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Abstract : We previously reported that infection of human immunodeficiency (HIV) type-1

causes DNA double strand break (DSB), and HIV integrates in the DSB sites without catalytic
activity of HIV integrase (IN). In the current study, we clarified modes of the recruitment of HIV-1
to the DSB sites and HIV-associated DSB.

1. Identification of cellular factor(s) involved in HIV integration into the DSB site.

[Background] My laboratory previously reported that proviral DNA integrated at sites of DNA
double strand break (DSB), implying that the cellular machinery recruits HIV DNA to the DSB
sites. Here, we aimed to clarify the mechanism.

[Results]
a. IN is recruited to DSB sites depending on cellular factor X

We first found the recruitment of IN to DSB sites by using two experimental approaches, ChIP
assay and FRAP assay. In the ChIP assay, we used I- Ppo I enzyme, a rare-cutting enzyme that
recognizes nucleotide sequence of 15 base pairs and is present in DABI locus and ribosomal DNA.
After expression of I- Ppo 1 by adenovirus infection, we tested whether ectopically expressed IN
protein was accumulated on DABI locus, which contains I- Ppo I recognition site. Next, in FRAP
assay, we checked whether IN was accumulated at micro-irradiation (u -IR) created DSB tracks.
Interestingly, both experiments gave positive results suggesting that IN was accumulated at DSB
sites in a manner dependent on a viral protein A of HIV-1. Moreover, the recruitment of the A
protein to the DSB tract was observed even under the presence of inhibitors of ATM and
DNA-PKes, the central factors of DSB signaling, implying that the DSB sensor proteins are
involved in the early response of A/IN proteins to the DSB sites.

Next, we performed p -IR experiments in a patient derived cell line, in which a component of
the DSB sensor complex is deficient (/IX cells). Interestingly, recruitment of IN and A to u -IR
created DSB sites was completely abolished in the /X cell, whereas it was restored by
complementation of X gene product in the /X cells. Furthermore, both in vitro and in vivo
experiments revealed that X and A proteins are physically interacted. These observations
suggested that protein A recruits IN to the DSB sites in a dependent of X protein.

b. Functional relevance of the recruitment of protein A to the DSB sites

We compared data of nucleotide sequence of the proviral DNA-ends after infection with two types
of IN-activity defective HIV-1 viruses that were proficient or deficient of protein A. Interestingly,
the proviral DNA-ends sequence from A deficient virus was susceptible to larger deletion
compared to that of proficient virus. Data implied that A protein protected viral DNA-ends during
the integration process. Given that X and A proteins are physically associated, and protein X is a
nuclease that functions in DSB repair by non-homologous end-joining (NHEJ), data suggested
that protein A negatively regulates the nuclease activity of X protein: viral protein A protects the
ends of the proviral DNA during integration of viral DNA into the host genome.

c. Protein X is a novel restriction factor of HIV-1 integration

Finally, we tested the inhibitory effect of X protein on the HIV-1 infection. Several independent
analyses of HIV integration rate revealed that X protein inhibited HIV-1 infection, implying that X
protein is a novel restriction factor against HIV-1 infection. Notably, the X-mediated suppression

Researchers [Z[X, DR EZELEHT 5,



of viral infection was not rescued by A protein. As the possible explanation, X protein is involved in
the multiple steps of viral infection, whereas A protein selectively functions at the integration step
of proviral DNA at DSB sites where nuclease activity of protein X has pivotal role for
NHEJ-dependent integration of viral DNA. Further study is required for clarifying the possible
regulatory mechanism of protein X activity by protein A, and the actual importance in the

successful proviral integrations.

2. Mode of HIV-1 associated DSB

[Background] Vpr induces DSB on chromosomal DNA, and cell-cycle arrest at G2/M phase that is
a proposed important function of Vpr for viral infection. However, the molecular mechanism of
Vpr-induced DNA damage response (DDR) remained unknown. Because Vpr protein itself has no
nuclease activity, it is plausible that Vpr-induced DSB depends on the cellular machinery(s). Here
we identified Topoisomerasel (Topo1l), which induces the topological changes on dsDNA, as a novel
Vpr associating factor. We found that Vpr is physically and functionally associated with Topol.
Here we clarified the fine mechanism of Vpr-induced DSB and roles of Topo1 in viral integration.

[Results]

a. Recombinant Vpr relaxes super-coiled DNA and recruits RPA

By using the atomic force microscopy (AFM), we first examined whether the Vpr altered structure
of the super-coiled plasmid DNA (pDNA). The pDNA was incubated with a recombinant Vpr
protein (rVpr) or chloroquine, an intercalator that induces DNA-relaxation, and was subjected to
the AFM analysis for measuring roughness of root mean square (RMS) of the pDNA under the
liquid conditions. When compared to untreated pDNA, both molecules decreased the roughness of
RMS, suggesting that rVpr possessed similar activity of chloroquine and relaxed pDNA. It has
been well proposed that relaxation of the closed circular dsDNA induces the negative supercoiling
within the same molecule. To demonstrate that rVpr actually formed negative super-coiling, which
is targeted and relieved by Topol, pDNA was incubated with rVpr in the presence of Topol, and
resulting topoisomers were checked by gel electrophoresis. After incubation of pDNA, we observed
the increase of topoisomers, suggesting that rVpr generated negative super-coils on pDNA.
Moreover, addition of rVpr to linear dsDNA promoted loading of RPA70, a single-strand DNA
binding protein, further supporting an idea that rVpr unwound the dsDNA. Because RPA70, when
loaded onto chromosome DNA, activates the ATR-dependent DNA damage response and G2/M
checkpoint, these data well explain the mechanism of Vpr-induced G2/M arrest.

To demonstrate that Vpr exerts similar effects in vivo, we used a subline of a human
osteosarcoma cell line, which possessed multiple copies of LacO-repeats in the short arm of
chromosome 1. When Cherry-LacR-Vpr was expressed in the cell line, Vpr could be forcedly
accumulated at the site of the LacO-repeats and induced DSB in the corresponding regions. By
using this system, we also tested whether RPA70 was loaded to the LacO-repeats, and observed
that the expression of Cherry-LacR-Vpr promoted loading of RPA70 onto the chromatin,
concomitantly with DNA relaxation and covalent binding of Topol to the chromosomal DNA.

These data suggested that Vpr generated negatively super-coiled DNA by unwinding dsDNA

and then mobilized Topol to the chromatin.

b. LacR-Vpr expression induced integration of HIV-1 in the LacO-repeats

To demonstrate the role of Vpr-induced DSB for proviral integration, we next examined the viral
integration to the LacO repeats by using the IN-and Vpr-defective HIV. We observed that proviral
DNA was inserted into the LacO repeats, when Cherry-LacR-Vpr was expressed at the time of
viral infection. In contrast, integration of proviral DNA at LacO repeats was markedly impaired,
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when mutant forms of Cherry-LacR-Vpr, which possessed Vpr mutations of Q65R and R80A
(Vpr-dependent ubiquitination defective mutant), R77Q (Vpr/ Topol interaction disrupted mutant),
and Ct4RA (DNA binding activity diminished mutant), were co-expressed. Additionally, the
experiments using inhibitors revealed that the integration to the DSB sites required DDR-related
molecules that included ATM and DNA-PKecs. Data suggested that Vpr-induced DSB positively
regulates the viral infection through creating the viral DNA integration target sites and provoking
cellular DDR.

¢. Role of Topol in Vpr-induced DSB and viral infection

To clarify the role of Topol in the Vpr-induced DDR, we established multiple cell lines, in
which the expression of wild type (WT) Vpr or mutants of Vpr can be tightly controlled under the
tetracycline inducible promoter. In these cell lines, WT Vpr expression induced massive H2AX
phosphorylation and cell-cycle arrest at G2/M phase. In contrast, such a DDR was abolished in the
cells that were expressed with Q65R and R80OA mutants of Vpr. Additionally, no DDR was
observed by expression of the Ct4RA mutant, consistent with a previous work (Shimura et al,
FASEB J, 1999). On the other hand, Topol-binding deficient mutant (R77Q) presented partial
activation of these DSB signaling pathway.

To investigate the role of Topol-Vpr interaction on HIV infection, we analyzed the viral
infectivity in monocyte-derived macrophage cell line under decreased expression of endogenous
Topol expression. By downregulation of Topol or Topol-related factors by siRNA, the viral
infectivity was significantly reduced. In contrast, the efficiency of viral infection by HIV without
Vpr was not largely affected by the downregulation of Topol and Topol-related factors. Well
consistently, rVpr-induced DSB was also suppressed by the downregulation of Topol or
Topol-related factors. These data indicate that Topol is positively involved in Vpr-induced DSB
and DSB-induced upregulation of viral infection.

d. Vpr-R77Q mutant found in long-term non-progressor less induces DSB and DDR signals

By analyzing the mode of association between Vpr and Topol, we identified that Vpr-R77Q
mutant, the mutation of which was identified in viruses from long-term non-progressors of
HIV-positive patients, did not bind to Topol in vitro. Moreover, expression of Vpr-R77Q less
induced DSB and DDR signals, compared to WT Vpr, supporting our idea that the association of
Vpr/Topol is required for the efficient DSB induction and DDR signaling.

Altogether, our current experiments suggest that the Vpr-induced DSB and DDR could be
composed of at least five steps: (a) relaxation of DNA by direct Vpr association, (b) RPA70 binding
to generated ssDNA region followed by ATR activation and G2/M checkpoint activation, (c) Topol
recruitment and covalent binding to DNA, (d) removal of DNA bound Topol through various
cellular repair factors (including TDP1, DDB1/VprBP, SLX4, and XPG), (e) integration of proviral
DNA to “cleaned up”-DSB ends. Although functions of involved factors and magnitude of DDR can
be varied from cell to cell and/or state of cell cycle, we would propose that DNA unwinding activity
is the pivotal function of Vpr for induction of both DDR and DSB that is a positive factor for viral
infection into resting macrophages, the activity of which is the possible target of novel anti-HIV
drugs.
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