In our report, we also explored the 

(See figure on next page.) 
Fig. 9  MOV10 increases the quantity of A3G in HIV-1 virions. a Overexpression of MOV10 increases the quantity of A3G in virions. Human 293T 
cells were transfected with 0.8 μg of pcDNA3.1-A3G-HA, 1.5 μg of pcDNA3.1-MOV10-FLAG, 1 μg of pNL4-3ΔEnv-GFP or pNL4-3ΔEnv-GFP-ΔVif as 
indicated. b The effect of endogenous MOV10 knockdown on Vif-induced A3G degradation in HIV-1 virions. Cells were transfected with 0.8 μg of 
pcDNA3.1-A3G-HA, 50 nM of MOV10-specific siRNA (or negative control siRNA), and 1 μg of pNL4-3ΔEnv-GFP or pNL4-3ΔEnv-GFP-ΔVif. c MOV10 
can be packaged into HIV-1 virions and its packaging level increases with the survival level of A3G. 293T cells were transfected with 0.8 μg of 
pcDNA3.1-A3G-HA, different amounts of pcDNA3.1-MOV10-FLAG (from 0.5 to 1.5 μg), 1 μg of pNL4-3ΔEnv-GFP or pNL4-3ΔEnv-GFP-ΔVif. a, b and 
c After 48 h, cell pellets and supernatants were collected respectively. Cell pellets were lysed and subjected to immunoblotting with anti-HA, anti-
FLAG, anti-MOV10, anti-Vif, and anti-GAPDH antibodies. VLPs were collected from filtered supernatants by ultracentrifugation. The pelleted VLPs 
were lysed and detected by western blotting with anti-HA, anti-FLAG, and anti-p24 antibodies. The bar graphs represent the average expression of 
A3G with different treatments and relative to the A3G-only reaction control (set to 100%). Data in a–c represent mean ± SD from three inde-
pendent experiments. Statistical significance was determined using t test: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. In each transfection, empty vector 
pcDNA3.1 was used to equalize DNA amounts. Values in a–c represent percentages of A3G-HA normalized against GAPDH or p24 and compared 
with control. Results are representative of at least three independent experiments

(See figure on previous page.) 
Fig. 8  MOV10 reduces A3G proteasomal degradation significantly in the context of HIV-1 replication. a, b Overexpression of MOV10 inhibits 
Vif-induced A3G degradation in the context of HIV-1 replication. Human 293T cells were transfected with 0.8 μg of pcDNA3.1-A3G-HA, different 
amounts of pcDNA3.1-MOV10-FLAG (from 0.5 μg to 2 μg), 0.5 μg of pcDNA3.1-Vif-HA, 1 μg of pNL4-3ΔEnv-GFP-ΔVif (a) and/or 1 μg of pNL4-3ΔEnv-
GFP (b) as indicated. Then, cells were collected at 48 h for western blotting assay with anti-FLAG, anti-HA, anti-Vif, and anti-GAPDH antibodies. c, 
d The effect of MOV10 depletion on the proteasomal degradation of A3G in the context of other HIV-1 proteins. 293T cells were transfected with 
pcDNA3.1-A3G-HA (0.8 μg), pcDNA3.1-Vif-HA (0.5 μg), MOV10-specific siRNA (or negative control-siRNA), 1 μg of pNL4-3ΔEnv-GFP-ΔVif (c) and/or 
1 μg of pNL4-3ΔEnv-GFP (d). Cell lysates were detected by immunoblotting with anti-HA, anti-FLAG, anti-MOV10, anti-Vif, and anti-GAPDH antibod-
ies. The bar graphs represent the average expression of A3G with different treatment and relative to the A3G-only reaction control (set to 100%). 
Data in a–d represent mean ± SD from three independent experiments. Statistical significance was determined using t test: *p ≤ 0.05; **p ≤ 0.01; 
***p ≤ 0.001. Empty vector pcDNA3.1 was used to equalize DNA amounts in each transfection. Values in a–d represent portions of A3G-HA normal-
ized against GAPDH and compared with control. Each data is representative of at least three independent experiments
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correlation between the helicase activity and anti-HIV-1 
function of MOV10. Because the binding of MOV10-
DEAG mutant with ElonginC or Cullin 5 decreased sig-
nificantly, it almost lost the ability to protect A3G from 
Vif-mediated degradation, indicating that the helicase 
activity center of MOV10 is required for its inhibitory 
effect on Vif-mediated A3G degradation.

According to these data, we propose a model that, dur-
ing the process of HIV-1 infection, MOV10 can interact 
with ElonginC and Cullin 5 to disturb the interaction 
of Vif with ElonginB, ElonginC, Culiin 5 or CBF-β and 
subsequently interfere with the assembly of Vif-CBF-β-
Cullin 5-ElonginB-ElonginC complex which induces the 
ubiquitination of A3G. In this way, MOV10 prevents 
A3G from proteasomal degradation and subsequently 
enhances the level of A3G in virus-producing cells. It is 
well known that A3G can be packaged into HIV-1 virions 
and inhibit HIV-1 replication at multiple stages, the A3G 
level in newly-produced virions should be increased in 
the presence of MOV10 (Fig. 10c) [44]. Indeed, we found 
that the A3G level was significantly enhanced in virions 
by MOV10 overexpression and significantly reduced by 
MOV10 knockdown in the context of HIV-1 replication.

Moreover, the synergistic effects on the infectiv-
ity and replication of HIV-1 between MOV10 and A3G 
have been tested. Previous study has demonstrated that 
co-expression of MOV10 does not affect the inhibi-
tory effect of A3G on the infectivity of ΔVif HIV-1 [29]. 
Our results also show the same phenomenon that the 
inhibitory effect of A3G plus MOV10 group on ΔVif 
HIV-1 is consistent with the effect of single A3G treat-
ment group. As the anti-HIV-1 activity of A3G is more 
potent than that of MOV10, it will overspread the anti-
HIV-1 effect of MOV10 when Vif deficiency. Neverthe-
less, consistent with our hypothesis, the infectivity of 
Vif-positive viral particles is synergistically inhibited by 
MOV10 and A3G. In 2010, Wang et al. [22] have shown 
that the replication of HIV-1 was enhanced by the deple-
tion of endogenous MOV10 in permissive human T cell 
line (CEM-SS). Previous study also showed that MOV10 

can be packaged into HIV-1 virions and inhibit viral rep-
lication at a postentry step [28]. However, little effect 
of MOV10 on HIV-1 replication in Hut78 T cells was 
reported by another group [58]. Considering that high 
concentration of the virus and short term infection will 
cover up the true effect of antiviral factors, we used low 
dose virus (5 ng of HIV-1 p24) to perform the experiment 
and extended the observation time. We found that the 
replication of wild-type HIV-1 was enhanced in MOV10-
shRNA transduced non-permissive human T cells (H9), 
indicating that MOV10 and A3G can synergistically 
inhibit HIV-1 replication.

Conclusions
Therefore, our results reveal a novel anti-HIV-1 mecha-
nism of MOV10: it prevents A3G from Vif-induced 
proteasomal degradation and then increases the levels 
of A3G both in cells and in newly-synthesized virions. 
In addition, because both MOV10 and A3G have anti-
HIV-1 activity and belong to the interferon antiviral 
system, our findings suggested that these proteins are of 
synergistic anti-HIV-1 activities. These results will help 
us to get more comprehensive and profound understand-
ing of MOV10 and A3G.

Methods
Plasmid construction and siRNAs synthesis
pcDNA3.1-A3G-HA, pcDNA3.1-GFP-HA, pcDNA3.1- 
MOV10-FLAG, pcDNA3.1-MOV10-HA, pcDNA3.1-
rMOV10-FLAG, pcDNA3.1-MOV10-DEAG-mutant-
HA, pcDNA3.1-MOV10-DEAG-mutant-FLAG and 
pcDNA3.1-Ub-FLAG were constructed as described pre-
viously [20, 32, 59]. pcDNA3.1-Vif-HA, pcDNA3.1-Vif-
FLAG, pcDNA3.1-ElonginB-FLAG, pcDNA3.1-Cullin 
5-FLAG, pcDNA3.1-CBF-β-FLAG, and were constructed 
by our lab [60]. HA or FLAG epitope tagged codon-
optimized HIV-1 vif was constructed by chemically-syn-
thesis of DNA fragment and subcloned into pcDNA3.1. 
Codon optimization was performed using the sequence 
of HIV-1NL4-3 [61]. FLAG epitope tag sequence at 3′ 

(See figure on previous page.) 
Fig. 10  MOV10 synergistically enhances the inhibitory effect of A3G on the infectivity of HIV-1. a, b MOV10-specific siRNA was transfected in 
293T cells with pcDNA3.1-A3G-HA (0.8 μg), pCMV-VSV-G (2.5 μg), and pNL4-3ΔEnv-GFP-ΔVif (7.5 μg) or pNL4-3ΔEnv-GFP (7.5 μg). 293T cells were 
co-transfected with pCMV-VSV-G (2.5 μg), pNL4-3ΔEnv-GFP-ΔVif (7.5 μg) or pNL4-3ΔEnv-GFP (7.5 μg), and increasing amounts of pcDNA3.1-
MOV10-FLAG (0.5–1.5 μg) or pcDNA3.1-MOV10-DEAG-mutant-FLAG (0.5–1.5 μg) in the presence or absence of pcDNA3.1-A3G-HA (0.8 μg). Culture 
supernatants containing 5 ng of p24 were used to infect TZM-bl cells and luciferase activity was determined at 72 h post infection. For viruses with 
different amounts of MOV10 but no A3G, and viruses with a fixed amount of A3G combined with different amounts of MOV10 or not, the data are 
plotted as relative infectivity, with the control virus (pcDNA3.1) set to 100%. Error bars represent standard errors from three independent experi-
ments. Statistical significance was determined using t test: *p ≤ 0.05; **p ≤ 0.01. c A cartoon to show the interaction between MOV10, A3G, and 
Vif. In the absence of MOV10, the Vif-CBF-β-Cullin 5-ElonginB-ElonginC complex is stable and triggers the proteasomal degradation of A3G. In the 
presence of MOV10, the assembly of Vif-CBF-β-Cullin 5-ElonginB-ElonginC complex can be disturbed by MOV10, which leads to A3G escaping from 
Vif-induced proteasomal degradation
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terminus of ElonginB, Cullin 5, or CBF-β was amplified 
through reverse transcription-polymerase chain reaction 
(RT-PCR) with the mRNA of 293T cells as the template. 
ElonginC with FLAG tag sequence at its 3′ terminus was 
amplified via PCR from the pElonginC-HA plasmid, 
which was generously provided by Dr. Xianghui Yu in 
Jilin University [62]. Then, the tagged ElonginB, Elong-
inC, Cullin 5, or CBF-β was inserted into pcDNA3.1 
vector. HIV-1 proviral construct pNL4-3-ΔEnv-GFP has 
been described in our previous reports [63, 64]. pNL4-3-
ΔEnv-GFP-ΔVif, a vif defective construct, was generated 
from pNL4-3-ΔEnv-GFP. The vif gene in pNL4-3-ΔEnv-
GFP-ΔVif was disrupted by PCR-mediated site-directed 
mutagenesis and introduced nonsense mutations at 
codon positions 26, 27 (AAA, CAC  →  TAA, TAG) 
and/or 33, 34 (ACT, AAA  →  TAA, TAG) [65]. The 
vector pLKO.1-TRC, which contains a U6 promoter 
and puromycin selection gene and was obtained from 
Addgene (plasmid # 10878), was used for expression of 
MOV10-shRNA or scrambled control (Scr)-shRNA. 
Forward oligo of MOV10-shRNA (TRCN0000425452): 
5′-CCGGGGCCAGTGTTTCGAGAGTTTCCTCGAGG 
AAACTCTCGAAACACTGGCCTTTTTG-3′; reverse 
oligo of MOV10-shRNA: 5′-AATTCAAAAAGGCCAG 
TGTTTCGAGAGTTTCCTCGAGGAAACTCTCGAA 
ACACTGGCC-3′. Scr-shRNA forward oligo: 5′- CCGGA 
ACGTACGCGGAATACTTCGACTCGAGTCGAAGTA 
TTCCGCGTACGTTTTTTTG-3′; Scr-shRNA reverse  
oligo: 5′- AATTCAAAAAAACGTACGCGGAATACTT 
CGACTCGAGTCGAAGTATTCCGCGTACGTT-3′ 
[40]. All oligos were synthesized from Ribobio (Guang-
zhou, China).

The siGENOME SMART pool against MOV10 and 
siRNA for negative control were designed by Dharma-
con and the target sequences for MOV10-specific siRNAs 
were chosen as described previously [20, 32]. ElonginB-
specific siRNA, ElonginC-specific siRNA, and Cullin 
5-specific siRNA were designed and synthesized by Ribo-
bio (Guangzhou, China).

Cell culture and transfection
Human 293T cells were obtained from American Type 
Culture Collection (ATCC) and grown at 37  °C with 5% 
CO2 in Dulbecco’s modified Eagle’s medium (DMEM) 
(Invitrogen) supplemented with 10% fetal bovine serum 
(FBS) (Invitrogen) and 1% penicillin–streptomycin (Inv-
itrogen). The cells were transfected with the indicated 
plasmids or siRNAs by lipofectamine 2000 (Invitrogen). 
The procedures described by the manufacturer were 
followed.

Co‑immunoprecipitation and western blotting
Co-immunoprecipitation and western blotting assays 
were performed as previously described [20, 32]. In 
brief, human 293T cells were lysed with the lysis buffer 
(150 mM NaCl, 50 mM Tris–HCl [pH 7.5], 1 mM EDTA, 
1% Triton X-100, 0.5% NP-40, plus PMSF and protease 
inhibitor cocktail [Sigma]) for 30  min at 4  °C. The cell 
lysates were clarified by centrifugation at 18,000g for 
30 min at 4  °C, then mixed with anti-HA agarose beads 
(Sigma) and incubated at 4 °C for 4 h, followed by wash-
ing four times with cold lysis buffer and eluting in gel 
loading buffer. As indicated, the beads were treated with 
RNase mixture (DNase-free, Roche) (20  μg/ml) and 
incubated at 37  °C for 30 min. The immunoprecipitated 
samples were analyzed by SDS-PAGE and detected by 
western blotting. Anti-HA antibody (mouse monoclonal, 
Covance), anti-FLAG antibody (rabbit polyclonal, MBL), 
anti-GAPDH antibody (rabbit polyclonal, MBL), anti-
MOV10 antibody (rabbit polyclonal, Abcam), anti-Elong-
inC antibody (rabbit polyclonal, Abcam), anti-Cullin 5 
antibody (rabbit polyclonal, Abcam), anti-A3G antibody 
(rabbit polyclonal, Abcam), anti-Vif antibody (mouse 
monoclonal, Abcam), and anti-HIV-1 p24 antibody (rab-
bitpolyclonal antibodies made by our lab) were used as 
primary antibodies [64]. Quantity One program (Bio-
rad) was used to quantify the western blotting results.

HIV‑1 virus‑like particle (VLP) purification
Human 293T cells were transfected with pNL4-3-ΔEnv-
GFP or pNL4-3-ΔEnv-GFP-ΔVif and other indicated 
plasmids. After 48  h of transfection, cell supernatants 
were collected, centrifuged at 4 °C for 10 min at 8000 rpm 
(≈ 7000 g) and filtered through a 0.45 μm filter to remove 
cellular debris. And the cell-free supernatants were concen-
trated by ultracentrifugation through a 20% sucrose cush-
ions at 4 °C for 2 h at 45,000 rpm (≈ 40,000 g) (HITACHI 
Preparative Ultracentrifuge, CP80WX). Then, the pellets 
were re-suspended in RIPA buffer containing protease 
inhibitor cocktail and subjected to immunoblotting.

Construction of MOV10‑knockdown H9 cells
The pLKO.1-MOV10-shRNA or pLKO.1-Scr-shRNA was 
co-transfected with psPAX2 and pCMV-VSV-G into 293T 
cells. After 48 h, the supernatants were harvested and fil-
tered with 0.45 μm filters (Millipore). Then, H9 cells were 
infected with MOV10-specific-shRNA-expressing or Scr-
shRNA-expressing lentivirus respectively for 8 h and cul-
tured with fresh medium. After 48  h, virus-infected H9 
cells were selected by puromycin (1  μg/ml) for 2  weeks 
and subjected to the following experiments.
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Wild‑type HIV‑1 infection
MOV10-knockdown H9 cells and negative control cells 
were infected with HIV-1NL4-3 (p24 titer of 5 ng ml−1) for 
3  h and then cultured with fresh medium and detected 
p24 in culture supernatant at different days. After 
12  days, cells were collected and treated with the tran-
scription factor buffer set including fixation/permea-
bilization and fixation/wash buffers (BD Biosciences) 
according to the manufacturer supernatant at different 
days. After 12  days, cellFITC-conjugated anti-HIV-1 
p24 antibody (Santa Cruz Biotechnology) for intracellu-
lar HIV-1 Gag (p24) expression. Then, p24 positive cells 
were sorted with BD Aria sorter for further analysis. Data 
was analyzed with FlowJo software (Tree Star, Ashland, 
OR).

Virus infectivity assay
Human 293T cells were co-transfected with pCMV-
VSV-G, pNL4-3ΔEnv-GFP-ΔVif (or pNL4-3ΔEnv-GFP), 
and increasing amounts of pcDNA3.1-MOV10-FLAG 
or pcDNA31-MOV10-mutant-FLAG in the presence or 
absence of A3G-HA expressing plasmid. The virus-con-
taining supernatant were collected at 48 h after transfec-
tion and filtered by a 0.45 μm filter. After normalization 
for HIV-1 p24 by enzyme-linked immunosorbent assay 
(ELISA, Clonetech), TZM-bl cells (2.5  ×  105 cells per 
well in 24-well plates) were infected with virus which 
containing 5  ng of p24 capsid. And then, luciferase 
enzyme activity determinations at 72  h post infection 
were carried out.

Abbreviations
MOV10: Moloney leukemia virus 10; A3G: Apolipoprotein-B-mRNA-editing 
enzyme catalytic polypeptide-like 3G; USP: Ubiquitin–proteasome system.

Authors’ contributions
CL and HZ designed this project. CC, XM, QH, and CL performed most of the 
experiments. CC, CL, and HZ analyzed the results and wrote the paper. XL, 
FH, JZ, and JX participated in some experiments. TP constructed ElonginB- 
and Cullin 5-expressing plasmids. All authors read and approved the final 
manuscript.

Author details
1 Institute of Human Virology, Zhongshan School of Medicine, Sun Yat-sen 
University, Guangzhou 510080, China. 2 Key Laboratory of Tropical Disease 
Control of Ministry of Education, Zhongshan School of Medicine, Sun Yat-
sen University, Guangzhou 510080, China. 3 Department of Pathology, The 
First Affiliated Hospital, Sun Yat-sen University, Guangzhou 510080, China. 
4 Department of Infectious Diseases, The Fifth Affiliated Hospital, Sun Yat-sen 
University, Zhuhai 519000, China. 

Acknowledgements
We obtained pNL4-3ΔEnv-GFP from the National Institutes of Health AIDS 
Research and Reference Reagent Program. We thank Dr. Xianghui Yu (Jinli 
University, China) for the ElonginC-HA-expressing plasmid, pElonginC-HA.

Competing interests
The authors declare that they have no competing interests.

Ethics approval and consent to participate
The authors declare that this study does not involve human subjects, human 
material and human data.

Funding
This work was supported by the National Natural Science Foundation of China 
(No. 81471935), the National Natural Science Foundation of China (NSFC-NIH 
project) (No. 81561128007), the Important Key Program of Natural Science 
Foundation of China (No. 81590765), the Introduction of Innovative R&D Team 
Program of Guangdong Province (No. 2009010058), and the Joint-innovation 
Program in Healthcare for Special Scientific Research Projects of Guangzhou, 
China (No. 201508020256).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 13 September 2017   Accepted: 11 December 2017

References
	1.	 Zhang H, Yang B, Pomerantz RJ, Zhang C, Arunachalam SC, Gao L. The 

cytidine deaminase CEM15 induces hypermutation in newly synthesized 
HIV-1 DNA. Nature. 2003;424:94–8.

	2.	 Mariani R, Chen D, Schrofelbauer B, Navarro F, Konig R, Bollman B, 
Munk C, Nymark-McMahon H, Landau NR. Species-specific exclusion of 
APOBEC3G from HIV-1 virions by Vif. Cell. 2003;114:21–31.

	3.	 Lecossier D, Bouchonnet F, Clavel F, Hance AJ. Hypermutation of HIV-1 
DNA in the absence of the Vif protein. Science. 2003;300:1112.

	4.	 Mangeat B, Turelli P, Caron G, Friedli M, Perrin L, Trono D. Broad antiret-
roviral defence by human APOBEC3G through lethal editing of nascent 
reverse transcripts. Nature. 2003;424:99–103.

	5.	 Bourara K, Liegler TJ, Grant RM. Target cell APOBEC3C can induce limited 
G-to-A mutation in HIV-1. PLoS Pathog. 2007;3:1477–85.

	6.	 Mehle A, Strack B, Ancuta P, Zhang C, McPike M, Gabuzda D. Vif 
overcomes the innate antiviral activity of APOBEC3G by promoting 
its degradation in the ubiquitin-proteasome pathway. J Biol Chem. 
2004;279:7792–8.

	7.	 Sheehy AM, Gaddis NC, Malim MH. The antiretroviral enzyme APOBEC3G 
is degraded by the proteasome in response to HIV-1 Vif. Nat Med. 
2003;9:1404–7.

	8.	 Conticello SG, Harris RS, Neuberger MS. The Vif protein of HIV triggers 
degradation of the human antiretroviral DNA deaminase APOBEC3G. Curr 
Biol. 2003;13:2009–13.

	9.	 Stopak K, de Noronha C, Yonemoto W, Greene WC. HIV-1 Vif blocks the 
antiviral activity of APOBEC3G by impairing both its translation and 
intracellular stability. Mol Cell. 2003;12:591–601.

	10.	 Marin M, Rose KM, Kozak SL, Kabat D. HIV-1 Vif protein binds the 
editing enzyme APOBEC3G and induces its degradation. Nat Med. 
2003;9:1398–403.

	11.	 Yu X, Yu Y, Liu B, Luo K, Kong W, Mao P, Yu XF. Induction of APOBEC3G 
ubiquitination and degradation by an HIV-1 Vif-Cul5-SCF complex. Sci-
ence. 2003;302:1056–60.

	12.	 Kobayashi M, Takaori-Kondo A, Miyauchi Y, Iwai K, Uchiyama T. Ubiquitina-
tion of APOBEC3G by an HIV-1 Vif-Cullin5-Elongin B-Elongin C complex is 
essential for Vif function. J Biol Chem. 2005;280:18573–8.

	13.	 Jager S, Kim DY, Hultquist JF, Shindo K, LaRue RS, Kwon E, Li M, Anderson 
BD, Yen L, Stanley D, et al. Vif hijacks CBF-beta to degrade APOBEC3G and 
promote HIV-1 infection. Nature. 2012;481:371–5.

	14.	 Yu Y, Xiao Z, Ehrlich ES, Yu X, Yu XF. Selective assembly of HIV-1 Vif-Cul5-
ElonginB-ElonginC E3 ubiquitin ligase complex through a novel SOCS 
box and upstream cysteines. Genes Dev. 2004;18:2867–72.

	15.	 Zhang W, Du J, Evans SL, Yu Y, Yu XF. T-cell differentiation factor CBF-
beta regulates HIV-1 Vif-mediated evasion of host restriction. Nature. 
2012;481:376–9.

	16.	 Wang X, Wang X, Zhang H, Lv M, Zuo T, Wu H, Wang J, Liu D, 
Wang C, Zhang J, et al. Interactions between HIV-1 Vif and human 



Page 18 of 19Chen et al. Retrovirology  (2017) 14:56 

ElonginB-ElonginC are important for CBF-beta binding to Vif. Retrovirol-
ogy. 2013;10:94.

	17.	 Koonin EV. A new group of putative RNA helicases. Trends Biochem Sci. 
1992;17:495–7.

	18.	 Gregersen LH, Schueler M, Munschauer M, Mastrobuoni G, Chen W, 
Kempa S, Dieterich C, Landthaler M. MOV10 Is a 5′ to 3′ RNA helicase 
contributing to UPF1 mRNA target degradation by translocation along 3′ 
UTRs. Mol Cell. 2014;54:573–85.

	19.	 Meister G, Landthaler M, Peters L, Chen PY, Urlaub H, Luhrmann R, 
Tuschl T. Identification of novel argonaute-associated proteins. Curr Biol. 
2005;15:2149–55.

	20.	 Liu C, Zhang X, Huang F, Yang B, Li J, Liu B, Luo H, Zhang P, Zhang H. 
APOBEC3G inhibits microRNA-mediated repression of translation by 
interfering with the interaction between Argonaute-2 and MOV10. J Biol 
Chem. 2012;287:29373–83.

	21.	 El Messaoudi-Aubert S, Nicholls J, Maertens GN, Brookes S, Bernstein E, 
Peters G. Role for the MOV10 RNA helicase in polycomb-mediated repres-
sion of the INK4a tumor suppressor. Nat Struct Mol Biol. 2010;17:862–8.

	22.	 Wang X, Han Y, Dang Y, Fu W, Zhou T, Ptak RG, Zheng YH. Moloney leuke-
mia virus 10 (MOV10) protein inhibits retrovirus replication. J Biol Chem. 
2010;285:14346–55.

	23.	 Furtak V, Mulky A, Rawlings SA, Kozhaya L, Lee K, Kewalramani VN, 
Unutmaz D. Perturbation of the P-body component Mov10 inhibits HIV-1 
infectivity. PLoS One. 2010;5:e9081.

	24.	 Schoggins JW, Wilson SJ, Panis M, Murphy MY, Jones CT, Bieniasz P, Rice 
CM. A diverse array of gene products are effectors of the type I interferon 
antiviral response. Nature. 2011;472:481–5.

	25.	 Schoggins JW, Rice CM. Interferon-stimulated genes and their antiviral 
effector functions. Curr Opin Virol. 2011;1:519–25.

	26.	 Goodier JL, Cheung LE, Kazazian HH Jr. MOV10 RNA helicase is a potent 
inhibitor of retrotransposition in cells. PLoS Genet. 2012;8:e1002941.

	27.	 Li X, Zhang J, Jia R, Cheng V, Xu X, Qiao W, Guo F, Liang C, Cen S. The 
MOV10 helicase inhibits LINE-1 mobility. J Biol Chem. 2013;288:21148–60.

	28.	 Abudu A, Wang X, Dang Y, Zhou T, Xiang SH, Zheng YH. Identification 
of molecular determinants from Moloney leukemia virus 10 homolog 
(MOV10) protein for virion packaging and anti-HIV-1 activity. J Biol Chem. 
2012;287:1220–8.

	29.	 Burdick R, Smith JL, Chaipan C, Friew Y, Chen J, Venkatachari NJ, Delviks-
Frankenberry KA, Hu WS, Pathak VK. P body-associated protein Mov10 
inhibits HIV-1 replication at multiple stages. J Virol. 2010;84:10241–53.

	30.	 Zheng YH, Jeang KT, Tokunaga K. Host restriction factors in retroviral 
infection: promises in virus-host interaction. Retrovirology. 2012;9:112.

	31.	 Izumi T, Burdick R, Shigemi M, Plisov S, Hu WS, Pathak VK. Mov10 and 
APOBEC3G localization to processing bodies is not required for virion 
incorporation and antiviral activity. J Virol. 2013;87:11047–62.

	32.	 Huang F, Zhang J, Zhang Y, Geng G, Liang J, Li Y, Chen J, Liu C, Zhang 
H. RNA helicase MOV10 functions as a co-factor of HIV-1 Rev to 
facilitate Rev/RRE-dependent nuclear export of viral mRNAs. Virology. 
2015;486:15–26.

	33.	 Donahue JP, Vetter ML, Mukhtar NA, D’Aquila RT. The HIV-1 Vif PPLP motif 
is necessary for human APOBEC3G binding and degradation. Virology. 
2008;377:49–53.

	34.	 Lu X, Zhang T, Xu Z, Liu S, Zhao B, Lan W, Wang C, Ding J, Cao C. Crystal 
structure of DNA cytidine deaminase ABOBEC3G catalytic deamination 
domain suggests a binding mode of full-length enzyme to single-
stranded DNA. J Biol Chem. 2015;290:4010–21.

	35.	 Feng Y, Baig TT, Love RP, Chelico L. Suppression of APOBEC3-mediated 
restriction of HIV-1 by Vif. Front Microbiol. 2014;5:450.

	36.	 Kouno T, Luengas EM, Shigematsu M, Shandilya SM, Zhang J, Chen L, Hara 
M, Schiffer CA, Harris RS, Matsuo H. Structure of the Vif-binding domain of 
the antiviral enzyme APOBEC3G. Nat Struct Mol Biol. 2015;22:485–91.

	37.	 Wang H, Liu B, Liu X, Li Z, Yu XF, Zhang W. Identification of HIV-1 Vif 
regions required for CBF-beta interaction and APOBEC3 suppression. 
PLoS One. 2014;9:e95738.

	38.	 Wang H, Lv G, Zhou X, Li Z, Liu X, Yu XF, Zhang W. Requirement of HIV-1 
Vif C-terminus for Vif-CBF-beta interaction and assembly of CUL5-con-
taining E3 ligase. BMC Microbiol. 2014;14:290.

	39.	 Kamura T, Burian D, Yan Q, Schmidt SL, Lane WS, Querido E, Branton 
PE, Shilatifard A, Conaway RC, Conaway JW. Muf1, a novel Elongin BC-
interacting leucine-rich repeat protein that can assemble with Cul5 and 
Rbx1 to reconstitute a ubiquitin ligase. J Biol Chem. 2001;276:29748–53.

	40.	 He Z, Zhang W, Chen G, Xu R, Yu XF. Characterization of conserved motifs 
in HIV-1 Vif required for APOBEC3G and APOBEC3F interaction. J Mol Biol. 
2008;381:1000–11.

	41.	 Schafer A, Bogerd HP, Cullen BR. Specific packaging of APOBEC3G into 
HIV-1 virions is mediated by the nucleocapsid domain of the gag poly-
protein precursor. Virology. 2004;328:163–8.

	42.	 Svarovskaia ES, Xu H, Mbisa JL, Barr R, Gorelick RJ, Ono A, Freed EO, 
Hu WS, Pathak VK. Human apolipoprotein B mRNA-editing enzyme-
catalytic polypeptide-like 3G (APOBEC3G) is incorporated into HIV-1 
virions through interactions with viral and nonviral RNAs. J Biol Chem. 
2004;279:35822–8.

	43.	 Zennou V, Perez-Caballero D, Gottlinger H, Bieniasz PD. APOBEC3G incor-
poration into human immunodeficiency virus type 1 particles. J Virol. 
2004;78:12058–61.

	44.	 Martin KL, Johnson M, D’Aquila RT. APOBEC3G complexes decrease 
human immunodeficiency virus type 1 production. J Virol. 
2011;85:9314–26.

	45.	 Shao Q, Wang Y, Hildreth JE, Liu B. Polyubiquitination of APOBEC3G is 
essential for its degradation by HIV-1 Vif. J Virol. 2010;84:4840–4.

	46.	 Baig TT, Feng Y, Chelico L. Determinants of efficient degradation of 
APOBEC3 restriction factors by HIV-1 Vif. J Virol. 2014;88:14380–95.

	47.	 Doerks T, Copley RR, Schultz J, Ponting CP, Bork P. Systematic identifica-
tion of novel protein domain families associated with nuclear functions. 
Genome Res. 2002;12:47–56.

	48.	 Dang Y, Siew LM, Zheng YH. APOBEC3G is degraded by the proteasomal 
pathway in a Vif-dependent manner without being polyubiquitylated. J 
Biol Chem. 2008;283:13124–31.

	49.	 Bergeron JR, Huthoff H, Veselkov DA, Beavil RL, Simpson PJ, Matthews SJ, 
Malim MH, Sanderson MR. The SOCS-box of HIV-1 Vif interacts with Elong-
inBC by induced-folding to recruit its Cul5-containing ubiquitin ligase 
complex. PLoS Pathog. 2010;6:e1000925.

	50.	 Wang J, Zhang W, Lv M, Zuo T, Kong W, Yu X. Identification of a 
Cullin5-ElonginB-ElonginC E3 complex in degradation of feline 
immunodeficiency virus Vif-mediated feline APOBEC3 proteins. J Virol. 
2011;85:12482–91.

	51.	 Guo Y, Dong L, Qiu X, Wang Y, Zhang B, Liu H, Yu Y, Zang Y, Yang M, Huang 
Z. Structural basis for hijacking CBF-beta and CUL5 E3 ligase complex by 
HIV-1 Vif. Nature. 2014;505:229–33.

	52.	 Iwatani Y, Chan DS, Liu L, Yoshii H, Shibata J, Yamamoto N, Levin JG, 
Gronenborn AM, Sugiura W. HIV-1 Vif-mediated ubiquitination/degrada-
tion of APOBEC3G involves four critical lysine residues in its C-terminal 
domain. Proc Natl Acad Sci USA. 2009;106:19539–44.

	53.	 Mehle A, Thomas ER, Rajendran KS, Gabuzda D. A zinc-binding 
region in Vif binds Cul5 and determines cullin selection. J Biol Chem. 
2006;281:17259–65.

	54.	 Skowyra D, Craig KL, Tyers M, Elledge SJ, Harper JW. F-box proteins are 
receptors that recruit phosphorylated substrates to the SCF ubiquitin-
ligase complex. Cell. 1997;91:209–19.

	55.	 Fribourgh JL, Nguyen HC, Wolfe LS, Dewitt DC, Zhang W, Yu XF, Rhoades 
E, Xiong Y. Core binding factor beta plays a critical role by facilitating the 
assembly of the Vif-cullin 5 E3 ubiquitin ligase. J Virol. 2014;88:3309–19.

	56.	 Zhou X, Evans SL, Han X, Liu Y, Yu XF. Characterization of the interaction 
of full-length HIV-1 Vif protein with its key regulator CBFbeta and CRL5 E3 
ubiquitin ligase components. PLoS One. 2012;7:e33495.

	57.	 Kim DY, Kwon E, Hartley PD, Crosby DC, Mann S, Krogan NJ, Gross JD. CBF-
beta stabilizes HIV Vif to counteract APOBEC3 at the expense of RUNX1 
target gene expression. Mol Cell. 2013;49:632–44.

	58.	 Arjan-Odedra S, Swanson CM, Sherer NM, Wolinsky SM, Malim MH. 
Endogenous MOV10 inhibits the retrotransposition of endogenous ret-
roelements but not the replication of exogenous retroviruses. Retrovirol-
ogy. 2012;9:53.

	59.	 Li J, Chen C, Ma X, Geng G, Liu B, Zhang Y, Zhang S, Zhong F, Liu C, Yin Y, 
et al. Long noncoding RNA NRON contributes to HIV-1 latency by specifi-
cally inducing tat protein degradation. Nat Commun. 2016;7:11730.

	60.	 Zhang S, Zhong L, Chen B, Pan T, Zhang X, Liang L, Li Q, Zhang Z, Chen H, 
Zhou J, et al. Identification of an HIV-1 replication inhibitor which rescues 
host restriction factor APOBEC3G in Vif-APOBEC3G complex. Antiviral Res. 
2015;122:20–7.

	61.	 Nguyen KL, Llano M, Akari H, Miyagi E, Poeschla EM, Strebel K, Bour S. 
Codon optimization of the HIV-1 vpu and vif genes stabilizes their mRNA 



Page 19 of 19Chen et al. Retrovirology  (2017) 14:56 

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

and allows for highly efficient Rev-independent expression. Virology. 
2004;319:163–75.

	62.	 Zuo T, Liu D, Lv W, Wang X, Wang J, Lv M, Huang W, Wu J, Zhang H, Jin H, 
et al. Small-molecule inhibition of human immunodeficiency virus type 1 
replication by targeting the interaction between Vif and ElonginC. J Virol. 
2012;86:5497–507.

	63.	 Huang J, Wang F, Argyris E, Chen K, Liang Z, Tian H, Huang W, Squires K, 
Verlinghieri G, Zhang H. Cellular microRNAs contribute to HIV-1 latency in 
resting primary CD4 + T lymphocytes. Nat Med. 2007;13:1241–7.

	64.	 Zhou X, Luo J, Mills L, Wu S, Pan T, Geng G, Zhang J, Luo H, Liu C, Zhang H. 
DDX5 facilitates HIV-1 replication as a cellular co-factor of Rev. PLoS One. 
2013;8:e65040.

	65.	 Simon JH, Southerling TE, Peterson JC, Meyer BE, Malim MH. Complemen-
tation of vif-defective human immunodeficiency virus type 1 by primate, 
but not nonprimate, lentivirus vif genes. J Virol. 1995;69:4166–72.


	Moloney leukemia virus 10 (MOV10) inhibits the degradation of APOBEC3G through interference with the Vif-mediated ubiquitin–proteasome pathway
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	MOV10 counteracts Vif-mediated degradation of A3G by interfering with the ubiquitin–proteasome pathway
	MOV10 affects the assembly of the Vif-CBF-β-Cullin 5-ElonginB-ElonginC complex
	The helicase activity center of MOV10 is required for its inhibitory effects on Vif-mediated A3G degradation
	MOV10 counteracts Vif-mediated A3G degradation in the context of HIV-1 replication
	MOV10 increases the quantity of A3G in HIV-1 virions by protecting A3G from Vif-mediated degradation

	Discussion
	Conclusions
	Methods
	Plasmid construction and siRNAs synthesis
	Cell culture and transfection
	Co-immunoprecipitation and western blotting
	HIV-1 virus-like particle (VLP) purification
	Construction of MOV10-knockdown H9 cells
	Wild-type HIV-1 infection
	Virus infectivity assay

	Authors’ contributions
	References




