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Abstract: Viral protein R (Vpr) is an accessory protein found in various primate lentiviruses,
including human immunodeficiency viruses type 1 and 2 (HIV-1 and HIV-2) as well as simian
immunodeficiency viruses (SIVs). Vpr modulates many processes during viral lifecycle via interaction
with several of cellular targets. Previous studies showed that HIV-1 Vpr strengthened degradation
of Mini-chromosome Maintenance Protein10 (MCM10) by manipulating DCAF1-Cul4-E3 ligase in
proteasome-dependent pathway. However, whether Vpr from other primate lentiviruses are also
associated with MCM10 degradation and the ensuing impact remain unknown. Based on phylogenetic
analyses, a panel of primate lentiviruses Vpr/x covering main virus lineages was prepared. Distinct
MCM10 degradation profiles were mapped and HIV-1, SIVmus and SIVrcm Vprs induced MCM10
degradation in proteasome-dependent pathway. Colocalization and interaction between MCM10
with these Vprs were also observed. Moreover, MCM10 2-7 interaction region was identified as a
determinant region susceptible to degradation. However, MCM10 degradation did not alleviate DNA
damage response induced by these Vpr proteins. MCM10 degradation by HIV-1 Vpr proteins was
correlated with G2/M arrest, while induction of apoptosis and oligomerization formation of Vpr failed
to alter MCM10 proteolysis. The current study demonstrated a distinct interplay pattern between
primate lentiviruses Vpr proteins and MCM10.

Keywords: primate lentiviruses; Vpr; MCM10; proteasomal degradation; DNA damage response;
G2/M arrest

1. Introduction

During long co-evolutionary history, viral pathogens keep developing increasingly novel weapons
which against hosts to facilitate viral survival and pathogenesis, via encoding not only structural and
enzymatic proteins but also various accessory proteins where required. Human immunodeficiency
viruses type 1 and 2 (HIV-1 and HIV-2) and other primate lentiviruses encode accessory proteins
that enhance viral infectivity [1]. These include Viral protein R (Vpr), Viral infectivity factor (Vif),
Viral protein U (Vpu), and negative regulation factor (Nef). In addition, some subsets of primate
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lentiviruses, including HIV-2 and simian immunodeficiency virus (SIV), also encode a paralog of Vpr
termed Viral protein X (Vpx). In general, accessory proteins recruit host proteins that are important for
viral replication and/or to antagonize antiviral factors.

Viral protein Rs (Vprs) are multifunctional accessory proteins, found among all primate lentiviruses,
including HIV-1 and HIV-2 and various SIVs. A striking feature of Vpr is its unique potential to
promote viral productivity in monocytes/macrophages and in a small population of CD4+ T cells [2].
Once encapsulated and released into the cytoplasm, Vpr initiates multiple functions which are
consistent with well-organized viral replication circles. Vpr promotes accurate viral genomic RNA
reverse transcription [3,4], pre-integration complex (PIC) formation and nuclear localization [5–7],
transcription regulation of viral and host genes [8], disorders of spliceosome complex processing [9,10],
dysregulation of the cell cycle and positive and negative regulation of apoptosis [11–13], as well
as the activation of DNA damage response pathways [14,15]. Notably, Vpr hijacks the DCAF1
(DDB1)-Cul4-E3 ubiquitin ligase complex resulting in the ubiquitination of numerous cellular targets
and ensuing proteasome-dependent degradation [16]. Previous works showed that HIV-1 Vpr interacts
with DCAF1 (DDB1)-Cul4-E3 ubiquitin ligase complex to modulate multiple cellular targets’ function
and led to proteasome-dependent degradation. Furthermore, such modulation is essential for viral
replication and in favor of virus escaping from immune surveillance of hosts [17].

Mini-chromosome maintenance protein 10 (MCM10) is a newly identified cellular target of HIV-1
Vpr, which is recruited to DCAF1-Cul4-E3 ligase for proteasome-dependent degradation [18,19]. As a
conserved component of the eukaryotic replisome, MCM10 promotes continuous replication, including
initiation of DNA replication, replication fork stability, and DNA damage control [20,21]. The multiple
properties of MCM10 are concordant with cell cycle surveillance and thus dysregulation of MCM10
is considered as a common molecular marker of cancer. Previous studies have also suggested that
Vpr hijacks DCAF1-Cul4-E3 ligase resulting in MCM10 degradation, which in turn induces G2/M
arrest [18].

However, it is still unclear whether sequence homology and functional conservation among
various primate lentiviruses Vprs are associated with MCM10 proteasome-dependent degradation.
Furthermore, how MCM10 degradation regulates ensuing physiological activities is also unrevealed.

The current study firstly investigated whether MCM10 degradation by primate lentiviruses Vprs
occurs and whether it was correlated with viral lineages. Accordingly, we synthesized nucleotide
sequences of 11 representative primate lentiviruses Vpr/Vpx based on HIV database and performed
phylogenetic analyses. Furthermore, distinct MCM10 degradation profiles by primate lentiviruses
Vpr/x were mapped through proteasome dependent pathway. Moreover, our findings also indicated
that the MCM2-7 interaction region of MCM10 was a determinant domain susceptible to degradation
by Vpr. However, MCM10 did not alleviate DNA damage response induced by Vpr proteins. Taken
together, the study characterized interaction pattern of MCM10 and various primate lentiviruses Vpr/x
through E3 ligase complex hijacking.

2. Materials and Methods

2.1. Phylogenetic Analysis and Vpr Alleles Preparation

Ninety-six full length HIV/SIV Vpr amino acid sequences were obtained from Los Alamos HIV
Database and multiple alignments were performed with MUSCLE algorithm implemented in MEGA
7 [22]. According to alignment results, phylogenetic trees were constructed via neighbor-joining
methods with 1000 replicates bootstrap value (cut-off value ≥ 50%). SIVcol Vpr strain was taken as a
reference group. In terms of phylogenetic trees, 10 representative HIV/SIV Vpr alleles were chosen as
follows: HIV-1 NL4-3 Vpr (accession number, P12520); SIVdeb Vpr (accession number, AAT68805);
SIVsyk Vpr (accession number, AAA74709); SIVlst Vpr (accession number, AAF07319); SIVmus Vpr
(accession number, ABO61047); SIVmon Vpr (accession number, AAR02379); SIVrcm Vpr (accession
number, AAK69677); SIVagm Vpr (accession number, AAA64260); SIVmac Vpr (accession number,
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AAA47636) and SIVcol Vpr (accession number, AAK01035). HIV-2 Rod10 Vpx (accession number,
AYA94987) was selected as the outgroup control for alignment.

2.2. Plasmid Construction

In order to generate 11 HIV/SIV Vpr/x expression vectors, HIV-1, SIVdeb, SIVsyk, SIVlst,
SIVmus, SIVmon, SIVrcm, SIVagm, SIVmac, and SIVcol, as well as the HIV-2 Vpx, were synthesized
(GENEWIZ) according to the nucleotide sequences collected as stated above and subcloned in
pcDNA3.1, which contained a N-terminally linked 3 × FLAG tag (pcDNA3.1/3 × FLAG). To generate
specific single-site mutant expression vectors of HIV-1 NL4-3 Vpr (accession number, P12520),
namely, HIV-1 NL4-3 Vpr K27M, P35A, W54R, C76A, R77Q, and R80A, HIV-1 NL4-3 mutants
were introduced into the pME18neo-internal ribosomal entry site (IRES)-ZsGreen1 with FLAG-Vpr
(pME18neo/FLAG-Vpr-IRESZsGreen1) using a standard site-directed mutagenesis kit (TAKARA,
Shiga, Japan) [23]. To generate N-terminally HA tagged MCM10, cDNA of MCM10 was amplified
from total mRNA of HeLa cells and subcloned into pcDNA 3.1 backbone (pcDNA 3.1/HA-MCM10).
Domain-deficient mutants of MCM10, namely, HA-1-165, HA-1-427, HA-1-530, and HA-1-655 were
also constructed from the pcDNA 3.1/HA-MCM10.

2.3. Cell Culture, Transfection, and Drug Treatment

Human embryonic kidney HEK293T cells, HEK293, and Human cervical HeLa cells were
maintained in Dulbecco’s Modified Eagle Medium (Gibco, Beijing, China) supplemented with 10%
fetal calf serum in a 5% CO2 incubator at 37 ◦C. Plasmid transfection was performed using FuGENE
HD (Promega, Madison, WI, USA). For the experiment involving proteasome reversible inhibitor
MG132 (Sigma-Aldrich, St. Louis, MO, USA) and irreversible inhibitor Lactacystin (EMD Millipore,
Darmstadt, Germany), cells were transfected with the indicated plasmids for 43 h before addition of
the inhibitor and cultured for a further 5 h.

2.4. Co-Immunoprecipitation Assay

HEK293T cells (4 × 106) were seeded into a 100 mm dish at the day prior to transfection and
transiently transfected with either 10 µg of pcDNA3.1/HA-MCM10 or 10 µg of control pcDNA3.1
together with 10 µg of pcDNA3.1/3 × FLAG-Vpr/x. At 48 h of post-transfection, cells were harvested
and lysed with NP-40 lysis buffer (50 mM Tris (pH7.5)–150 mM NaCl–0.5% NP-40-1 nM DTT with 1 ×
protease inhibitors (Roche, Mannheim, Germany)) for 30 min on ice. Next, 100 µg total protein was
incubated with 20 µL anti-FLAG M2 affinity gel antibody (Sigma-Aldrich, Saint Louis, MO, USA) in
500 µL binding/wash buffer (10 mM Tris-HCl (pH 7.5)-150 mM NaCl-1% NP-40-1 mM ethylenediamine
tetraacetic acid (EDTA)) overnight at 4 ◦C with rotation (10% mix was kept for input control detection)
to purify FLAG labeled proteins in the HEK293T cell lysates. The anti-FLAG M2 antibody affinity
gel was collected via centrifugation, washed, and subjected to western blotting with anti-HA mouse
monoclonal antibodies (mAb; MBL, Nagoya, Japan) followed by HRP-conjugated goat anti-mouse
IgG (Amersham Biosciences, Uppsala, Sweden) for detection of MCM10, of anti-FLAG mouse mAb
(MBL, Nagoya, Japan) followed by HRP-conjugated goat anti-mouse IgG (Amersham Biosciences) for
detection of Vprs.

2.5. Western Blotting

HEK293T cells (2.5 × 105 cells) were seeded into a 12-well-plate at the day prior to transfection,
then were transfected with 1 µg of pcDNA 3.1/HA-MCM10 with/without 10 µg of pcDNA3.1/3 ×
FLAG-lentiviruses Vpr/x. At 48 h following transfection, cells were harvested and lysed for western
blotting. Each protein sample was boiled in 4 × SDS sample buffer and electrophoresed via 12%
SDS-polyacrylamide gel electrophoresis (PAGE). Proteins were then transferred to a polyvinylidene
difluoride membrane (Millipore, Burlington, MA, USA) using a Trans-Blot Turbo apparatus (Bio-Rad,
Hercules, CA, USA). The membrane was blocked in 5% skimmed milk in PBST [phosphate-buffered
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saline (PBS)/0.1% Tween-20] for 1 h and incubated overnight at 4 ◦C with primary antibodies, such as
anti-FLAG rabbit/mouse monoclonal antibodies (mAb; MBL Nagoya, Japan), anti-HA mouse mAb
(MBL), anti-α-Tubulin mouse mAb (Sigma-Aldrich, Saint Louis, MO, USA), or anti-MCM10 rabbit
polyclonal antibodies (pAb; Proteintech, Posemont, IL, USA), washed with PBST, and incubated with
the appropriate secondary antibodies, such as HRP-conjugated goat anti-mouse IgG (Amersham
Biosciences, Uppsala, Sweden) or HRP-conjugated goat anti-rabbit-IgG (Amersham Biosciences)
at room temperature for 1 h. The chemiluminescent signal was developed using the SuperSignal
West Pico chemiluminescent substrate (Thermo Fisher Scientific, Waltham, MA, USA) and imaged
using a FluorChem 5500 (Alpha Innotech, San Leandro, CA, USA). Band densities were analyzed by
densitometry analysis using ImageJ software (National Institutes of Health, Bethesda, MD, USA).

2.6. Immunofluorescence Staining

HeLa cells (2.5 × 105) or HEK293 cells (2.5 × 105) were seeded on cover glasses in a 12-well
plate and transfected with 1 µg of pcDNA 3.1/HA-MCM10, with or without 1 µg of pcDNA3.1/3 ×
FLAG-Vpr. Following 48 h of transfection, immunofluorescence staining was performed as described
previously [24]. In brief, cells on a cover slip were fixed with 4% paraformaldehyde for 10 min at room
temperature. Paraformaldehyde was then replaced with cold methanol and the cells were maintained
at −20 ◦C for 20 min. The cells were then washed with PBS and incubated with anti-FLAG rabbit mAb
(MBL), anti-HA mouse mAb (MBL), or anti-gamma H2AX mouse mAb (Abcam, Cambridge, UK) for
1 h at room temperature. Following further washing with PBS, Alexa Fluor 488 goat anti-rabbit IgG
(Invitrogen, Waltham, MA, USA) or Alexa Fluor 594 goat anti-mouse IgG (Invitrogen) was added for
1 h at room temperature in the dark. Nucleus was stained with Hoechst 33342 (Thermo Fisher Scientific)
for 5 min in the dark. Coverslips were then rinsed with PBS and mounted on glass slides. Processed
samples were visualized using a confocal fluorescence microscope (IX81-FV1000-D/FLUOVIEW System,
Olympus, Tokyo, Japan).

2.7. Cell Cycle Analysis

HeLa cells (1 × 105) were seeded in a 6-well plate and transfected with 2 µg of
pME18neo/FLAG-Vpr-IRESZsGreen1 Vpr wild type or the panel of mutants stated above. After
48 h, the cells were harvested and fixed using 70% ethanol. After being washed twice with PBS, the
cells were resuspended in RNase A (Invitrogen; 100 µg/mL) at 37 ◦C for 20 min and stained with
propidium iodide (PI; Sigma; 50 µg/mL) at room temperature for 10 min. Stained cells were analyzed
using a BD AccuriTM C6 Plus with a sampler flow cytometer (Becton-Dickinson, Franklin lakes, NJ,
USA). The data were analyzed using FlowJo v10 (FlowJo, LLC, Ashland, OR, USA).

2.8. Real-Time qRT-PCR Analysis of Human MCM10 mRNA Expression

Total RNA was extracted using the RNeasy mini kit with DNase digestion, according to the
manufacturer’s instructions (QIAGEN). RNA was quantified using a NanoDrop spectrophotometer
(Thermo Fisher) and stored at −80 ◦C until use. Reverse transcription was performed using High
Capacity RNA-to-cDNA (Thermo Fisher), according to the manufacturer’s manual. qRT-PCR was
performed using a Prism 7500FAST sequence detection system (Applied Biosystems). Samples were
run in triplicate and all data were normalized to GAPDH mRNA expression as an internal control.

2.9. Statistical Analysis

All data were expressed as mean± standard deviation, based on at least 3 independent experiments.
Statistical significance was evaluated using Student’s t-test. Differences were estimated to be significant
at p < 0.05 (*), and strongly significant at p < 0.01 (**) and p < 0.001(***).

Correlation efficient was analyzed with linear regression and significance was calculated with
Pearson correlation analysis.
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3. Results

3.1. Phylogeny, Multiple Alignments, and Expression of Vpr/x from Representative Strains

In order to cover most HIV/SIV lineages and ensure minimum selection bias, HIV/SIV Vpr proteins
derived from 10 lentiviruses strains were chosen using the phylogenetic analysis of 96 full-length Vpr
amino acid sequences (Figure 1A). These were as follows: prototype viruses (Vpr+Vpx−Vpu−) were
covered by SIVdeb, SIVsyk, SIVlst, SIVagm, and SIVcol Vprs; HIV-1 type viruses (Vpr+Vpx−Vpu+)
were covered by HIV-1, SIVmus and SIVmon Vprs; and HIV-2 type viruses (Vpr+Vpx+Vpu−) were
covered by SIVmac and SIVrcm.
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Figure 1. Phylogeny of 96 primate lentiviruses Vprs and multiple alignment and expression of Vpr/x
selected from representative strains. (A) Phylogenetic tree was constructed from 96 full-length HIV/SIV
Vpr amino acid sequences via neighbor-joining methods using 1000 bootstrap replicates. Scale bars
depict genetic distance. Representative Vprs from 10 different lineages were selected as later alignment
candidates. These originated from viruses belonging to three different groups containing HIV-1 type
(HIV-1, SIVmus and SIVmon), prototype (SIVdeb, SIVsyk, SIVlst, SIVagm, and SIVcol) and HIV-2 type
(SIVmac, SIVrcm and HIV-2), which are shown in blue, green, and orange, respectively. (B) Sequence
alignments of candidate HIV/SIV Vprs and HIV-2 Vpx. HIV-1 Vpr was chosen as standard sequence
and HIV-2 Vpx as outgroup control. Alignments of HIV/SIV Vpr/x showed sequence and structural
conservation, characterized by three α-helices and a potential zinc-binding motif among lentiviruses
Vpr/x, indicated by the reference structure, HIV-1 NL4-3, at the top of alignments. (C) Expression of
10 HIV/SIV Vprs and 1 HIV-2 Vpx. HEK293T cells were transfected with pcDNA3.1 that encoded
3 × FLAG-tagged HIV/SIV Vpr/x proteins, or the control pcDNA3.1/3 × FLAG (NC: negative control).
Transfected cells were harvested at 48 h following transfection and lysates with the equal protein
amounts were subjected to western blotting. Positions of Vpr and α-Tubulin are indicated.

Structural analysis revealed that full length Vpr forms three amphipathic alpha helices surrounding
a hydrophobic core (α-helix 1, 2, and 3) [25–27]. It also has a flexible, negatively charged N terminal
domain flanking the helices, while its C-terminal domain is also flexible, positively charged, and rich
in arginine residues. Based on the phylogeny of primate lentiviruses and virus type classification,
amino acid sequences of 10 Vpr proteins from each group were analyzed using multiple alignments
via the MEGA 7 program (HIV-2 Rod10 Vpx was added as the external reference). Then structure
alignment was re-generated by ESPript 3.0 with HIV-1 Vpr structure as the criterion (Figure 1B).
Sequence alignments indicated that all Vpr/Vpx proteins shared conserved tertiary structures. For
example, residues framed by a blue-line box depicted similarities in both sequence and structure.
Additionally, such similarities were mainly enriched in three α-helices, including the residues 18–34,
38–49, and 54–77. Interestingly, all lentiviral Vpr proteins displayed potential zinc-binding motifs
(H33, H71, H76, and *78) located in α-helix 2 and 3, which were similar to the conserved HIV-2 Vpx
zinc-binding motif (HHCC). It was suggested that a zinc-binding motif is essential for maintaining both
Vpr and Vpx. The potential zinc-binding motif of Vpr/Vpx also engaged E3 ubiquitin ligase complex
formation and hijacked it to induce cellular factor degradation [28]. By contrast, flexible C-terminal
domains exhibited sequence diversity compared to the central region of Vpr/Vpx proteins. Typically,
HIV-2 Vpx was characterized by a poly-proline motif (PPM) in the C-terminal domain (residues from
91 to 97) whereas other lentiviruses Vpr proteins possessed few such properties.

Next, in order to compare the expression and function of these Vpr/x proteins, 10 HIV/SIV Vpr
and 1 Vpx were synthesized according to nucleotide sequences collected as stated above. Subsequently,
HEK293T cells were transfected with pcDNA3.1 that encoded 3× FLAG-tagged HIV/SIV Vpr/x proteins,
namely, 3 × FLAG-HIV-1, SIVdeb, SIVsyk, SIVlst, SIVmus, SIVmon, SIVrcm, SIVagm, SIVmac, and
SIVcol Vprs, and HIV-2 Vpx, or the control, pcDNA3.1/3 × FLAG and examined expression via western
blotting with the anti-FLAG-mAb. Specific expression levels of all the 11 HIV/SIV Vpr and Vpx
were detectable via western blotting (Figure 1C). We next verified sub-cellular distribution of all
the 11 primate Vprs by immunofluorescence staining in Hela cells. For all Vpr proteins, dominant
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distribution of Vpr in nucleus of HeLa cells was observed [29]. Such results are coherent with
previous works.

3.2. MCM10 down-Regulation by Primate Lentiviruses Vpr/x Proteins

In order to verify the changes in MCM10 expression caused by various HIV/SIV Vpr/Vpx proteins,
co-transfection with pcDNA 3.1/HA-MCM10 and pcDNA3.1/3 × FLAG-HIV/SIV Vpr/x was carried
out in HEK293T cells and HA-MCM10 expression was monitored via western blotting (Figure 2A).
Densities of the HA-MCM10 band were normalized with those of tubulin. The relative density of
HA-MCM10 was decreased by co-transfection of HIV-1, SIVmus, and SIVrcm Vpr proteins (Figure 2A
lower panel), while other strains failed to induce similar down-regulation of MCM10. MCM10
expression due to the presence of HIV-1 Vpr protein decreased to approximately 62% compared to
only-MCM10 control. In addition, MCM10 expression decreased to 40% and 54% due to the presence
of SIVmus and SIVrcm Vpr, respectively. In contrast, HIV-2 Vpx did not downregulate MCM10.

To confirm whether only HIV-1, SIVmus, and SIVrcm Vpr proteins are able to induce MCM10
degradation among 11 primate lentiviruses Vpr/x, HEK293T cells were transiently transfected with 1.0
µg of pcDNA 3.1/HA-MCM10 together with 0, 0.3, 0.5, or 1.0 µg of pcDNA3.1/ 3× FLAG-HIV/SIV Vpr/x.
As predicted, HIV-1, SIVmus, and SIVrcm downregulated MCM10 expression in a dose-dependent
manner (Figure 2B), while levels of MCM10 degradation by other Vpr proteins, such as SIVdeb,
SIVsyk, SIVlst, SIVmon, SIVagm, SIVmac and SIVcol Vprs, and HIV-2 Vpx, were not effective in each
concentration [30].

Furthermore, we investigated whether endogenous MCM10 protein expression levels were also
susceptible to HIV-1, SIVmus, and SIVrcm Vpr proteins. Likewise, endogenous MCM10 degradation
were validated (Figure 2C). MCM10 expression was downregulated to 62%, 79%, and 63% compared
to only-MCM10 control, respectively (Figure 2C right panel). Next, we performed real-time qRT-PCR
analysis of MCM10 mRNA expression in HEK293T cells, which were transiently transfected with either
pcDNA3.1/3 × FLAG-HIV-1, SIVmus, or SIVrcm Vprs and found that MCM10 mRNA expression was
detected in similar levels among transfections of HIV-1, SIVmus, and SIVrcm Vpr proteins. This result
indicated that down-regulation of endogenous MCM10 by HIV-1, SIVmus, and SIVrcm were induced
at protein level (Figure 2D).
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of three independent experiments (under panel). (B) A dose-dependent manner of downregulation 
of exogenous MCM10 by HIV-1, SIVmus, and SIVrcm Vprs. HEK293T cells were transiently 
transfected with pcDNA 3.1/HA-MCM10 together with 0, 0.3, 0.5, or 1.0 μg of either pcDNA3.1/3 × 
FLAG-HIV-1, SIVmus or SIVrcm Vprs. The positions of 3 × FLAG-Vpr/x, HA-MCM10 and tubulin are 
indicated (upper panel). (C,D) Downregulation of endogenous MCM10 protein by HIV-1, SIVmus, 
and SIVrcm at protein level. HEK293T cells were transiently transfected with either pcDNA3.1/3 × 
FLAG-HIV-1, SIVmus, or SIVrcm Vprs, or the control pcDNA3.1/3 × FLAG (NC: negative control). 
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Figure 2. Downregulation of exogenous and endogenous MCM10 by HIV-1, SIVmus, and SIVrcm
among 11 primate lentiviruses Vpr/x. (A) Downregulation of exogenous MCM10 by 11 primate
lentiviruses Vpr/x. HEK293T cells were transiently transfected with pcDNA 3.1/HA-MCM10 together
with either pcDNA3.1/3 × FLAG-HIV/SIV Vpr/x, or the control pcDNA3.1/3 × FLAG (NC: negative
control). Transfected cells were harvested at 48 h after transfection and lysates with the equal protein
amounts were subjected to western blotting with anti-FLAG mouse monoclonal antibodies (mAb),
anti-HA mouse mAb, anti-Tubulin mouse mAb (upper panel). The positions of 3 × FLAG-Vpr/x,
HA-MCM10 andα-Tubulin are indicated. Band densities of HA-MCM10 and α-Tubulin were quantified
by densitometry analysis using ImageJ software. The relative intensities were calculated as the ratio of
density of MCM10 to density of α-Tubulin. Each column and error bar represents the mean ± SD of
three independent experiments (under panel). (B) A dose-dependent manner of downregulation of
exogenous MCM10 by HIV-1, SIVmus, and SIVrcm Vprs. HEK293T cells were transiently transfected
with pcDNA 3.1/HA-MCM10 together with 0, 0.3, 0.5, or 1.0 µg of either pcDNA3.1/3 × FLAG-HIV-1,
SIVmus or SIVrcm Vprs. The positions of 3 × FLAG-Vpr/x, HA-MCM10 and tubulin are indicated
(upper panel). (C,D) Downregulation of endogenous MCM10 protein by HIV-1, SIVmus, and SIVrcm
at protein level. HEK293T cells were transiently transfected with either pcDNA3.1/3 × FLAG-HIV-1,
SIVmus, or SIVrcm Vprs, or the control pcDNA3.1/3 × FLAG (NC: negative control). After 48 h,
endogenous MCM10 protein was examined using western blotting with anti-MCM10 rabbit polyclonal
antibodies, anti-FLAG mouse mAb, and anti-Tubulin mouse mAb (C), and MCM10 mRNA expression
was evaluated using Real-time qRT-PCR analysis (D). (C) The positions of 3 × FLAG-Vpr, endogenous
MCM10 and α-Tubulin are indicated. Band densities of endogenous MCM10 and α-Tubulin were
quantified by densitometry analysis using ImageJ software. The relative intensities were calculated
as the ratio of density of MCM10 to density of α-Tubulin. Each column and error bar represents
mean ± SD for three independent experiments (right panel). The asterisk indicates a statistically
significant difference (* p < 0.05, ** p < 0.01). (D) Samples were run in triplicate and all data were
normalized to GAPDH mRNA expression as an internal control.

Overall MCM10 down-regulation profiles and primate lentiviruses classification were
comprehensively analyzed. Interestingly, all Vpr proteins belonging to prototype viruses did not
enhance the downregulation of MCM10, while some HIV-1 (HIV-1 Vpr) and HIV-2 (SIVmus and
SIVrcm Vpr) type viruses curbed MCM10 expression by varying degrees. However, no functional
residues affecting MCM10 down-regulation were found, implying that there may be more than one
residue from different sites corporately contributed to decreasing MCM10.
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3.3. MCM10 Degradation via Proteasome Dependent Pathway

In order to verify whether MCM10 degradation by distinct HIV-1, SIVmus, and SIVrcm Vpr
proteins resulted via the proteasomal degradation pathway, MG-132, a reversible proteasome inhibitor,
was used to monitor the effects on MCM10 expression. At 43 h following co-transfection of
pcDNA3.1/HA-MCM10 together with pcDNA3.1/3 × FLAG-HIV-1, SIVmus, and SIVrcm Vprs or
the control pcDNA3.1/3 × FLAG, HEK293T cells were treated with 10 µM MG-132 or DMSO. At 48 h
after transfection, HEK293T cells were harvested for western blotting. HIV-1, SIVmus, and SIVrcm
Vpr proteins recovered MCM10 expression in MG-132-treated cultures, as compared with that of
DMSO-treated cultures (Figure 3A). By contrast, MG-132 exerted no effect on MCM10 expression in
cells transfected with only the control, pcDNA3.1/3 × FLAG. This result was confirmed with another
irreversible proteasome inhibitor, lactacystin, which also targets the 20S proteasome resulting in
proteasomal degradation inhibition. Treatment with lactacystin (20 µM) resulted in an increase in
MCM10 expression that was higher than the increase caused by MG 132 (Figure 3B), indicating that
lactacystin is an irreversible inhibitor and its activity is more specific as compared with reversible
inhibitor MG132, and thus the effect of MG132 may be smaller than that of lactacystin.
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Figure 3. MCM10 degradation by HIV-1, SIVmus, and SIVrcm Vprs via proteasome dependent
pathway. HEK293T cells were transiently transfected with pcDNA 3.1/HA-MCM10 together with
either pcDNA3.1/3 × FLAG-HIV-1, SIVmus, and SIVrcm Vprs, or the control pcDNA3.1/3 × FLAG
(NC: negative control). After 43 h of transfection, cells were treated with 10 µM MG132 (a reversible
proteasome inhibitor) or DMSO (A), and another irreversible proteasome inhibitor, lactacystin (20 µM)
or DMSO (B). Cells were harvested at 48 h after transfection and lysates with equal protein amounts
were subjected to western blotting with anti-FLAG mouse mAb, anti-HA mouse mAb, anti-α-Tubulin
mouse mAb (upper panel). The positions of 3 × FLAG-Vpr, HA-MCM10 and α-Tubulin are shown.
Band densities of HA-MCM10 and α-Tubulin were quantified by densitometry analysis using ImageJ
software. The relative intensities were calculated as the ratio of density of MCM10 to density of
α-Tubulin.

3.4. Interaction between MCM10 and HIV-1, SIVmus, and SIVrcm Vprs

To investigate the interaction between MCM10 and Vprs, including HIV-1, SIVmus and SIVrcm
Vprs, we performed co-immunoprecipitation using anti-FLAG beads in HEK293T cells transfected
with pcDNA3.1/HA-MCM10, together with either pcDNA3.1/3 × FLAG-HIV-1, SIVmus, or SIVrcm
Vprs (Figure 4A). All 3 × FLAG tagged Vpr proteins were immunoprecipitated by HA-MCM10. By
contrast, no specific HA-MCM10 band was detected in cells transfected with the control pcDNA3.1/ 3
× FLAG.

To confirm this interaction, we performed an immunofluorescence assay in HeLa cells. HeLa
cells were transiently transfected with pcDNA 3.1/HA-MCM10 together with either pcDNA3.1/3 ×
FLAG-HIV-1, SIVmus and SIVrcm Vprs, or the control pcDNA3.1/3 × FLAG, and cells were stained
with anti-FLAG mAb followed by Alexa Fluor 488 goat anti-rabbit IgG to detect Vpr (green), with
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anti-HA mAb followed by Alexa Fluor 594 goat anti-mouse IgG to detect MCM10 (red) and with
Hoechst 33,342 to detect nucleus (blue) (Figure 4B). HA-MCM10 was predominantly concentrated
in the nucleus as a form of discrete replication foci. HIV-1, SIVmus, and SIVrcm Vpr expression also
accumulated mostly in nucleus of HeLa cells. On the other hand, Vpr distribution was observed to
aggregate in a dispersed form around the nucleoli. Vpr proteins partially colocalized with the MCM10
foci in the nucleus in merged images (orange) (Figure 4B).Viruses 2020, 12, x FOR PEER REVIEW 10 of 20 
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MCM10 (1-165) were localized in the cytoplasm.  

Figure 4. MCM10 interacts and colocalizes with HIV-1, SIVmus, and SIVrcm Vprs. (A) HEK293T cells
transiently transfected with either pcDNA 3.1/HA-MCM10, or the control, pcDNA 3.1, together with
either pcDNA3.1/3 × FLAG-HIV-1, SIVmus, or SIVrcm Vprs. At 48 h following transfection, cell lysates
were collected and incubated overnight with anti-FLAG agarose beads. Subsequently, cell lysate inputs
and agarose beads were collected, washed, and subjected to western blotting with anti-HA mouse
mAb followed by HRP-conjugated goat anti-mouse IgG for detection of MCM10, of anti-FLAG mouse
mAb followed by HRP-conjugated goat anti-mouse IgG for detection of Vprs. The positions of 3 ×
FLAG-Vpr, HA-MCM10 and α-Tubulin are indicated. (B) HeLa cells on the cover glass were transiently
transfected with pcDNA 3.1/HA-MCM10 together with either pcDNA3.1/3 × FLAG-HIV-1, SIVmus and
SIVrcm Vprs, or the control, pcDNA3.1/3 × FLAG. At 48 h following transfection, cells were stained
with anti-FLAG rabbit mAb followed by Alexa Fluor 488 goat anti-rabbit IgG to detect Vpr (green),
with anti-HA mouse mAb followed by Alexa Fluor 594 goat anti-mouse IgG to detect MCM10 (red),
and with Hoechst 33342 to detect nucleus (blue) and observed using a FV-1000 fluorescence microscope.
Merged images (orange) indicate localization pattern of both proteins. Bar = 20 µm.

3.5. MCM 2-7 Interaction Region of MCM10 Susceptible to Degradation by Vprs

MCM10 is composed of different domains as follows: N-terminal domain (NTD, amino acids 1-145)
responsible for MCM10 self-oligomerization, internal domains (ID, amino acids 230-427) interacting
with proliferating cell nuclear antigen (PCNA) and DNA polymerase-α (Pol-α), C-terminal domain
(CTD, amino acids 596-860) that interacts with DNA and polymerase-α, and MCM 2-7 interaction
region (amino acids 530-655) mediating MCM10 interaction with MCM 2-7 complex, which is also
essential for MCM10 nuclear localization (Figure 5A) [21]. To investigate the determinant domain of
MCM10 susceptible to degradation by Vpr proteins, pcDNA3.1 expression vectors encoding HA tagged
domain-deficient mutants of MCM10, namely, HA-1-165, 1-427, 1-530, and 1-655 were constructed
(Figure 5A) and transfected into HEK293T cells. Then, the expression and distribution of these
were examined by western blotting and immunofluorescence staining, respectively (Figure 5B,C).
The expression of all domain-deficient mutants of MCM10 was specifically detectable via western
blotting using anti-HA mAb (Figure 5B). Wildtype MCM10 aggregated in the nucleus and formed
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typical replication foci (Figure 5C). By contrast, MCM10 (1-655) distribution detected in the cytoplasm
was possibly caused by a lack of unidentified nuclear localization signals (NLSs) in CTD. Besides, a
small fraction of MCM10 (1-655) was still localized in the nucleus but typical foci formation disappeared.
Mutant MCM10 (1-530), MCM10 (1-427), and MCM10 (1-165) were localized in the cytoplasm.Viruses 2020, 12, x FOR PEER REVIEW 11 of 20 
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and the expression of each HA-MCM10 mutant was monitored via western blotting, wherein the 
densities of each band were normalized with those of tubulin (Figure 6A). The MCM10 mutant, 1-
655, missing most parts of CTD but still maintaining the MCM2-7 interaction region, was still 

Figure 5. Expression and localization of MCM10 mutants. (A) Schematic diagram shows the domain
structures of wildtype and MCM10 truncation mutants. Positions of the predicted N-terminal domain
(NTD, 1-165), internal domain (ID, 230-427), C-terminal domain (CTD, 596-860), recently identified
MCM2-7 interaction region (530-655). MCM10 self-interaction region involved in NTD and 2 DNA
interaction regions located in ID and CTD are indicated. (B) Expression of MCM 10 mutants. HEK293T
cells were transiently transfected with pcDNA3.1/HA-MCM10 WT, 1-165, 1-427, 1-530, or 1-655,
respectively. Transfected cells were harvested at 48 h of post-transfection and lysates with the equal
protein amounts were subjected to western blotting. The positions of HA-MCM10 and α-Tubulin
are indicated. (C) Subcellular distribution of MCM 10 mutants. HEK293 cells were transiently
transfected with either pcDNA3.1/MCM10 HA-WT, HA-1-165, HA-1-427, HA-1-530, or HA-1-655 and
the subcellular distribution of MCM 10 mutants was determined via immunofluorescence staining
with anti-HA mouse mAb at 48 h post-transfection. The nucleus was stained with Hoechst 33342 and
observed using an FV-1000 fluorescence microscope. Bar = 20 µm.

Next, we investigated the determinant domain of MCM10 degradation by HIV-1, SIVmus, and
SIVrcm Vpr. HEK293T cells were transiently transfected with either pcDNA3.1/HA-MCM10 WT,
1-165, 1-427, 1-530, or 1-655 together with either pcDNA3.1/3 × FLAG-HIV-1, SIVmus or SIVrcm Vprs
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and the expression of each HA-MCM10 mutant was monitored via western blotting, wherein the
densities of each band were normalized with those of tubulin (Figure 6A). The MCM10 mutant, 1-655,
missing most parts of CTD but still maintaining the MCM2-7 interaction region, was still susceptible to
degradation by HIV-1, SIVmus, and SIVrcm Vpr. This suggested that the CTD of MCM10 expression
may not be affected by being engaged by Vprs. By contrast, the MCM mutant, 1-530, missing both
MCM 2-7 interaction and CTD domains, was resistant to degradation by Vpr mediation. Moreover, the
truncation mutants, 1-427 and 1-165, were both resistant to downregulation by Vprs. Collectively, the
region 530-655 appears to be a key region that is responsible for MCM10 proteolysis by Vpr.
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Figure 6. MCM 2-7 interaction region is susceptible to degradation by HIV-1, SIVmus, and SIVrcm Vprs.
(A) HEK293T cells were transiently transfected with either pcDNA3.1/HA-MCM10 WT, HA-1-165,
HA-1-427, HA-1-530, or HA-1-655 together with either pcDNA3.1/3 x FLAG-HIV-1, SIVmus, or SIVrcm
Vprs. The cells were then harvested at 48 h after transfection and lysates with equal protein amounts
were subjected to western blotting. Band densities of HA-MCM10 and α-Tubulin were quantified by
densitometry analysis using ImageJ software. The relative intensities were calculated as the ratio of
density of MCM10 to density ofα-Tubulin (lower panel). Each column and error bar represents the mean
± SD for three independent experiments (right panel). The asterisks indicate a statistically significant
difference (** p < 0.01). (B) HEK293T cells were transiently transfected with either pcDNA3.1/HA
MCM10-1-530, or 1-655 together with either pcDNA3.1/3 × FLAG-HIV-1, SIVmus, or SIVrcm Vprs to
analyze western blotting. The positions of 3 × FLAG-Vpr, HA-MCM10 and α-Tubulin are indicated.

In order to confirm above results, MCM10 1-655 or 1-530 was co-transfected with 3 Vprs, following
which coherent results were obtained via western blotting (Figure 6B), where MCM10 1-655 retained
susceptibility to Vprs, while MCM 1-530 showed resistance to degradation by Vprs.

3.6. MCM10 Failure to Alleviate DDR Inducted by Primate Lentiviruses Vprs

Previous studies showed that MCM10 prevented DNA damage during the replication process [20].
The speculation that DNA damage response (DDR) may be involved in the degradation process led to
the need to explore possible consequences of MCM10 degradation by Vprs. Variant histone H2AX
(H2AX), a DDR marker, is phosphorylated (γ-H2AX) in response to DNA double strand breaks (DSBs)
by intra- or inter-pathogens or other environmental irritants. Firstly, we investigated whether these
3 Vprs provoked a DNA damage response. HEK293 cells were transiently transfected with either
pcDNA3.1/3 × FLAG-HIV-1, SIVmus and SIVrcm Vprs, or the control pcDNA3.1/3 × FLAG, following
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which transfected cells were examined for γ-H2AX foci formation, using immunofluorescence staining
with anti-γ-H2AX mAb. As shown, HIV-1, SIVmus, and SIVrcm Vpr induced γ-H2AX foci to aggregate
in the nucleus of HEK293 cells (Figure 7A). By contrast, HEK293 cells transfected with the control
vector was negative for immunofluorescence of γ-H2AX. Similarly, γ-H2AX expression in all three
groups of HEK293T cells transfected with either pcDNA3.1/3 × FLAG-HIV-1, SIVmus, or SIVrcm Vprs
was increased, while γ-H2AX expression in cells transfected with the control pcDNA3.1/3 × FLAG
vector was not (Figure 7B).
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Figure 7. MCM10 did not alleviate DNA damage response (DDR) induced by HIV-1, SIVmus, and
SIVrcm Vpr proteins. (A,B) HEK293T cells were transiently transfected with either pcDNA3.1/3 x
FLAG-HIV-1, SIVmus and SIVrcm Vprs, or the control pcDNA3.1/3 × FLAG (NC: negative control). (A)
Transfected cells were stained with anti-FLAG rabbit mAb followed by Alexa Fluor 488 goat anti-rabbit
IgG to detect Vpr (green) and anti-γ-H2AX mouse mAb followed by Alexa Fluor 594 goat anti-mouse
IgG to detect γ-H2AX (red) at 48 h of post-transfection, and the nucleus was stained with Hoechst
33,342 and observed using an FV-1000 fluorescence microscope. Bar = 20 µm. (B) Transfected cells were
harvested at 48 h of post-transfection and lysates with equal protein amounts were subjected to western
blotting. The positions of 3 × FLAG-Vpr, γ-H2AX and α-Tubulin are indicated. (C) HEK293cells were
transiently transfected with pcDNA 3.1/HA-MCM10 together with either pcDNA3.1/3 × FLAG-HIV-1,
SIVmus and SIVrcm Vprs, or the control, pcDNA3.1/3 × FLAG. Transfected cells were harvested at
48 h of post-transfection and lysates with equal protein amounts were subjected to western blotting.
Densities of γ-H2AX were normalized with those of tubulin. Each column and error bar represents the
mean ± SD for three independent experiments.



Viruses 2020, 12, 98 14 of 20

To clarify whether MCM10 alleviates DNA damage induced by the 3 Vprs, HEK293T cells were
co-transfected with pcDNA 3.1/HA-MCM10 and either pcDNA3.1/3 × FLAG-HIV-1, SIVmus, or SIVrcm
Vprs, and γ-H2AX expression was monitored via western blotting with anti-γ-H2AX mouse mAb
and anti-Tubulin mAb, wherein band densities of γ-H2AX were normalized using those of tubulin
(Figure 7C). Interestingly, γ-H2AX expression levels increased by the 3 Vprs remained unaltered
following the addition of MCM10. The relative intensity of γ-H2AX expression showed no significant
differences with or without MCM10.

3.7. Correlation of MCM10 Degradation with HIV-1 Vpr G2/M Arrest

Previously, HIV-1 Vpr was found to enhance its G2/M arrest effect by increasing MCM10
degradation via proteasome-dependent pathway [18]. However, considering multiple functions of
HIV-1 Vpr to cellular targets, a question arose as to whether other functions of Vpr also played roles.
Firstly, seven typical HIV-1 Vpr mutants were summed up and characterized (Figure 8A). HIV-1 Vpr
K27M, C76A, and R80A curbed the cell cycle at the G2/M phage [15,31,32]; K27M, R77Q, and R80A
impaired the function of apoptosis induction [15]; P35A specifically lacked Vpr oligomerization [33];
and W54R failed to interact with the host factor UNG2 [34]. Secondly, we generated the expression
vectors pME18neo/FLAG-Vpr-IRESZsGreen1 encoding the HIV-1 Vpr mutants, K27M, P35A, W54R,
C76A, R77Q, and R80A, and transfected HEK293T cells for cell cycle analysis. The expression of all
Vpr mutants were confirmed by western blotting. Three mutants, K27M, C76A, and R80A, decreased
cell cycle arrest activity at the G2/M phase compared with wildtype HIV-1 (Figure 8B), indicating the
three mutants failed to induce cell cycle blocking.

Next, we performed co-transfection with pcDNA 3.1/HA-MCM10 and pME18neo/FLAG-Vpr,
encoding HIV-1 Vpr mutants, in HEK293T cells and monitored HA-MCM10 expression via western
blotting (Figure 8C, left panel). Densities of the HA-MCM10 band were normalized with those of
tubulin. The expression of HIV-1 mutants, K27M, C76A, and R80A reverse MCM10 degradation,
compared with that of the HIV-1 wildtype (Figure 8C, right panel). By contrast, P35A, W54R, and
R77Q failed to reverse MCM10 proteasome-dependent degradation.

Finally, quantitative data related to MCM10 degradation profiles and G2/M:G1 ratios, associated
with Vpr mutants, indicated a high correlation (R2 = 0.8589; p = 0.0009) with each of the functions
tested (Figure 8D). The G2/M arrest function of HIV-1 Vpr was specifically correlated with MCM10
degradation. By contrast, R77Q, an apoptosis induction-deficient mutant, downregulated MCM10
expression, demonstrating that MCM10 expression levels were not affected by the apoptosis function
of HIV-1 Vpr. Another mutant P35A, which lost the Vpr oligomerization function, also failed to reverse
MCM10 degradation.
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Figure 8. MCM10 degradation by HIV-1Vpr is positively correlated with G2/M arrest function of HIV-1
Vpr. (A) The table summarizes previous determined functional properties of various HIV-1 Vpr mutants.
Sources: [5,7,11,13,15,31–37]. (B) HEK293 cells were transfected with pME18neo/FLAG-IRESZsGreen1
that encoded FLAG-tagged HIV-1 Vpr wild type and a panel of mutants stated above. At 48 h
after transfection, cells were harvested to analyze DNA content and stained with propidium iodide.
ZsGreen1-positive cells were analyzed using a BD AccuriTM C6 Plus with a sampler flow cytometer.
For each mutant, 10000 events were acquired and subsequent G2/M:G1 ratio was calculated using
FlowJo software. (C) HEK293T cells were transiently transfected with either pcDNA3.1/HA-MCM10
together with either HIV-1 pME18neo FLAG-tagged HIV-1 Vpr, wild type and a panel of mutants.
Transfected cells were harvested at 48 h after transfection and lysates with the equal protein amounts
were subjected to western blotting (left panel). The positions of 3 × FLAG-Vpr, MCM10 and α-Tubulin
are indicated. Band densities of HA-MCM10 and α-Tubulin were analyzed by densitometry analysis
using ImageJ software (right panel). The relative intensities were calculated as the ratio of density
of MCM10 to density of α-Tubulin. Each column and error bar represents the mean ± SD for three
independent experiments. The asterisks indicate a statistically significant differences (** p < 0.01,
*** p < 0.001). (D) Correlation between MCM10 degradation and G2/M arrest by HIV-1 Vpr mutants.
The line represents the approximate curve. R = Pearson’s correlation coefficient (p = 0.0009).

4. Discussion

Previous studies have indicated that HIV-1 Vpr increased MCM10 degradation by manipulating
DCAF1-Cul4-E3 ubiquitin ligase for proteasome dependent degradation pathway and that such
degradation was related to Vpr-mediated G2/M arrest. However, it was unclear whether various
primate lentiviruses Vprs also complied with MCM10 proteasome dependent degradation. The current
study reached three major conclusions regarding MCM10 degradation pattern by various primate
lentiviruses Vpr proteins. Firstly, the study revealed that MCM10 degradation resulting from identical
proteasome pathways was caused by distinct SIVmus and SIVrcm Vprs, in addition to HIV-1 Vpr.
However, Vpr proteins derived from prototype virus lineages lost the ability to degrade MCM10,
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implying that MCM10 degradation is associated with species specificity of Vprs. Secondly, our results
demonstrated that MCM10 interacted with HIV-1, SIVmus, and SIVrcm Vprs. Furthermore, the
MCM2-7 interaction region of MCM10 was the determinant region susceptible to degradation by these
3 Vprs. Thirdly, our data showed that although the γ-H2AX expression levels increased, the 3 Vprs
remained unaltered following overexpression of MCM10 in 293T cells, suggesting that MCM10 did not
alleviate the DNA damage response induced by the 3 Vprs.

In this study, according to phylogenetic outcomes, 10 representative Vpr proteins from different
primate lentiviruses lineages were selected and synthesized. Interestingly, a potential zinc-binding
motif (H33, H71, H76, and *78) [38] was found among α-helices 2 and 3 in the Vpr proteins from
diverse virus strains. Multiple zinc-binding regions involved in viral proteins are indispensable for
negotiating with host factors. For instance, the zinc-binding region (HX5CX17-18CX3-5H) of HIV-1 Vif
mediated interaction with Cul5 E3 ligase to exert ubiquitination targeting APOBEC3G [39,40]. Two
other zinc-binding sites in the nucleocapsid (NC) of HIV-1 also play an important role in the interaction
with nucleus acids of PSI RNA and the eventual promotion of HIV-1 genomic RNA packaging into
virus particles [41,42]. However, there is little evidence indicating whether such Vpr sequences mimic
the full role played by typical HHCC zinc-binding motifs. Recently, some studies have revealed that
the HHCH motif of HIV-1 Vpr, which is positioned parallel to that of HIV-2 Vpx, may show capacity to
interact with the E3 ligase complex [28]. However, whether the potential zinc-binding motif contributes
to the function of Vprs remains unclear.

Among Vprs from 10 lineages, HIV-1, SIVmus, and SIVrcm Vprs were identified as having varying
capacity to specifically curb the expression of MCM10, while other strains failed to do so. Furthermore,
MCM10 was colocalized with such Vprs in the nucleus and formed complexes with them. Interestingly,
it is suggested that Vprs originating from prototype viruses are unable to induce downregulation
of MCM10. Multiple alignment results indicated that there were no distinguishable sequences or
point features that would enable differentiation of the capacity to degrade MCM10. Accordingly, it is
speculated that more than one amino acid, or a combination of amino acids, in distinct virus strains
may perform the function of MCM10 degradation. However, more proof is required to determine
whether Vpr proteins of whole prototype virus lineages exhibit MCM10 degradation properties.

The region encompassing amino acids 530-655, also known as the MCM2-7 interaction region, was
mapped as a determinant domain of MCM10 degradation under induction by Vpr [20,43]. Previously,
little was known about the 530-633 region of MCM10, identified as a newly identified functional domain,
flanked by an ID and involved in parts of CTD. This region exhibits little sequence characterization
or secondary structures, by way of sequence alignments and structure prediction, in spite of the
compositional bias of hydrophobic amino acids [44,45]. This flexible region is also partly responsible
for the intrinsically disordered proteins (IDP). Some studies revealed that IDPs adopted multiple
structures and were inclined to enfold, thus mediating binding with other targets of interest [46].

Once released into target cells, a virion-associated HIV-1 Vpr initiates multiple functions to
facilitate its replication. MCM10 degradation by HIV-1 Vpr was found to induce G2/M cell arrest in
Hela cells [18]. However, whether Vpr played other roles in MCM10 degradation remains unknown.
Therefore, we constructed a series of functionally deficient Vpr mutants and performed MCM10
degradation profiling. Our mutagenesis assay indicated that the G2/M cell cycle, instead of apoptosis
induction, oligomerization, or nuclear localization, was correlated with MCM10 expression. This
finding supported the key role played by MCM10 in cell cycle modulation.

Diverse viruses negotiate with and eliminate cellular factors, by exploiting host metabolism
pathways to facilitate virus replication and escape host immune surveillance. Particularly, the
ubiquitin dependent degradation pathway is one of the attractive machineries manipulated by multiple
accessory proteins, such as, Vif, Vpu, and Vpx, of primate lentiviruses. Predominantly, Vpr was found
to invoke increasingly numerous host factors for proteasome dependent degradation, such as MCM10,
MUS81, helicase-like transcription factor (HLTF), Exonuclease 1 (Exo1), and histone deacetylases
(HDACs) [35–37,47,48]. Interestingly, these cellular targets also respond to DNA damage from viruses
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or other environmental stimulants. For instance, HLTF labels the proliferating cell nuclear antigen
(PCNA) with Lys-63 polyubiquitin chain to reverse leading strand replication with that of the lagging
strand, a rather undamaged template at replication level error correction. Exo1, another target of
HIV-1 Vpr, was also depleted via the proteasomal degradation pathway. Vpr may possibly load Exo1
onto the E3 ligase complex and remodel the post-replication DNA repair machinery independently of
PCNA bridging. However, the correlation between Exo1 depletion by Vpr and DNA damage response
remains unknown [48,49].

DNA damage and late S/G2 phase arrest are induced through MCM10 siRNA treated cells. During
replication, MCM10 depletion supposedly blocks the synthesis of the lagging DNA strand, and the
subsequent replication fork stalling also generates phosphorylated H2AX. The DSB signal cascade
eventually leads to cell cycle arrest [50]. In addition, HIV-1 was found to enhance MCM10 degradation
which invoked G2/M cell cycle blocking [18]. Mutagenesis and cell cycle analysis also revealed that
the degree of MCM10 degradation was correlated with cell cycle arrest with HIV-1 Vpr. However, in
our study, MCM10 alone does not alleviate the DNA damage induced by 3 Vpr proteins, suggesting
complexity of DNA modulation exposing to viral pathogens. It is still unclear whether the primary
role of Vpr on DNA damage exceeds resultant DNA repair machinery activation to favor the purpose
of virus replication. Taken together, the results of our studies highlight distinct interplay model of host
factor MCM10 with various primate lentiviruses Vpr proteins and their ensuing roles on physiological
alternation of cellular targets partly. This research presents a model of primate lentiviruses Vprs
antagonism against increasingly found host factors and “arm-race” of host-virus coevolution.

5. Conclusions

This study revealed that distinct MCM10 degradation profiles by primate lentiviruses Vpr/Vpx
proteins through proteasome degradation pathway. Particularly, HIV-1, SVImus and SIVrcm Vpr curbed
MCM10 expression, while Vpr derived from other 8 Vpr/Vpx did not. Interestingly, colocalization
and interaction of MCM10 and these three Vpr proteins also were observed. And MCM2-7 interaction
region was susceptible to degradation through proteasomal degradation pathway. For HIV-1, G2/M
interruption was directly related with MCM10 degradation but other Vpr function defects were not.
However, further experiment is need to investigate whether such set of DNA damage response proteins
exert synergistic roles to interact with accessory protein Vpr.

Author Contributions: H.C. and Y.A. conceived and designed the experiments. H.C. performed the experiments.
H.C., L.S., R.M., C.-W.L., H.S., H.O., and Y.A. analyzed the data. Y.A. contributed reagents/materials/analysis tools.
H.C. and Y.A. wrote the paper. All authors have read and agreed to the published version of the manuscript.

Funding: This study was partly supported by a grant to YA (Research on HIV/AIDS project no. H26-002) from
the Ministry of Health, Labor, and Welfare of Japan, and by grants to YA (Research on HIV/AIDS project nos.
18fk0410004h0203, 17fk0410204h0402, 16fk0410104h0501 and 16fk0410302h0003) from the Japan Agency for
Medical Research and Development.

Acknowledgments: We appreciate Nopporn Chutiwitoonchai (National Science and Technology Development
Agency, Thailand) and all members of Viral Infectious Diseases Field of RIKEN for providing support and helpful
suggesting for the projects. We also thank the RIKEN BSI Research Resource Center for DNA sequencing analysis
and Editage (www.editage.com) for English language editing.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Malim, M.H.; Emerman, M. HIV-1 accessory proteins—Ensuring viral survival in a hostile environment.
Cell Host Microbe 2008, 3, 388–398. [CrossRef] [PubMed]

2. Balliet, J.W.; Kolson, D.L.; Eiger, G.; Kim, F.M.; Mcgann, K.A.; Srinivasan, A.; Collman, R. Distinct Effects in
Primary Macrophages and Lymphocytes of the Human-Immunodeficiency-Virus Type-1 Accessory Genes
Vpr, Vpu, and Nef-Mutational Analysis of a Primary Hiv-1 Isolate. Virology 1994, 200, 623–631. [CrossRef]

www.editage.com
http://dx.doi.org/10.1016/j.chom.2008.04.008
http://www.ncbi.nlm.nih.gov/pubmed/18541215
http://dx.doi.org/10.1006/viro.1994.1225


Viruses 2020, 12, 98 18 of 20

3. Mansky, L.M. The mutation rate of human immunodeficiency virus type 1 is influenced by the vpr gene.
Virology 1996, 222, 391–400. [CrossRef] [PubMed]

4. Stark, L.A.; Hay, R.T. Human immunodeficiency virus type 1 HIV-1 viral protein R Vpr interacts with
Lys-tRNA synthetase: Implications for priming of HIV-1 reverse transcription. J. Virol. 1998, 72, 3037–3044.
[CrossRef] [PubMed]

5. Heinzinger, N.K.; Bukrinsky, M.I.; Haggerty, S.A.; Ragland, A.M.; Kewalramani, V.; Lee, M.A.;
Gendelman, H.E.; Ratner, L.; Stevenson, M.; Emerman, M. The Vpr protein of human immunodeficiency
virus type 1 influences nuclear localization of viral nucleic acids in nondividing host cells. Proc. Natl. Acad.
Sci. USA 1994, 91, 7311–7315. [CrossRef]

6. Mahalingam, S.; Collman, R.G.; Patel, M.; Monken, C.E.; Srinivasan, A. Functional analysis of HIV-1 Vpr:
Identification of determinants essential for subcellular localization. Virology 1995, 212, 331–339. [CrossRef]

7. Nitahara-Kasahara, Y.; Kamata, M.; Yamamoto, T.; Zhang, X.; Miyamoto, Y.; Muneta, K.; Iijima, S.; Yoneda, Y.;
Tsunetsugu-Yokota, Y.; Aida, Y. Novel nuclear import of Vpr promoted by importin alpha is crucial for
human immunodeficiency virus type 1 replication in macrophages. J. Virol. 2007, 81, 5284–5293. [CrossRef]

8. Felzien, L.K.; Woffendin, C.; Hottiger, M.O.; Subbramanian, R.A.; Cohen, E.A.; Nabel, G.J. HIV transcriptional
activation by the accessory protein, VPR, is mediated by the p300 co-activator. Proc. Natl. Acad. Sci. USA
1998, 95, 5281–5286. [CrossRef]

9. Kuramitsu, M.; Hashizume, C.; Yamamoto, N.; Azuma, A.; Kamata, M.; Yamamoto, N.; Tanaka, Y.; Aida, Y.
A novel role for Vpr of human immunodeficiency virus type 1 as a regulator of the splicing of cellular
pre-mRNA. Microbes Infect. 2005, 7, 1150–1160. [CrossRef]

10. Hashizume, C.; Kuramitsu, M.; Zhang, X.F.; Kurosawa, T.; Kamata, M.; Aida, Y. Human immunodeficiency
virus type 1 Vpr interacts with spliceosomal protein SAP145 to mediate cellular pre-mRNA splicing inhibition.
Microbes Infect. 2007, 9, 490–497. [CrossRef]

11. Rogel, M.E.; Wu, L.I.; Emerman, M. The human immunodeficiency virus type 1 vpr gene prevents cell
proliferation during chronic infection. J. Virol. 1995, 69, 882–888. [CrossRef]

12. Stewart, S.A.; Poon, B.; Jowett, J.B.; Chen, I.S. Human immunodeficiency virus type 1 Vpr induces apoptosis
following cell cycle arrest. J. Virol. 1997, 71, 5579–5592. [CrossRef]

13. Nishizawa, M.; Kamata, M.; Mojin, T.; Nakai, Y.; Aida, Y. Induction of apoptosis by the Vpr protein of human
immunodeficiency virus type 1 occurs independently of G2 arrest of the cell cycle. Virology 2000, 276, 16–26.
[CrossRef] [PubMed]

14. Fregoso, O.I.; Emerman, M. Activation of the DNA Damage Response Is a Conserved Function of HIV-1 and
HIV-2 Vpr That Is Independent of SLX4 Recruitment. MBio 2016, 7, e01433-16. [CrossRef] [PubMed]

15. Andersen, J.L.; DeHart, J.L.; Zimmerman, E.S.; Ardon, O.; Kim, B.; Jacquot, G.; Benichou, S.; Planelles, V.
HIV-1 Vpr-induced apoptosis is cell cycle dependent and requires Bax but not ANT. PLoS Pathog. 2006, 2,
e127. [CrossRef] [PubMed]

16. Casey, L.; Wen, X.Y.; de Noronha, C.M.C. The functions of the HIV1 protein Vpr and its action through the
DCAF1.DDB1. Cullin4 ubiquitin ligase. Cytokine 2010, 51, 1–9. [CrossRef]

17. Laguette, N.; Bregnard, C.; Hue, P.; Basbous, J.; Yatim, A.; Larroque, M.; Kirchhoff, F.; Constantinou, A.;
Sobhian, B.; Benkirane, M. Premature Activation of the SLX4 Complex by Vpr Promotes G2/M Arrest and
Escape from Innate Immune Sensing. Cell 2014, 156, 134–145. [CrossRef]

18. Romani, B.; Baygloo, N.S.; Aghasadeghi, M.R.; Allahbakhshi, E. HIV-1 Vpr Protein Enhances Proteasomal
Degradation of MCM10 DNA Replication Factor through the Cul4-DDB1[VprBP] E3 Ubiquitin Ligase to
Induce G2/M Cell Cycle Arrest. J. Biol. Chem. 2015, 290, 17380–17389. [CrossRef]

19. Kaur, M.; Khan, M.M.; Kar, A.; Sharma, A.; Saxena, S. CRL4-DDB1-VPRBP ubiquitin ligase mediates the
stress triggered proteolysis of Mcm10. Nucleic Acids Res. 2012, 40, 7332–7346. [CrossRef]

20. Thu, Y.M.; Bielinsky, A.K. MCM10: One tool for all-Integrity, maintenance and damage control. Semin. Cell
Dev. Biol. 2014, 30, 121–130. [CrossRef]

21. Baxley, R.M.; Bielinsky, A.K. Mcm10: A Dynamic Scaffold at Eukaryotic Replication Forks. Genes 2017, 8, 73.
[CrossRef] [PubMed]

22. Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger
Datasets. Mol. Biol. Evol. 2016, 33, 1870–1874. [CrossRef] [PubMed]

23. Murakami, T.; Aida, Y. Visualizing Vpr-Induced G2 Arrest and Apoptosis. PLoS ONE 2014, 9, e86840.
[CrossRef] [PubMed]

http://dx.doi.org/10.1006/viro.1996.0436
http://www.ncbi.nlm.nih.gov/pubmed/8806523
http://dx.doi.org/10.1128/JVI.72.4.3037-3044.1998
http://www.ncbi.nlm.nih.gov/pubmed/9525626
http://dx.doi.org/10.1073/pnas.91.15.7311
http://dx.doi.org/10.1006/viro.1995.1490
http://dx.doi.org/10.1128/JVI.01928-06
http://dx.doi.org/10.1073/pnas.95.9.5281
http://dx.doi.org/10.1016/j.micinf.2005.03.022
http://dx.doi.org/10.1016/j.micinf.2007.01.013
http://dx.doi.org/10.1128/JVI.69.2.882-888.1995
http://dx.doi.org/10.1128/JVI.71.7.5579-5592.1997
http://dx.doi.org/10.1006/viro.2000.0534
http://www.ncbi.nlm.nih.gov/pubmed/11021990
http://dx.doi.org/10.1128/mBio.01433-16
http://www.ncbi.nlm.nih.gov/pubmed/27624129
http://dx.doi.org/10.1371/journal.ppat.0020127
http://www.ncbi.nlm.nih.gov/pubmed/17140287
http://dx.doi.org/10.1016/j.cyto.2010.02.018
http://dx.doi.org/10.1016/j.cell.2013.12.011
http://dx.doi.org/10.1074/jbc.M115.641522
http://dx.doi.org/10.1093/nar/gks366
http://dx.doi.org/10.1016/j.semcdb.2014.03.017
http://dx.doi.org/10.3390/genes8020073
http://www.ncbi.nlm.nih.gov/pubmed/28218679
http://dx.doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
http://dx.doi.org/10.1371/journal.pone.0086840
http://www.ncbi.nlm.nih.gov/pubmed/24466265


Viruses 2020, 12, 98 19 of 20

24. Chutiwitoonchai, N.; Aida, Y. NXT1, a Novel Influenza A NP Binding Protein, Promotes the Nuclear Export
of NP via a CRM1-Dependent Pathway. Viruses 2016, 8, 209. [CrossRef]

25. Morellet, N.; Bouaziz, S.; Petitjean, P.; Roques, B.P. NMR structure of the HIV-1 regulatory protein VPR.
J. Mol. Biol. 2003, 327, 215–227. [CrossRef]

26. Miyatake, H.; Sanjoh, A.; Murakami, T.; Murakami, H.; Matsuda, G.; Hagiwara, K.; Yokoyama, M.; Sato, H.;
Miyamoto, Y.; Dohmae, N.; et al. Molecular Mechanism of HIV-1 Vpr for Binding to Importin-alpha. J. Mol.
Biol. 2016, 428, 2744–2757. [CrossRef]

27. Wu, Y.; Zhou, X.H.; Barnes, C.O.; DeLucia, M.; Cohen, A.E.; Gronenborn, A.M.; Ahn, J.; Calero, G. The
DDB1-DCAF1-Vpr-UNG2 crystal structure reveals how HIV-1 Vpr steers human UNG2 toward destruction.
Nat. Struct. Mol. Biol. 2016, 23, 933–940. [CrossRef]

28. Wang, H.; Guo, H.R.; Su, J.M.; Rui, Y.J.; Zheng, W.W.; Gao, W.Y.; Zhang, W.Y.; Li, Z.L.; Liu, G.C.;
Markham, R.B.; et al. Inhibition of Vpx-Mediated SAMHD1 and Vpr-Mediated Host Helicase Transcription
Factor Degradation by Selective Disruption of Viral CRL4 DCAF1 E3 Ubiquitin Ligase Assembly. J. Virol.
2017, 91, e00225-17. [CrossRef]

29. Chang, H.; Siarot, L.; Murakami, T.; Aida, Y. Viral Infectious Diseases Unit, RIKEN, Wako, Saitama, Japan.
Subcellular Distribution of Primate Lentiviruses 11 Vpr/x Proteins. Unpublished work. 2020.

30. Chang, H.; Aida, Y. Viral Infectious Diseases Unit, RIKEN, Wako, Saitama, Japan. MCM10 Down-Regulation
by Primate Lentiviruses 11 Vpr/x via Dose-Dependent Assay. Unpublished work. 2020.

31. Roesch, F.; Richard, L.; Rua, R.; Porrot, F.; Casartelli, N.; Schwartz, O. Vpr Enhances Tumor Necrosis Factor
Production by HIV-1-Infected T Cells. J. Virol. 2015, 89, 12118–12130. [CrossRef]

32. Jacquot, G.; Le Rouzic, E.; David, A.; Mazzolini, J.; Bouchet, J.; Bouaziz, S.; Niedergang, F.; Pancino, G.;
Benichou, S. Localization of HIV-1 Vpr to the nuclear envelope: Impact on Vpr functions and virus replication
in macrophages. Retrovirology 2007, 4, 84. [CrossRef]

33. Venkatachari, N.J.; Walker, L.A.; Tastan, O.; Le, T.; Dempsey, T.M.; Li, Y.; Yanamala, N.; Srinivasan, A.;
Klein-Seetharaman, J.; Montelaro, R.C.; et al. Human immunodeficiency virus type 1 Vpr: Oligomerization
is an essential feature for its incorporation into virus particles. Virol. J. 2010, 7, 119. [CrossRef] [PubMed]

34. Mansky, L.M.; Preveral, S.; Selig, L.; Benarous, R.; Benichou, S. The interaction of Vpr with uracil DNA
glycosylase modulates the human immunodeficiency virus type 1 in vivo mutation rate. J. Virol. 2000, 74,
7039–7047. [CrossRef] [PubMed]

35. Zhou, X.H.; DeLucia, M.; Ahn, J. SLX4-SLX1 Protein-independent Down-regulation of MUS81-EME1 Protein
by HIV-1 Viral Protein R Vpr. J. Biol. Chem. 2016, 291, 16936–16947. [CrossRef] [PubMed]

36. Lahouassa, H.; Blondot, M.L.; Chauveau, L.; Chougui, G.; Morel, M.; Leduc, M.; Guillonneau, F.; Ramirez, B.C.;
Schwartz, O.; Margottin-Goguet, F. HIV-1 Vpr degrades the HLTF DNA translocase in T cells and macrophages.
Proc. Natl. Acad. Sci. USA 2016, 113, 5311–5316. [CrossRef]

37. Lv, L.; Wang, Q.; Xu, Y.P.; Tsao, L.C.; Nakagawa, T.; Guo, H.T.; Su, L.S.; Xiong, Y. Vpr Targets TET2 for
Degradation by CRL4VprBP E3 Ligase to Sustain IL-6 Expression and Enhance HIV-1 Replication. Mol. Cell
2018, 70, 961–970. [CrossRef]

38. Tellinghuisen, T.L.; Marcotrigiano, J.; Rice, C.M. Structure of the zinc-binding domain of an essential
component of the hepatitis C virus replicase. Nature 2005, 435, 374–379. [CrossRef]

39. Mehle, A.; Thomas, E.R.; Rajendran, K.S.; Gabuzda, D. A zinc-binding region in vif binds cul5 and determines
cullin selection. J. Biol. Chem. 2006, 281, 17259–17265. [CrossRef]

40. 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, 229–233. [CrossRef]

41. Dannull, J.; Surovoy, A.; Jung, G.; Moelling, K. Specific Binding of Hiv-1 Nucleocapsid Protein to Psi-Rna
in-Vitro Requires N-Terminal Zinc-Finger and Flanking Basic-Amino-Acid Residues. EMBO J. 1994, 13,
1525–1533. [CrossRef]

42. Rein, A. RNA Packaging in HIV. Trends Microbiol. 2019, 27, 715–723. [CrossRef]
43. Izumi, M.; Mizuno, T.; Yanagi, K.; Sugimura, K.; Okumura, K.; Imamoto, N.; Abe, T.; Hanaoka, F. The

Mcm2-7-interacting domain of human mini-chromosome maintenance 10 Mcm10 protein is important for
stable chromatin association and origin firing. J. Biol. Chem. 2017, 292, 13008–13021. [CrossRef] [PubMed]

44. Wright, P.E.; Dyson, H.J. Intrinsically unstructured proteins: Re-assessing the protein structure-function
paradigm. J. Mol. Biol. 1999, 293, 321–331. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/v8080209
http://dx.doi.org/10.1016/S0022-2836(03)00060-3
http://dx.doi.org/10.1016/j.jmb.2016.05.003
http://dx.doi.org/10.1038/nsmb.3284
http://dx.doi.org/10.1128/JVI.00225-17
http://dx.doi.org/10.1128/JVI.02098-15
http://dx.doi.org/10.1186/1742-4690-4-84
http://dx.doi.org/10.1186/1743-422X-7-119
http://www.ncbi.nlm.nih.gov/pubmed/20529298
http://dx.doi.org/10.1128/JVI.74.15.7039-7047.2000
http://www.ncbi.nlm.nih.gov/pubmed/10888643
http://dx.doi.org/10.1074/jbc.M116.721183
http://www.ncbi.nlm.nih.gov/pubmed/27354282
http://dx.doi.org/10.1073/pnas.1600485113
http://dx.doi.org/10.1016/j.molcel.2018.05.007
http://dx.doi.org/10.1038/nature03580
http://dx.doi.org/10.1074/jbc.M602413200
http://dx.doi.org/10.1038/nature12884
http://dx.doi.org/10.1002/j.1460-2075.1994.tb06414.x
http://dx.doi.org/10.1016/j.tim.2019.04.003
http://dx.doi.org/10.1074/jbc.M117.779371
http://www.ncbi.nlm.nih.gov/pubmed/28646110
http://dx.doi.org/10.1006/jmbi.1999.3110
http://www.ncbi.nlm.nih.gov/pubmed/10550212


Viruses 2020, 12, 98 20 of 20

45. Warren, E.M.; Huang, H.; Fanning, E.; Chazin, W.J.; Eichman, B.F. Physical Interactions between Mcm10,
DNA, and DNA Polymerase alpha. J. Biol. Chem. 2009, 284, 24662–24672. [CrossRef] [PubMed]

46. Tompa, P. Intrinsically disordered proteins: A 10-year recap. Trends Biochem. Sci. 2012, 37, 509–516. [CrossRef]
47. Romani, B.; Baygloo, N.S.; Hamidi-Fard, M.; Aghasadeghi, M.R.; Allahbakhshi, E. HIV-1 Vpr Protein

Induces Proteasomal Degradation of Chromatin-associated Class I HDACs to Overcome Latent Infection of
Macrophages. J. Biol. Chem. 2016, 291, 2696–2711. [CrossRef]

48. Yan, J.P.; Shun, M.C.; Hao, C.L.; Zhang, Y.; Qian, J.; Hrecka, K.; DeLucia, M.; Monnie, C.; Ahn, J.; Skowronski, J.
HIV-1 Vpr Reprograms CLR4DCAF1 E3 Ubiquitin Ligase to Antagonize Exonuclease 1-Mediated Restriction
of HIV-1 Infection. MBio 2018, 9, e01732-18. [CrossRef]

49. Tomimatsu, N.; Mukherjee, B.; Harris, J.L.; Boffo, F.L.; Hardebeck, M.C.; Potts, P.R.; Khanna, K.K.; Burma, S.
DNA-damage-induced degradation of EXO1 exonuclease limits DNA end resection to ensure accurate DNA
repair. J. Biol. Chem. 2017, 292, 10779–10790. [CrossRef]

50. Chattopadhyay, S.; Bielinsky, A.K. Human Mcm10 regulates the catalytic subunit of DNA polymerase-alpha
and prevents DNA damage during replication. Mol. Biol. Cell 2007, 18, 4085–4095. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1074/jbc.M109.020438
http://www.ncbi.nlm.nih.gov/pubmed/19608746
http://dx.doi.org/10.1016/j.tibs.2012.08.004
http://dx.doi.org/10.1074/jbc.M115.689018
http://dx.doi.org/10.1128/mBio.01732-18
http://dx.doi.org/10.1074/jbc.M116.772475
http://dx.doi.org/10.1091/mbc.e06-12-1148
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Phylogenetic Analysis and Vpr Alleles Preparation 
	Plasmid Construction 
	Cell Culture, Transfection, and Drug Treatment 
	Co-Immunoprecipitation Assay 
	Western Blotting 
	Immunofluorescence Staining 
	Cell Cycle Analysis 
	Real-Time qRT-PCR Analysis of Human MCM10 mRNA Expression 
	Statistical Analysis 

	Results 
	Phylogeny, Multiple Alignments, and Expression of Vpr/x from Representative Strains 
	MCM10 down-Regulation by Primate Lentiviruses Vpr/x Proteins 
	MCM10 Degradation via Proteasome Dependent Pathway 
	Interaction between MCM10 and HIV-1, SIVmus, and SIVrcm Vprs 
	MCM 2-7 Interaction Region of MCM10 Susceptible to Degradation by Vprs 
	MCM10 Failure to Alleviate DDR Inducted by Primate Lentiviruses Vprs 
	Correlation of MCM10 Degradation with HIV-1 Vpr G2/M Arrest 

	Discussion 
	Conclusions 
	References

