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Abstract

The lens epithelium-derived growth factor p75 (LEDGF/p75) is a chromatin-bound protein
essential for efficient lentiviral integration. Genome-wide studies have located LEDGF/p75 inside
actively transcribed genes where it mediates lentiviral integration. Although its role in HIV-1
integration is clearly established, the role of LEDGF/p75-associated proteins in HIV-1 infection
remains unexplored. Using protein-protein interaction assays, we demonstrated that LEDGF/p75
complexes with a chromatin remodeling complex, Facilitates Chromatin Transcription (FACT), a
heterodimer of the structure specific recognition protein 1 (SSRP1) and the human homolog of
suppressor of Ty 16 (hSpt16). Detailed analysis of the interaction of LEDGF/p75 with the FACT
complex indicates that LEDGF/p75 interacts with SSRP1 in an hSpt16-independent manner that
requires the PWWP domain of LEDGF proteins and the HMG domain of SSRP1. Functional
characterizations demonstrate a LEDGF/p75-independent role of SSRP1 in the regulation of
HIV-1 replication. sShRNA-mediated partial knockdown of SSRP1 reduces HIV-1, but not Murine
Leukemia Virus, infection in human CD4* T cells. Similarly, SSRP1 knockdown affects infection
by HIV-1-derived viruses that express genes from the viral LTR but not from an internal
immediate-early CMV promoter, suggesting a role of SSRP1 in LTR-driven gene expression but
not viral DNA integration. Together, our data demonstrate for the first time the association of
LEDGF proteins with the FACT complex and give further support to a role of SSRP1 in HIV-1
infection.
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INTRODUCTION

LEDGF proteins, p75 and p52, are ubiquitously expressed, chromatin-bound proteins
produced by the alternative splicing of the PSIP1 gene transcript 1: 2 3: 4, These proteins
share the N-terminal region that mediates their tight interaction with chromatin at all stages
of the cell cycle. The binding of LEDGF to the chromatin occurs mainly through the PWWP
domain, which binds to chromatin-bound proteins and DNA, as well as two AT hook motifs
that bind the minor groove of AT-rich DNA regions 6.

The ability of LEDGF/p75 to tightly bind chromatin is central for its cellular and virological
roles % 7+ 8, Chromatin-bound LEDGF/p75 tethers, through the C-terminal integrase binding
domain (IBD), the menin/MLL histone methyl transferase complex, associated with the co-
repressors Bmil and Ctbp, to the Hox loci and regulates the transcription of these

genes % 10, Similarly, LEDGF/p75 recruits C-terminal-binding protein interacting protein
(CtIP) to DNA double strand breaks promoting their repair by homologous

recombination 11. Lentiviruses, but not other retroviruses, have also exploited the genome-
wide location and chromatin-tethering ability of LEDGF/p75 for viral replication 2. Early
after infection, the HIV genome is reverse transcribed and the resulting cDNA non-
covalently associates with the viral enzyme integrase within the pre-integration complex.
This complex is then transported into the nucleus where integrase firmly binds to the IBD of
chromatin-bound LEDGF/p75, resulting in the tethering of integrase and the viral cDNA to
the host chromatin. LEDGF/p75-mediated chromatin tethering is essential for efficient
integration of the HIV-1 cDNA into the host genome, a required step in the retroviral life
cycle 4 78 In addition, the interaction of LEDGF/p75 with integrase favors HIV-1 cDNA
integration into actively transcribed genes 13: 14: 1516 where LEDGF/p75 is enriched?3.

The potential role of LEDGF/p75-associated proteins in HIV-1 replication has not yet been
explored. We postulate that HIV-1 could have evolved dependency of LEDGF/p75-
associated proteins for efficient viral replication. In support of this hypothesis, we have
identified and characterized the interaction of LEDGF/p75 with the chromatin remodeler
FACT complex, and defined a specific role of the FACT subunit SSRP1 in HIV-1
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replication. Our findings suggest a molecular explanation for the dependency evolved by
lentiviruses on LEDGF/p75 for viral replication.

RESULTS

LEDGF/p75 is associated with the FACT complex

Genome-wide LEDGF/p75 is enriched inside actively transcribed genes 17. Therefore, we
evaluated the interaction of LEDGF/p75 with several members of the transcriptional
apparatus. LEDGF/p75-deficient T\ 3 cells and T 3 cells engineered to express LEDGF/p75
were lysed in a buffer containing Triton X-100 and 100 mM NacCl, and a chromatin-bound
(pellet) and -unbound (supernatant) fractions [S1 fraction °: 18 19] were obtained by
centrifugation. Then chromatin-bound proteins were solubilized from the pellet by DNase
treatment in the presence of 0.27 M (NH,),SO; [S2 fraction®: 18: 19]. S2 fractions were then
used for immunoprecipitation of LEDGF/p75, and pulled-down proteins were evaluated by
immunoblotting with specific antibodies. Using this procedure, we found that LEDGF/p75
co-immunoprecipitated with the chromatin remodeling factor FACT complex, a heterodimer
composed of hSpt16 and SSRP1 proteins?0. The FACT complex remodels nucleosomes in
an ATP-independent fashion allowing RNA polymerase Il to access the DNA during
transcriptional elongation 2%: 21, L EDGF/p75 interacted with the chromatin-bound fraction
of FACT complex that comprise approximately fifty percent of the cellular FACT and is
likely implicated in chromatin remodeling 2% 21, Although DNase and high salt were used to
extract LEDGF/p75 and FACT from chromatin, and DNase was present in the
immunoprecipitation reactions, it is possible that nucleosomes where still present in these
preparations mediating the interaction of LEDGF/p75 and FACT complex.

To further verify the interaction of LEDGF/p75 with the FACT subunit SSRP1 in intact
cells, we evaluated the subcellular co-localization of these proteins by quantitative confocal
microscopy analysis, as previously described 22. As a control for specificity, we calculated
the co-localization of HIV-1 integrase (IN) with LEDGF/p75 WT or a mutant lacking the
integrase binding domain (AIBD). In correlation with previously reported data 23 24, IN
fully co-localized with LEDGF/p75 WT but not with the LEDGF/p75 AIBD (Figures 1b and
1c). Using this method, we demonstrated that 76% of endogenous LEDGF/p75 and SSRP1
co-localized (Figure 1b and 1c) in intact cells corroborating the results of the
immunoprecipitation experiment in Figure 1a. This elevated degree of co-localization is
expected considering that FACT is required for transcriptional elongation and nucleosomes
in actively transcribed genes are enriched in H3K36me3, a hallmark of elongation,
recognized by LEDGF/p75. To exclude the possibility that LEDGF/p75 and SSRP1 co-
localize simply because of their enrichment in actively transcribed genes, we also analyzed
the co-localization of RNA polymerase 11 (Pol 1) with LEDGF/p75. These two proteins
were reported to interact in7 vitro1; however, it is known that Pol 11 is present in the majority
of the promoters of protein-encoding genes, although only a sub-set of them are engaged in
transcriptional elongation, hence enriched in H3K36me3 marks 2°. As expected, only a
partial co-localization (53%) was detected between LEDGF/p75 and Pol 11, validating the
specificity of our procedure.
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Collectively, the results presented in Figure 1 clearly indicate that LEDGF/p75 interacts with
the FACT complex.

SSRP1 and LEDGF proteins interact independently of hSpt16

Gene expression analysis of human cells indicates that SSRP1 has hSpt16-independent and
— dependent roles in transcriptional regulation 26. Therefore, we determined the hSpt16-
dependency of the interaction of LEDGF/p75 with SSRP1. Myc-tagged SSRP1 wild type or
a mutant lacking the N-terminal domain (NTD, Supplementary Figure S1) required for
interaction with Spt16 20 were co-expressed with FLAG-tagged LEDGF/p75 in HEK293T
cells and immunoprecipitated with an anti-FLAG antibody. SSRP1 interacts with
nucleosomes through Spt16 20: 21 27: 28 ' and therefore the NTD mutant is fully recuperated
(Supplementary Figure S2) in the Triton-soluble chromatin-unbound fraction of cell lysates
obtained in the absence of DNase treatment °. On the contrary, LEDGF/p75 and wild type
SSRP1 are chromatin-bound then only present in the S2 fraction obtained after salt and
DNase treatment of chromatin-bound proteins. Therefore, in order to evaluate the interaction
of LEDGF/p75 with these SSRP1 proteins the immunoprecipitation experiment was
performed with S1 and S2 fractions combined (S1/S2). The presence of SSRP1 proteins in
the immunoprecipitated fraction was then determined by immunoblot analysis with an anti-
Myc antibody. Findings in Figure 1d indicate that LEDGF/p75 strongly binds to the
SSRP1ANTD mutant confirming the hSpt16-independent interaction of SSRP1 and LEDGF/
p75.

SSRP1 interacts with the N-terminal region of LEDGF proteins

Next, we defined what region of LEDGF/p75 (Supplementary Figure S1) was responsible
for SSRP1 recognition. The interaction of Myc-tagged SSRP1 with FLAG-tagged
LEDGF/p75 or LEDGF/p52 wild type proteins, or a LEDGF/p75 mutant containing only the
C-terminal region was evaluated by co-immunoprecipitation experiments. HEK293T-derived
LEDGF/p75-deficient cells (si1340/1428 cells) were co-transfected with expression
plasmids encoding these proteins, and two days later, S2 fractions were obtained and
subjected to immunoprecipitation with an anti-FLAG mAb. The immunoprecipitated
proteins were analyzed by immunaoblotting with tag-specific antibodies. Results in Figure 2a
indicate that LEDGF/p75 and p52 interact with SSRP1 with similar efficiency; however, C-
terminal LEDGF/p75 does not bind to SSRP1, demonstrating that the shared N-terminal
region of the LEDGF proteins interacts with SSRP1.

To formally exclude any role of the C-terminal region of LEDGF/p75 in SSRP1 binding, the
interaction of SSRP1 with a panel of LEDGF/p75 mutants lacking each of the regions
described in the C-terminus of this protein 18 (Supplementary Figure S1) was evaluated by
co-immunoprecipitation using S2 fractions, as described above. Co-immunoprecipitated
SSRP1 was detected by immunoblotting and quantified by densitometry analysis
(Supplementary Figure S3a). In further support of our conclusions that the C-terminal region
of LEDGF/p75 is dispensable for SSRP1 binding, FLAG-tagged LEDGF/p75 deletion
mutants lacking IBD (aa 340-417), CR5.1 (aa 443-477), or CR6 (aa 478-530) efficiently
interacted with SSRP1, whereas the interaction of a LEDGF/p75 mutant lacking CR4 (aa
326-339) was only slightly reduced (Supplementary Figure S3a).
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The PWWP domain of LEDGF proteins is necessary and sufficient for SSRP1 interaction

We further mapped the SSRP1-binding domain of LEDGF proteins by co-
immunoprecipitation experiments, as described above. FLAG-tagged LEDGF/p75 mutants
lacking different regions of the N-terminus 18 were co-transfected with Myc-SSRP1 in
si1340/1428 cells and the S2 fractions obtained from these cells subjected to
immunoprecipitation with an anti-FLAG mAb. The presence of SSRP1 in the
immunoprecipitated proteins was then evaluated by immunoblotting with an anti-SSRP1
antibody. Data in Supplementary Figure S3b indicate that deletion of CR1b (aa 157-177),
CR2 (aa 199-266), or CR3 (aa 267-325) of LEDGF/p75 did not impair its binding to SSRP1.
LEDGF/p75 mutants lacking CR1 (aa 94-145) and the nuclear localization signal (aa
146-156) were only partially defective in the interaction but the binding to SSRP1 was
unambiguously evidenced. However, the LEDGF/p75 mutant lacking the PWWP domain (aa
1-93) was severely impaired in SSRP1 binding (Supplementary Figure S3), indicating that
this domain is required for this protein interaction.

To demonstrate further that PWWP domain is the SSRP1-binding domain of LEDGF
proteins, we determined by immunoprecipitation experiments the effect of deleting PWWP
on the ability of LEDGF/p52 to interact with SSRP1. The same strategy described above
was followed. LEDGF/p52APWWP is mostly distributed to the S1 fraction and the positive
control LEDGFp52 to the S2 fraction whereas SSRP1 is distributed to both S1 and S2.
Therefore, in order to have similar levels of all of these proteins and an identical buffer
composition in the immunoprecipitation input, this experiment was performed with S1 and
S2 fractions combined (S1/S2). As expected, in these experiments (Figure 2b) we also
observed that the deletion of the PWWP domain completely abrogated the interaction of
LEDGF/p52 with SSRP1 demonstrating the importance of this domain in the interaction
between LEDGF proteins and SSRP1.

The PWWP domain is organized into two independent subdomains. The N-terminal region
of the PWWP domain is composed of a five-stranded beta-barrel core (aa 1-60) and the C-
terminal is comprised of an alpha-helix bundle (aa 61-93). The beta-barrel is solvent
exposed and contains a hydrophobic cavity that harbors a tryptophan (aa 21), which is
essential for the interaction of PWWP with H3K36me3 2°. To further characterize the
surface of interaction of the PWWP domain, S2 fractions from si1340/1428 cells transiently
co-expressing Xpress-SSRP1 and either FLAG-tagged LEDGF/p75 WT, LEDGF/
p75APWWPR-barrel (Aaal-60), LEDGF/p75APWWPa-helix (Aaa61-93), or LEDGF/
p75W21A were immunoprecipitated with an anti-FLAG mAb, and the pulled-down proteins
evaluated by immunoblot for the presence of SSRP1 or LEDGF/p75 with specific
antibodies. Data in Supplementary Figures S4a-c indicate that none of the mutations
introduced in the PWWP domain affected the interaction between LEDGF/p75 and SSRP1
proteins. These results suggest that both sub-domains of PWWP importantly contribute to
SSRP1 binding and that interaction of LEDGF/p75 with the nucleosomal protein
H3K36me3 is not a pre-condition for SSRP1 interaction.

Next, we determined whether the PWWP domain alone was sufficient for SSRP1 binding by
co-immunoprecipitation analysis of si1340/1428 cells co-expressing Myc-SSRP1 and
FLAG-tagged PWWP domain or only Myc-SSRP1. Chromatin binding of the LEDGF/p75
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PWWP domain expressed as a sole protein is weak and consequently this protein is fully
recuperated in the Triton-soluble chromatin-unbound fraction (S1) obtained without salt/
DNase treatment °, whereas SSRP1 is distributed to the Triton-soluble chromatin-bound
fraction (S2) only after salt/DNase treatment of Triton-insoluble chromatin-bound proteins.
Then, immunoprecipitations were performed with S1 and S2 fractions mixed. An anti-FLAG
mAb was used for immunoprecipiation and the pulled-down proteins were analyzed for the
presence of LEDGF and SSRP1 proteins by immunoblotting with specific antibodies.
Findings in Figure 2c clearly demonstrate that the PWWP domain alone firmly interacts
with SSRP1, indicating that this domain is sufficient for specific binding to SSRP1.

The HMG domain of SSRPL1 is required but not sufficient for the interaction with

LEDGF/p75

We next defined the LEDGF-binding domain of SSRP1. Two structural domains, a structure-
specific recognition (SSRC) motif (aa 187-437) and an HMG-box domain (aa 548-613),
have been previously described in SSRP1, in addition to four evolutionarily conserved
regions designated N-terminal domain (NTD, aa 1-186), middle domain (MD, aa 438-514),
intrinsically disordered domain (IDD, 515-547), and C-terminal domain (CID, aa

614-709) 2! (Supplementary Figure S1). A panel of Myc-tagged SSRP1 mutants lacking
each of these domains and the WT protein were co-expressed with FLAG-tagged
LEDGF/p75 in HEK293T cells and S2 fractions obtained from these cells were subjected to
immunoprecipitation with an anti-FLAG antibody. The presence of SSRP1 proteins in the
immunoprecipitated fraction was then determined by immunoblot analysis with an anti-Myc
antibody. Data in Supplementary Figure S5 show that the interaction between LEDGF/p75
and the SSRP1 mutants lacking the SSRC (Fig. S5a), MD (Fig. S5b), IDD (Fig. S5¢), and
CID (Fig. S5d) domains were not impaired. Similarly, we showed that NTD is also
dispensable for LEDGF/p75 binding (Figure 1d). Conversely, the interaction with the mutant
lacking the HMG domain was severely defective (Figure 3a), suggesting the implication of
this SSRP1 region in the LEDGF/p75 binding. The lack of the HMG domain did not alter
the distribution of SSRP1 in the chromatin-bound or -unbound fractions (Supplementary
Figure S2), indicating that the defective interaction was not due to a change in the
subcellular distribution of the SSRP1 mutant protein.

In order to further clarify the role of HMG SSRP1 in LEDGF/p75 binding, we determined
whether this domain is sufficient for the interaction of these proteins. As described above,
HEK?293T cells were transiently co-transfected with FLAG-tagged LEDGF/p75 WT and
Myc-tagged SSRP1 HMG expression plasmids. Their interaction was evaluated by
immunoprecipitation from S1/S2 fractions with an anti-FLAG antibody followed by anti-
Myc immunoblot analysis. Results in Figure 3b revealed that the HMG domain alone failed
to bind to LEDGF/p75, indicating that, although required, this domain is not sufficient for
binding. These findings suggest that the surface of interaction of SSRP1 with LEDGF/p75 is
complex and other regions of SSRP1 may contribute to the binding.

Partial knockdown of SSRP1 specifically reduces HIV-1 infection

We next investigated the functional significance of the LEDGF/p75-FACT complex
association for HIV-1 infection. LEDGF/p75 tethers the HIV-1 pre-integration complex to
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the host chromatin allowing for efficient integrase-mediated viral cDNA integration into the
host genome % 7+ 8, It is possible that the LEDGF/p75 PWWP-interacting FACT complex
could contribute to HIV-1 infection by facilitating the access of integrase to the
chromatinized DNA during integration, or at post-integration steps by influencing DNA
repair, or transcription of the provirus. Implications of the nucleosome remodeling activity
of the FACT complex in facilitating the access of cellular enzymes to the host DNA during
DNA repair and transcription have been extensively reported. An important limitation to
these studies is the essential role of FACT for cell survival 30, which precludes drastic
reduction of the cellular levels of this complex. Similarly, the required role of the LEDGF/
p75-binding domain of SSRP1, HMG, in the chromatin remodeling activity of FACT 3!
impedes rescuing from apoptosis SSRP1-deficient cells by expressing a LEDGF/p75 non-
interacting SSRP1 mutant lacking the HMG domain. To circumvent these problems, we
analyzed the effects of transient partial knockdown of SSRP1 on HIV-1 infection.
Knockdown was achieved by expressing an SSRP1-specific ShRNA in the target cells using
a non-integrative HIV-1-derived viral vector that harbors an integrase catalytic site mutant,
D64V. Non-integrative vectors transduce cells as efficiently as their integrative counterparts
but express lower levels of the transgenes per cell. Therefore, at the same MOI, DNA
integration-incompetent lentiviral vectors expressing ShRNAs more likely produce a partial
instead of the more stringent knockdown observed with integrative lentiviruses.

Using the above-mentioned approach, cells of the human CD4* T cell line SupT1 were
transduced at different MOIs with non-integrative HIV-derived viral vectors (TRIP D64V
shRNA) expressing an SSRP1-specific or scrambled shRNA sequence, and three days after
transduction the cells were infected with a VSV-G pseudotyped, single-round infection,
HIV-derived virus expressing LTR-driven luciferase (Hluc). Three days later the luciferase
activity and ATP levels were measured. In addition, morphology and growth rate of the
infected cells were evaluated by daily microscopy examination during the experiment.
Results in Figure 4a indicate a modest but reproducible decrease in the susceptibility of
SSRP1-knockdown cells to HIV-1 infection at the highest MOls evaluated. Importantly,
under these conditions, cell viability was unremarkable as indicated by the cellular ATP
content (Supplementary Figure S6a), a very sensitive indicator of cell viability, as well as by
cellular morphology and growth rate of the infected cells (data not shown). Results in Figure
4a were further verified by multiple experiments performed on different days (Figure 4b)
highlighting the reproducibility of this effect. In these experiments, SSRP1 in the
knockdown cells was 57% of the levels found in control cells, as indicated by densitometry
analysis of immunoblots (Figure 4c). This partial reduction likely correlates with the modest
decrease in infectivity observed in the SSRP1-deficient cells. Therefore, findings represented
in Figure 4a-c indicate that SSRP1 partial knockdown affects HIV-1 infection without
altering cell viability.

To further evaluate the effect of SSRP1 deficiency on HIV-1 infection, we transduced SupT1
cells at MOI 1 with the sShRNA expressing retroviral vectors and on the third day post-
transduction the cells were infected with HIV-1y 4.3. Twenty-four hours later the infected
cells were extensively washed to remove the input HIV-1p 4.3 and the viral supernatant was
harvested 72 hours later for HIV-1 p24 quantification by ELISA. In three independent
lentiviral transduction/HIV-1 infection experiments performed on different days (Figure 4d)
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we observed that partial knockdown of SSRP1 caused a modest (~ 40%) but reproducible
reduction in HIV-1 p24 levels.

The effect of SSRP1 deficiency on HIV-1 infection could be LEDGF/p75-dependent or -
independent. For example, the requirement of the FACT complex for transcription of
chromatinized genes in the HIV-1 provirus, a LEDGF/p75-independent process, could
explain the effect of SSRP1 knockdown on HIV-1 infection. In order to evaluate these
possible mechanisms and define whether this phenomenon is HIV-1 specific, we determined
the effect of SSRP1 partial deficiency on the infection by the gamma retrovirus Murine
Leukemia Virus (MLV). Similar to HIV-1, the expression of chromatinized MLV provirus
depends on FACT activity; however, MLV infection is LEDGF/p75-independent 12, Briefly,
SupT1 cells were transduced with the TRIP D64V shRNA expressing either an SSRP1-
specific or scrambled shRNA sequence and three days after transduction the cells were
infected with a VSV-G pseudotyped, single-round infection, MLV-derived virus expressing
luciferase (MLVIuc). In these experiments, we observed that MLV infection was not affected
(Figure 5a) excluding the possibility that the effect of SSRP1 knockdown on HIV-1 infection
is due to the role of the FACT complex in transcription or to unnoticed cellular toxicity.
These data also indicate that the effect of SSRP1 on HIV-1 infection is specific.

Although the SupT1 target cells were transduced at the same MOI and with the same
lentiviral vector preps in the MLV and HIV-1 infection experiments described in Figures 4b,
4d, and 5a; small variations in SSRP1 knockdown levels in the target cells could account for
the differential effect of SSRP1 deficiency on these retroviruses. To control for this potential
confounding factor, SupT1 cells were transduced with the shRNA-expressing lentiviruses at
MOI 1 and three days later the same cells were used either for infection with HIV-1y 4.3 or
with MLVluc, or for immunoblotting analysis of SSRP1 expression. Three days after
infection, cellular ATP levels and MLV-encoded luciferase activity were measured in the
MLV-infected cells, and HIV-1 p24 quantified in the supernatant of HIV-1y 4.3 infected
cells.

Densitometry analysis of the immunoblot in Figure 5b indicates that these knockdown cells
expressed 52% of the SSRP1 levels found in control cells. In these cells, HIV-1 replication
was impaired (Figure 5d) to levels comparable to those achieved in experiments reported in
Figures 4a, 4b, and 4d, which correlate with the partial SSRP1 knockdown obtained in the
target cells (Figure 5b). In contrast to HIV-1, MLV infection was not impaired in these cells
(Figures 5c), corroborating previous observations (Figures 5a). As expected, cell viability
was not affected in the SSRP1-knockdown cells studied (Supplementary Figure S6b). Data
in figures 4 and 5 highlight the reproducibility of our results further indicate a specific role
for SSRP1 in HIV-1 infection.

Partial knockdown of SSRP1 specifically reduces LTR-driven HIV-1 gene expression in a
LEDGF/p75-independent manner

As previously discussed, SSRP1 deficiency could affect HIV-1 infection by reducing LTR-
driven transcription or viral DNA integration. In order to distinguish between these potential
mechanisms we compared the effect of SSRP1 deficiency on infection by HIV-1-derived
viruses that, although replicate through viral DNA integration, use different promoters for
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transgene expression. TRIP viruses 32 express their transgenes from an internal immediate-
early CMV promoter in contrast to HeGFP or Hluc viruses in which the transgenes are
expressed from the HIV-1 LTR. As described above, SupT1 cells were transduced with
shRNA retroviral vectors expressing a control or an SSRP1 shRNA and three days later were
infected with TRIP eGFP, TRIPluc, HeGFP, or Hluc. In these experiments, the ShRNAs were
delivered using a retroviral vector lacking the eGFP reporter. As shown in Figure 6a and b,
SSRP1 knockdown diminished infection of viruses expressing the transgene from the LTR
but not from the CMV promoter, suggesting that SSRP1 deficiency affected LTR-driven
transgene expression rather than viral DNA integration.

Data in Figure 6a and 6b also suggest that SSRP1 regulates HIV-1 infection independently
of LEDGF/p75 since this protein is required for efficient integration of both Hluc and
TRIPIluc viruses. Therefore, we evaluate this mechanism of action by determining the
requirement of LEDGF/p75 in the effect of SSRP1 deficiency on HIV-1 infection. Nalm-6
wild type and LEDGF/p75 knockout cells (Figure 7a) 33 were transduced with sShRNA
retroviral vectors expressing control or SSRP1 shRNAs. Three days later, these cells were
infected with TRIPIuc or Hluc, and seventy-two hours afterwards, the luciferase and ATP
were measured. Data in Figure 7b indicate that partial SSRP1 knockdown (Figure 7a)
similarly reduced Hluc infection independently of the LEDGF/p75 levels of the target cells
(Figure 7b), indicating that the effect of SSRP1 on HIV-1 infection is LEDGF/p75-
independent. In both, wild type and LEDGF/p75 knockout cells, SSRP1 deficiency affected
Hluc infection in a higher magnitude than TRIPIuc infection (Figure 7b), as indicated in data
shown in Figure 6. These findings (Figure 7b) also indicate that the role of SSRP1 in HIV-1
infection is not exclusive to CD4* T cells (SupT1 cells) but is also is conserved in a human
pre-B lymphoblast (Nalm-6 cells) cell line.

We further evaluated the effect of SSRP1 knockdown on infectivity of Hluc and TRIPIuc in
SupT1-derived Tz and T 3 cell lines that were generated by stable expression of ShRNAs,
control (scrambled sequence, T¢3) or LEDGF/p75-specific (T 3). These cells were
transduced with control or SSRP1 shRNA expressing retroviral vectors, infected with Hluc
or TRIPIluc three days later, and analyzed for luciferase expression seventy-two hours after
infection (Figure 7c¢). As expected, SSRP1 knockdown reduced infectivity of Hluc but not of
TRIPIuc viruses in both LEDGF/p75-deficient and control cells to a similar extent, further
supporting the LEDGF/p75-independent role of SSRP1 in HIV-1 infection.

Chromatin binding of LEDGF/p75 and SSRP1 occur independently of each other

To characterize further the LEDGF/p75-SSRP1 interaction, we determined whether the
binding of these proteins to chromatin is influence by their interaction. With this purpose,
SupT1 cells were transduced with the SSRP1 and control shRNA-expressing viral vector at
an MOI 2.5-folds higher than the MOI used in the HIV-1 and MLV infection experiments
described in Figures 4 and 5, and three days later these cells were used to determine the
chromatin binding strength of LEDGF/p75 by the salt extraction method 18. This assay
measures the effect of salts on the chromatin binding strength of LEDGF/p75. Briefly, the
transduced cells were lysed in a buffer containing Triton X-100 (CSKI buffer) supplemented
with NaCl to a final concentration of 175 mM, under these conditions LEDGF/p75 is only
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partially extracted from chromatin 18, Then, the cell lysates were fractionated by
centrifugation into a Triton-soluble, salt-extracted fraction, which contains chromatin non-
bound proteins (S1), and in a Triton-insoluble salt-resistant fraction (P1), which includes
chromatin-bound proteins and other Triton X-100 insoluble proteins (/.e. cytoskeleton
proteins). Subsequently, these cellular fractions were evaluated by immunoblotting for the
presence of LEDGF/p75 and SSRP1. As expected, at the higher MOI used in these
experiments, a more stringent SSRP1 knockdown than in the retroviral infection
experiments reported above, was reached (compare total fraction in supplementary Figure
S7a with Figures 4c and 5b). Densitometry analysis of immunaoblot in supplementary Figure
S7a indicated that knockdown cells express only 13% of the SSRP1 levels found in the
control cells. Nevertheless, the salt extraction pattern of LEDGF/p75 in these more stringent
SSRP1 knockdown cells was identical to the pattern observed in control cells
(Supplementary Figure S7a) which indicates that cellular levels of SSRP1 lower than those
that affect HIV-1 infection do not affect the chromatin binding strength of LEDGF/p75.
These results suggest that LEDGF/p75 binds to chromatin independently of SSRP1.

Similarly, the chromatin binding strength of SSRP1 in LEDGF/p75-deficient cells was
evaluated using the salt extraction method described above. SupT1-derived LEDGF/p75-
knockdown (T 3) and control cells (T¢3) were subjected to salt extraction with CSKI buffer
supplemented with NaCl to a final concentration of 150 mM. Then, the distribution of
SSRP1 and LEDGF/p75 was determined in the salt-extracted and -resistant fractions by
immunoblotting. As represented in (Supplementary Figure S7b), the SSRP1 salt extraction
pattern was similar in control and LEDGF/p75-deficient cells indicating that LEDGF/p75
does not influence the binding strength of SSRP1 to chromatin.

DISCUSSION

A role of LEDGF proteins in transcriptional regulation at promoter regions has been
described 1: 4, yet the participation of LEDGF/p75 in other steps of transcriptional regulation
has not been evaluated. A genome-wide study indicates that LEDGF/p75 is enriched
downstream of the transcription start sites of actively transcribed genes 17 suggesting a
potential role for this regulator in transcriptional elongation. However, the mechanism
associated with this phenomenon remains unknown. The data presented in this study
demonstrate for the first time that LEDGF/p75 associates with the FACT complex,
suggesting a role for LEDGF/p75 in transcriptional elongation. We demonstrated that
LEDGF/p75 specifically co-immunoprecipitates with the chromatin-bound molecular form
of the FACT complex that is likely engaged in transcriptional activity. These findings
correlate with the global effects of LEDGF/p75 on transcription 15 and with the high degree
of co-localization of LEDGF/p75 with SSRP1 under basal conditions. Our findings also
suggest that the location of LEDGF/p75 in transcriptional elongation complexes could
determine its role in targeting HIV-1 into actively transcribed genesl3,

In this study, we also characterized in detail the interaction of LEDGF/p75 with the FACT
complex. The FACT complex is a histone chaperone comprised of a heterodimer of Spt16
and SSRP1 proteins. It has been found to be essential in DNA replication, transcriptional
elongation, and DNA damage repair 20: 21; 27 28; 34; 35; 36, 37; 38; 39; 40; 41 and the targeted
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disruption of one of its components, SSRP1, is embryonic lethal 20, In any function, FACT
works through nucleosome reorganization by disrupting core histone-histone and histone-
DNA interactions 20: 21; 27; 28; 34, 35; 36; 37, 38; 39 40, 41 gpecifically, the FACT complex
attaches to the nucleosome through the binding of the Spt16 subunit to the H2A-H2B dimer,
facilitating its displacement and allowing SSRP1 to interact with an H3-H4 tetramer and
nucleosomal DNA. After destabilization, the FACT complex has been shown to reassemble
the nucleosome 27,

We demonstrated that LEDGF proteins complex with SSRP1 independently of hSpt16
requiring their PWWP and HMG domains, respetively. Intriguingly, the fragment of TOX4
that interacts with PWWP LEDGF/p75 also contains an HMG domain, although its
relevance in this interaction is unknown 42, PWWP and HMG domains are present in
multiple proteins involved in transcriptional regulation, DNA repair, and

epigenetics 43: 44: 45,46, 4748 P\WWP s a nucleosomal-binding domain that interacts
specifically with H3K36me3 and H4K20me histone codes and non-specifically with DNA,
whereas HMG domain binds to DNA and several proteins implicated in transcriptional
regulation. HMG binds to the minor groove of DNA inducing local changes in the DNA
structure that triggers different DNA-dependent functions 47 4°. In addition, the HMG
domain of Sox proteins have been demonstrated to bind to different protein domains present
in transcription factors, including homeodomain, paired domain, POU domains, zinc finger,
basic helix-loop-helix and leucine zipper. These HMG-interacting domains mediate the
binding of transcription factors to DNA, modulating their transcriptional activity 59 51; 52: 53,
Therefore, our findings expand to PWWP the diversity of protein domains that interact with
HMG domains.

Similar to the interaction of HMG Sox with other protein domains 2, the interaction of
HMG SSRP1 with LEDGF/p75 seems to be strengthened by other SSRP1 protein regions
since HMG is required but not sufficient for LEDGF/p75 binding. In contrast, the PWWP
domain is required and sufficient for LEDGF association with SSRP1. A potential
mechanism for this phenomenon is the binding of other regions of SSRP1 to PWWP
LEDGF/p75. Alternatively, other protein regions in SSRP1 could stabilize a particular
conformation of HMG required for PWWP association. In support of the latter possibility, it
has been described that the binding of HMG in SSRP1 of Drosophila melanogasterto
nucleosomal DNA is modulated by intramolecular interactions between the Middle (aa
438-514), the Intrinsically Disordered (aa 515-547), and the HMG (aa 548-613) domains of
SSRP1 %4, Therefore, it is possible that a similar intramolecular crosstalk between HMG and
other regions of SSRP1 could influence the interaction with PWWP in LEDGF. The
potential contribution of other SSRP1 regions to the interaction of HMG with PWWP
domain also suggests that the binding of these two protein domains could be protein-specific
rather than universal.

The implications of nucleosome or other chromatin-bound proteins to the association of
LEDGF proteins with the FACT complex is not clear yet, and deserves further
characterization. Data showing that LEDGF/p75 can interact with SSRP1IANTD suggest that
the histone core of the nucleosome is not necessary for this interaction. Binding of SSRP1 to
the nucleosome is dependent on its binding to Spt16 whose in turn binds to the H2A-H2B
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dimer 2. Similarly, LEDGF/p75 PWWP domains mutants W21A or those lacking the N- or
C-terminal subdomains that are defective in their interaction with methylated histones, in
particular H3K36me3 and H4K20me3 in the nucleosome 5%: 56: 57; 58; 59; 60; 61 || interact
with SSRP1, suggesting that direct binding of LEDGF proteins to the nucleosome core
proteins is not a pre-requisite for association to SSRP1. However, the implication of DNA
and/or other chromatin-bound proteins in the formation of the complex containing LEDGF
proteins and the FACT complex is still possible. For example, the interaction of LEDGF/p75
with SSRP1ANTD could still be mediated by binding of the HMG domain to DNA that
survived the DNase treatment through its tightly association with proteins in the chromatin.

The association of LEDGF proteins with the FACT complex is predicted to have important
functional implications. LEDGF/p75 have a role in the repair of DNA double-strand breaks
by the homologous recombination pathway 11 whereas LEDGF proteins are implicated in
transcriptional regulation 4, and these processes require the chromatin-remodeling function
of the FACT complex. Therefore, the interaction of LEDGF proteins with the FACT
complex could facilitate transcription and DNA repair of chromatin regions engaged in
active transcription. Similarly, the presence of SSRP1 in a complex with LEDGF proteins, in
particular with LEDGF/p75 a known HIV-1 cellular cofactor 4, could facilitate HIV-1
infection. In support of the latter hypothesis, we have observed a modest, reproducible, and
specific defect in HIV-1 infection in cells partially knocked down for SSRP1. The modest
effect of SSRP1 deficiency on HIV-1 replication observed could be due to the high levels of
residual SSRP1 in the knockdown cells as detected by immunoblot analyses. Unfortunately,
the essential role of SSRP1 and, more specifically its HMG domain that is required for
association to LEDGF/p75, preclude analyses of the susceptibility to HIV-1 infection of
cells significantly depleted of SSRP1 or only expressing SSRP1 mutants unable to interact
with LEDGF/p75 30: 31,

Most likely, the effect of SSRP1 deficiency on HIV-1 is specific and not related to a global
effect on cellular transcription since infection by the gamma retrovirus MLV was not
affected. In addition, SSRP1 deficiency affected the expression of proviral transgenes
transcribed from the HIV-1 LTR but not from an internal immediate-early CMV promoter,
suggesting that SSRP1 influences LTR activity rather than viral integration. This conclusion
is also supported by the LEDGF/p75-independence of the mechanism implicated in the
effect of SSRP1 on HIV-1 infection.

Our data in correspondence with previous observations 62 indicate a role for SSRP1 in
HIV-1 LTR-driven expression. It has been demonstrated that TNF-a-induced activation of
HIV-1 LTR-mediated transcription increased FACT occupancy at nucleosome 1 of the LTR
and nucleosomes in the Env region, and removal of H2A/H2B dimers from these

locations 2. This role of SSRP1 is expected considering the reported function of this protein
in chromatin remodeling 20: 21 27 and the fact that HIV-1 proviral gene expression is
subjected to the same mechanisms governing transcriptional regulation of host

genes 63:64:65_|n addition, the FACT subunit hSpt16 has been reported to interact with
Tat 66:67: 68 |n apparent contradiction with our findings, down regulation of SSRP1 and/or
hSpt16 has been reported to modestly increase HIV-1 expression 87 68 The inhibitory role
of hSpt16 on HIV-1 expression could illustrate FACT-independent hSpt16 functions
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previously described 26. Alternatively, down regulation of FACT levels in the cell could
globally alter the chromatin structure, leading to transcriptional initiation from cryptic
initiation sites within the coding region of genes, including HIV-1, as previously reported in
yeast 39 69,

Finally, our data suggest a model that indicates that HIV-1 hijacks a cellular complex in
which LEDGF/p75 is associated with FACT. This complex promotes efficient proviral
formation and gene expression through LEDGF/p75 and SSRP1 functions, respectively. We
predict that this SSRP1 function could be relevant during the Tat-independent stage of the
viral life cycle.

MATERIALS AND METHODS

Expression and shRNA constructs

LEDGF/p75 expression plasmids—pFLAG LEDGF/p75 and pFLAG LEDGF/p52
previously described 18 22 were used in transient expression experiments and to generate the
LEDGF mutants described in this work.

SSRP1 expression plasmids—pSSRP1-Myc or pXpress-SSRP1 were generated by
cloning the SSRP1 cDNA into pCMV, which contains the promoter and intron A, the
immediate early gene promoter of the human Cytomegalovirus (CMV promoter) 70, with a
C-terminal Myc or Xpress tag. SSRP1 cDNA was PCR amplified from a human lymph node
cDNA library. These SSRP1 expression plasmids were further used to generate a panel of
SSRP1 mutants.

Retroviral vector expression plasmids—The plasmids used to generate retroviral
vectors were described previously 12, HIV-1-derived vectors were produced using pHIV luc,
pMD.G, pTRIP eGFP 32, pCMVARS8.91, and pPCMVARS.91 IN D64V (a gift of Che
Serguera, INSERM MIRCen LMB). pHIVLuc was derived from pNL4-3.Luc.R—E-"1 by
introducing a deletion in the Env open reading frame. pMD.G encodes the Vesicular
Stomatitis Virus glycoprotein G (VSV-G). pTRIP eGFP was derived from pTRIP by
substituting the LacZ open reading by the eGFP cDNA 12, eGFP is transcribed from an
internal immediate-early CMV promoter in pTRIP-derived vectors 32, pCMVAR8.91 and
pCMVARS8.91 IN D64V express the HIV-1 gag-pol polyprotein harboring a wild type or a
D64V integrase mutant, respectively. Murine Leukemia Virus (MLV)-derived vectors were
produced using pMLV luc 12 that was obtained by cloning firefly luciferase cDNA into
pLPCX (Clontech) and the packaging plasmid pCS+mGP (a gift of M. Emerman. Fred
Hutchinson Cancer Research Center).

ShRNA constructs—pTRIP eGFP shRNA SSRP1 and pTRIP eGFP shRNA Scr
express SSRP1-specific and scrambled sequences, respectively. They were constructed by
cloning the U6 promoter and the respective shRNA sequences at a unique PpuMI site in
pTRIP eGFP. The U6-shRNA expression cassettes were PCR amplified from pSilencer 2.1-
U6 hygro Negative Control (Ambion) and pSilencer 2.1-U6 hygro SSRP1. The latter
plasmid was generated by annealing oligonucleotides 5'-
GATCCGCACCACAGTACTGCGTCTGTTTTCAAGAGAAACAGACGCAGTACTGTGG
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TGTTTTTTGGAAA-3 and 5'-
AGCTTTTCCAAAAAACACCACAGTACTGCGTCTGTTTCTCTTGAAAACAGACGCA
GTACTGTGGTGCG-3 72 and cloning them into the pSilencer 2.1-U6 hygro (Ambion).
This shRNA targets nucleotides 708-728 in SSRP1. In experiments in which the effect of
SSRP1 knockdown on HIV-derived viruses expressing eGFP was evaluated, the ShRNAs
were delivered using a modified TRIP vector that lacks the eGFP cDNA.

All the mutants characterized in this work were generated using the Phusion™ Site-Directed
Mutagenesis Kit (F-541, Life Technologies). The sequences of the primers used are
available upon request. The identity of these mutants was verified by overlapping DNA
sequencing of the entire cDNAs.

culture, and transfection conditions

The LEDGF/p75-deficient human CD4* T cell lines studied were previously

described 12: 18, T| 5 and T3 cell lines were derived from SupT1 cells by stable expression
of a shRNA sequence targeting LEDGF/p75 or a control scrambled sequence, respectively.
T3 cells express 97% less LEDGF/p75 mRNA than T3 cells as determined by qPCR.
LEDGF/p75-deficient T 3 cells were later engineered to re-express a C-terminally FLAG-
tagged LEDGF/p75 wild type (T 3 LEDGF/p75 WT). LEDGF/p75 knockout Nalm-6

cells 33 were obtained from Z. Debyser (Katholieke Universiteit Leuven, Leuven, Flanders,
Belgium). HeLa cells were used for confocal co-localization studies. HEK293T and
si1340/1428 cells were used for transient transfection experiments. si1340/1428 cells (a gift
of E. Poeschla. University of Colorado Denver) are derived from HEK293T cells by stable
expression of two LEDGF/p75-specific siRNAs, targeting sequences at nt 1340 and 1428 70
The 2LKD-IN-eGFP cells are derived from HEK293T cells by stable expression of a
LEDGF/p75-specific ShRNA and the HIV-1 integrase C-terminally tagged with eGFP 18,
SupT1-derived cell lines were grown in RPMI 1640, and HeLa and HEK293T-derived cell
lines in DMEM. All culture mediums were supplemented with 10% of heat-inactivated fetal
calf serum, 2 mM L-glutamine and 1% penicillin/streptomycin. LEDGF and SSRP1
expression plasmids were transfected in HEK293T or si1340/1428 cells using the calcium-
phosphate co-transfection method. Briefly, cells were plated at 0.45 x 106 cells / well in a
six-well plate and transfected with 2 g of DNA of the corresponding plasmids. Transfection
medium was replaced 18 hours later with fresh culture medium and cells were cultured for
an additional 18 hours until they were harvested for analysis.

Generation of retroviruses

Procedures previously described 18 were followed. Briefly, 3x108 HEK293T cells were
plated in a T75 cm2 tissue culture flask and co-transfected the next day with the
corresponding plasmids by the calcium-phosphate precipitation method. Eighteen hours later
the transfection medium was replaced with fresh medium and the cells cultured for forty-
eight hours until the viral supernatant was harvested and filtered. Single-round infection
viral vectors were further concentrated by ultracentrifugation at 124,750 g for two hours on
a 20% sucrose cushion. Viral preparations were stored at —80°C until use.

J Mol Biol. Author manuscript; available in PMC 2017 July 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lopez etal.

Page 15

VSV-G pseudotyped HIV-derived reporter virus expressing firefly luciferase (HIVIuc) was
prepared by co-transfection of 15 pg of pHIV luc and 5 pg of pMD.G. VSV-G pseudotyped
HIV-1-derived viral vectors expressing ShRNAs were produced by transfection of 15 pg of
the corresponding pTRIP-derived plasmids, 15 ug of pPCMVARS8.91 D64V, and 5 g of
pMD.G. HIV-1p 4.3 Was produced by transfection of 15 pg of pNL4-3 HIV-1 expression
plasmid. VSV-G pseudotyped MLV-derived vector was produced in Phoenix A packaging
cells as described above. Cells were cotransfected with of 75 pg of pPCS+mGP (packaging
plasmid), 75 pg of pMLVLuc, and 15 pg of pMD.G. Expression of pCS+mGP into Phoenix
A was intended to boost MLV vector production.

Single-round infectivity assay

Retroviral

SupT1 cells were plated at 1x10° cells in 500ul of RPMI 1640 culture medium in 24-well
plates and infected with HIVVluc or MLVluc viral vectors. Three to four days post-infection,
cells were collected by centrifugation at 1000 g for six minutes and the pellet resuspended in
200 ul of PBS. Half of the sample was mixed with 100 pl of luciferase substrate (Bright-
Glow™ Luciferase Assay System, Promega) and the other half with 100 pl of cell viability
substrate (CellTiter-Glo® Assay, Promega). Cell lysates were incubated for 10 minutes at
room temperature in the dark and then luminescence measured in triplicate in 50 pl-samples
using a microplate luminometer reader (Thermo Scientific, Luminoskan Ascent).

infection of SSRP1 partially knockdown cells

SupT1 cells 1x105 were transduced with Scrambled and SSRP1 shRNA-expressing HIV-
derived viral vectors at different MOls and three days later were infected with HIVluc,
MLVluc, or HIV-1n1 4-3 (2.1 ng of HIV-1 p24). Twenty-four hours after infection, the cells
infected with HIV-1y 4.3 Were washed three times by centrifugation in 10 mls of culture
medium each time to remove the input virus. Cell supernatant was then collected three to
four days after HIV-1y 4.3 infection, and used for HIV-1 p24 quantification by ELISA. Cells
infected with HIVIuc or MLVIluc were harvested and analyzed as described for single-round
infectivity assays three to four days after infection.

Enzyme-linked immunosorbent assay (ELISA)

HIV-1 p24 levels were determined by a sandwich ELISA (ZeptoMetrix Corporation, Cat. #
0801008) following manufacturer instructions. Briefly, 200 pl of the viral samples were
diluted appropriately and incubated on the ELISA wells overnight at 37°C. Unbound
proteins were removed by washing the wells six times with 200 ul of washing buffer, and
bound HIV-1 p24 was detected by incubating each well with 100 pl of the anti-HIV-1 p24
secondary antibody for one hour at 37°C. Unbound antibodies were removed by washing as
described above and bound antibodies were detected by incubating each well with 100 pl of
substrate buffer for 30 minutes at room temperature until the reaction was stopped by adding
100 pl of stop solution into each well. The absorbance of each well was determined at 450
nm using a microplate reader (Molecular Devices, Versa max microplate reader).

J Mol Biol. Author manuscript; available in PMC 2017 July 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lopez et al. Page 16

Immunoprecipitation

The chromatin binding assay > 18 was used to obtain different subcellular fractions that were
then used in immunoprecipitation reactions. Briefly, cells (~ 3x108) were harvested and
lysed for 15 minutes on ice in 300 pl of CSK I buffer (10 mM Pipes pH 6.8, 100 mM NaCl,
1 mM EDTA, 300 mM sucrose, 1 mM MgCl,, 1 mM DTT, 0.5% Triton X-100) containing
protease inhibitors (final concentration: leupeptine 2 pug/ml, aprotinin 5 pug/ul, PMSF 1 mM,
pepstatin A 1 pg/ml). Cellular lysates were centrifuged at 1000 g for 6 minutes at 4°C and
separated into the supernatant fraction (S1), that contains the Triton X-100-soluble
chromatin non-bound proteins, and a pellet (P1), that contains Triton X-100-insoluble
proteins and chromatin-bound proteins. P1 was further treated with DNAse to solubilize the
chromatin-bound proteins. To this end, P1 was re-suspended in 20 pl of CSK 11 buffer (10
mM Pipes pH 6.8, 100 mM NaCl, 300 mM sucrose, 6 mM MgCl,, 1 MM DTT)
supplemented with protease inhibitors, 16 units of turbo DNase (Ambion™), 3.4 ul of 2.5 M
(NH4)2S0g4, and 3.1 pl of 10x turbo DNase reaction buffer. DNase treatment was conducted
at 37°C for 30 minutes. After incubation, 300 pl of CSK I buffer was added to the
DNase/(NH4),SO4 treated sample to dilute the (NH,4)»,SO,4 and centrifuged at 22,000 g for 3
minutes. Then the supernatant (S2 fraction) was pre-clear twice to remove any unspecific
binding by incubation under rotation for 30 minutes at 4°C with 150 pl of goat anti-mouse
IgG-coated magnetic beads, referred hereafter as beads (Thermo Scientific, Cat. # 21354).
From the pre-cleared S2 fraction 50 pl of sample were obtained and mixed with 10 pl of 6x
Laemmli sample buffer, and saved as input. Beads (150 ul), that were previously loaded for
3 hours at 4°C with 30 pg of anti-FLAG mAb (Sigma, F3165) diluted in TBS-5% skim
milk-0.05% Tween 20, were magnetically separated from the unbound antibodies, mixed
with the remaining pre-cleared S2 fraction (note that S2 contains DNAse), and rotated for 2
hours at 4°C. After this incubation, beads were washed five times for 5 minutes each in CSK
| buffer and bound proteins were the eluted by boiling in 60 pl of 2x Laemmli sample buffer.
Immunoprecipitated proteins were then analyzed by immunoblotting.

In some experiments cells were sub-fractionated in S1 and S2 fractions but then these
fractions were mixed (S1/S2), pre-cleared, and used in immunoprecipitation experiments as
described above (note that DNAse was also present during these experiments).

Immunoblotting

Protein samples were resolved by SDS-PAGE and transferred overnight to PDVF
membranes (Bio-Rad, Cat. # 163-0177) at 100 mAmp at 4°C. Membranes were blocked in
TBS containing 10% skim milk for one hour and then incubated in the corresponding
primary antibody diluted in TBS-5% skim milk-0.05% Tween 20 (antibody dilution buffer).
FLAG-tagged LEDGF/p75 was detected with anti-FLAG mAb (1/500, M2, Sigma), non-
tagged LEDGF/p75 was detected with an anti-LEDGF/p75 (1/500, clone 26/LEDGF, BD
Biosciences, 611714), Myc-tagged SSRP1 mutants were detected with anti-Myc mAb
(1/500, clone 9E10, Covance, MMS-150P), SSRP1 was detected with anti-SSRP1 (1/500
Santa Cruz, sc-56782), hSpt16 was detected with anti-Spt16 (1/400, Santa Cruz, sc-28734),
alpha tubulin was detected with anti-alpha tubulin mAb (1/4000, Clone B-5-1-2 Sigma), and
beta actin was detected with anti-beta actin mAb (1/5000, Thermo Scientific, MA5-15739).
Membranes were incubated overnight at 4°C with anti-FLAG, -LEDGF, -Myc, -SSRP1, or -
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Spt16 antibodies, whereas anti-alpha tubulin mAb and anti-beta actin were incubated for 2
hours at 25°C. Primary antibody-bound membranes were washed in TBS-0.1% Tween 20
and all bound antibodies detected with goat anti-mouse 1gG-HRP (1/2000, KPL, 074-1806)
or anti-mouse Ig light chain-HRP (1/500, Millipore, AP200P), except for anti-Spt16 which
was detected with goat anti-rabbit IgG-HRP (1/2000, Calbiochem, 401315), followed by
chemo-luminescence detection.

Salt extraction assay

Previously described procedures 18 were followed with minor modifications. Briefly, 3x106
cells were lysed in CSK | buffer containing different concentrations of NaCl and
fractionated by centrifugation at 1000 g for 6 minutes to obtain a supernatant containing
non-chromatin-bound proteins (S1) and a pellet (P1) that represents the chromatin-bound
fraction and triton-insoluble proteins. P1 was then re-suspended in 100 ul of 2x Laemmli
sample buffer and S1 was mixed with 15 ul of 6x Laemmli sample buffer. A total fraction
(T) was obtained by lysing 3x108 cells in 100 ul of 2x Laemmli sample buffer. Samples
were heated at 100°C for 10 minutes and then S1 (17.7 ul), P1 (15 pl of a 1/5 dilution), and
T (15 pl of a 1/5 dilution) were separated by SDS-PAGE and analyzed by immunoblotting.

Quantitative confocal co-localization assay

Methods previously described 22 were followed. In order to set up this method we evaluated
co-localization of LEDGF/p75 with HIV-1 integrase. These proteins interact during all the
phases of the cell cycle 7% 73, As a negative control a LEDGF/p75 mutant lacking the
integrase binding domain (IBD) was used 23 24, LEDGF/p75-deficient HEK293T cells
stably expressing eGFP-tagged HIV-1 integrase (2LKD-IN-eGFP cells) 18 were plated at
2x10° cells in LabTek Il chambered coverglasses and transfected the next day with 2 ug of
pFLAG-LEDGF/p75 WT or AIBD. Eighteen hours after transfection fresh culture medium
was added and forty-eight hours later cells were washed three times in PBS and fixed with
4% formaldehyde-PBS for 10 minutes at 37°C. Then, cells were washed twice in PBS and
immunostained for 2 hours at 37°C. LEDGF/p75 was detected with an anti-LEDGF mouse
monoclonal antibody diluted 1/100 (clone 26, BD Transduction Laboratories) followed by
incubation with anti-mouse Ig coupled to Alexa™ Fluor 594 (10 ug/ml, Invitrogen A21203).
Immunolabeled cells were washed and stained with DAPI. Co-localization of LEDGF/p75
with HIV-1 eGFP-integrase was analyzed with a confocal microscope and the Zeiss Zen
software. In order to measure co-localization of LEDGF/p75 with SSRP1 2x10° HelLa cells
were plated in LabTek Il chambered coverglasses and immunostained as described above
with an anti-LEDGF rabbit polyclonal antibody diluted 1/100 (Bethyl Laboratories,
A300-848A) and a mouse monaoclonal antibody against SSRP1 (Santa Cruz, sc-56782).
Secondary antibodies anti-mouse lg coupled to Alexa™ Fluor 594 (10 pug/ml, Invitrogen
A21203) and anti-rabbit Ig coupled to Alexa Flour 488 (10 pug/ml, Invitrogen A21206) were
used as described above. DAPI staining and co-localization analysis was performed as
described above.

Bioinformatics analysis

Densitometry analysis of immunoblots was performed with the gel analysis software UN-
SCAN-IT gel 6.1 (Silkscientific).
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Abbreviations

LEDGF/p75 Lens epithelium-derived growth factor p75
FACT Facilitates Chromatin Transcription complex
SSRP1 Structure Specific Recognition Protein 1

hSpt16 human homolog of the Suppressor of Ty 16

HMG High Mobility Group
IN integrase
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Highlights
The potential role of LEDGF/p75-interacting proteins in HIV-1 infection
has not been explored yet.

LEDGF/p75 specifically associates with the heterodimer SSRP1/Spt16
(FACT complex) through interaction with SSRP1 independently of Spt16

PWWP and HMG domains of LEDGF/p75 and SSRP1, respectively, are
required for their interaction.

SSRP1-partial deficiency specifically impairs LTR-driven gene expression
of HIV-1 provirus in a LEDGF/p75-independent manner reducing HIV-1
replication in human CD4 T cells.
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Figure 1. Interaction of LEDGF/p75 with the FACT complex
(@) Chromatin-bound proteins were isolated from T 3 and T| 3 LEDGF/p75 WT cells by

DNase treatment and FLAG-tagged LEDGF/p75 was immunoprecipitated from this
subcellular fraction with an anti-FLAG mAb antibody. The presence of the FACT complex
(hSpt16 and SSRP1) was evaluated in the immunoprecipitated proteins by immunoblotting
with specific antibodies. (b) Quantitative confocal microscopy co-localization of
LEDGF/p75 with SSRP1. Panels 1 and 2 are controls and represent the co-localization of
HIV integrase with LEDGF/p75 mutant lacking the integrase-binding domain (AIBD) or
LEDGF/p75 wild type (WT). LEDGF/p75-deficient HEK293T cells stably expressing
eGFP-tagged HIV-1 integrase were transiently transfected with LEDGF/p75AIBD or WT.
LEDGF/p75 proteins were detected with an anti-LEDGF antibody. The lower panels
represent the co-localization of endogenous LEDGF/p75 with endogenous SSRP1 or Pol Il
in HelL a cells after immunostaining with specific antibodies. (c) Quantification of co-
localization data in (b). Standard deviations indicated co-localization values found in ten
different cells randomly selected from a field representative of ten different random areas of
the microscope slide. (d) HEK293T cells were co-transfected with plasmids expressing:
FLAG-tagged LEDGF/p75 and Myc-tagged SSRP1 WT (lane 1), FLAG-tagged LEDGF/p75
and Myc-tagged SSRP1ANTD (lane 2), or Myc-tagged SSRP1 WT and an empty plasmid
(lane 3). Samples were analyzed in the same gel, the line dividing lanes 2 and 3 indicate that
lanes in between were removed for comparison in this figure. In 1d, (*) indicates
degradation products of SSRP1
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Figure 2. Mapping the LEDGF regions implicated in SSRP1 binding
(a) si1340/1428 cells were co-transfected with plasmids encoding Myc-SSRP1 and either

LEDGF/p75-FLAG (lane 1), LEDGF/p52-FLAG (lane 2), C-terminal LEDGF/p75-FLAG
(lane 3), or an empty expression plasmid (lane 4). Immunoprecipitation analyses were
performed as previously described in figure legend 1a. (*) Marks degradation products of
LEDGF/p52-FLAG. (b) Implication of PWWP domain in the interaction of LEDGF/p52
with SSRP1. Cell lysates were obtained from si1340/1428 cells co-transfected with plasmids
expressing Myc-SSRP1 and either LEDGF/p52-FLAG (lane 1), LEDGF/p52APWWP-
FLAG (lane 2), or an empty plasmid (lane 3). Immunoprecipitations were performed as
previously described. (c) si1340/1428 cells were co-transfected with plasmids expressing
Myc-SSRP1 and PWWP-FLAG (lane 1) or an empty plasmid (lane 2).
Immunoprecipitations were performed as previously described in figure legend la. Results
in (c) are representative of two independent experiments. The line separating lanes 1 and 2
indicate that lanes of the gel in between contained irrelevant samples that were removed.
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Figure 3. Immunoprecipitation analyses of the interaction of SSRP1 mutants with LEDGF/p75
(a) HEK293T cells were co-transfected with plasmids expressing: FLAG-tagged

LEDGF/p75 and Myc-tagged SSRP1 WT (lane 1), FLAG-tagged LEDGF/p75 and Myc-
tagged SSRP1IAHMG (lane 2), or Myc-tagged SSRP1 WT and an empty plasmid (lane 3).
Results in (a) are representative of three independent experiments. The vertical lines
separating lanes 1 and 2 indicate that samples were in the same gel but not in adjacent
positions. (*) Denotes residual SSRP1 resulting from partial antibody stripping. (b)
HEK?293T cells were co-transfected with plasmids encoding LEDGF/p75-FLAG and SSRP1
WT-Myc (lane 1) or HMG-Myc (lane 2). Lane 3 was co-transfected with SSRP1 WT-Myc
and an empty plasmid. S1 and S2 fractions were obtained from the transfected cells and
mixed. Mixed fractions were immunoprecipitated as described in figure legend 1a. Results
are representative of two independent experiments.
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Figure 4. Effect of SSRP1 partial knockdown on HIV-1 infection
(aand b) SupT1 cells were transduced at different MOls with a lentiviral vector expressing a

Scrambled or SSRP1-specific ShRNA and three days later were infected with single-round
HIV-1 expressing luciferase. Three days post-infection luciferase and ATP levels were
measured. Luciferase readings in control cells infected with Hluc in (a) and (b) were around
5x10° relative light untis (RLU)/ml and background readings were approximately 0.02
RLU/mI. Luciferase was normalized to ATP content in the same samples. Standard
deviations in (a) represent the variability in luciferase readings of single experiments and in
(b) the variability of three independent experiments at MOI 0.1. (c) The levels of SSRP1 in
one of the experiments represented in (b) were determined by immunoblot analysis. a-
tubulin was measured as a loading control. The level of knockdown achieved is
representative of the other two infection experiments. The vertical line separating the lanes
indicates that the samples were in the same electrophoresis gel and immunoblot membrane
but not in adjacent positions. (d) SupT1 cells were transduced with either the scrambled or
SSRP1-specific ShRNA expressing lentiviral virus and three days later were infected with
HIV-1y 4-3. After twenty-four hours, infected cells were extensively washed to remove
input HIV-1y 4.3 virus and 96 hours post-infection the supernatant was harvested and HIV-1
p24 quantified by ELISA. Standard deviations represent data from three different
experiments.
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Figure 5. Influence of partial knockdown of SSRP1 on MLV and HIV-1 infections
(@) SupT1 cells were transduced with a lentiviral vector encoding a Scrambled or SSRP1-

specific ShRNA, three days later the cells were infected with an MLV-derived virus
expressing luciferase, and seventy-two hours post-infection, luciferase was measured. (b-d)
SupT1 cells were transduced at MOI 1 with a lentiviral vector encoding a Scrambled or
SSRP1-specific sShRNA and three days later one-third of the cells were analyzed for SSRP1
expression by immunoblot (b) and the remaining cells were infected with MLV (c) or
HIV-1y 4-3 (d). Three days after infection, luciferase activity was measured in the MLV-
infected cells (c) and HIV-1 replication was determined by quantifying HIV-1 p24 in the
supernatant of the HIV-1p 4.3 infected cells by ELISA (d). Standard deviation in (a) and (c)
represent the variability of luciferase activity readings from single experiments. The vertical
line separating the lanes in (b) indicates that the samples, although in the same
electrophoresis gel and immunoblot membrane, were not in adjacent positions. Luciferase
readings in control cells infected with MLVIuc in (a) and (c) were around 8 RLU/ml and
background readings were approximately 0.02 RLU/ml.

J Mol Biol. Author manuscript; available in PMC 2017 July 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lopez etal.

Page 29

a b
120 120 ~
100 I 100
£
80 2z a0
& z
k3]
BHeG P m WHluc
% 60 HeG FF o 60
] DTRIPEGFR E OTRIPIue
* £ 40
40 8
-
20 20
0 0
Promoter: LTR CMV

— —
Cells Infected MFI

Figure 6. Influence of partial knockdown of SSRP1 on HIV-1 infection carrying different
promoters

(aand b) SupT1 cells were transduced with a lentiviral vector encoding a Scrambled or
SSRP1-specific ShRNA, three days later the cells were infected with HIV-derived viruses
expressing eGFP or luciferase from the HIV-1 LTR (HeGFP/HIuc) or from an internal
immediate early CMV promoter (TRIPeGFP/TRIPluc). Seventy-two hours post-infection,
luciferase or eGFP were measured. Luciferase activity measured in the cells transduced with
control shRNAs was considered 100% values. Standard deviations represent the variability
of four independent experiments.
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Figure 7. Consequence of SSRP1 partial knockdown in LEDGF/p75-deficient cells on HIV-1
infections

(aand b) LEDGF/p75 wild type or knockout Nalm-6 cells were transduced with a lentiviral
vector expressing a Scrambled or SSRP1-specific ShRNA and after three days one-third of
these cells were analyzed for SSRP1 and LEDGF/p75 expression by immunoblot in (a). The
remaining cells were infected with HIV-1-derived viruses expressing luciferase from the
HIV-1 LTR (Hluc) or an internal immediate CMV promoter (TRIPluc). Seventy-two hours
post-infection, luciferase and viability were measured in (b). (c) LEDGF/p75-deficent (T 3)
and control (T¢3) cells were transduced with a lentiviral vector encoding a Scrambled or
SSRP1-specific ShRNA, three days later the cells were infected with Hluc or TRIPluc and
seventy-two hours post-infection, luciferase was measured. Luciferase activity measured in
the cells transduced with control sShRNAs was considered 100% values. Standard deviations
represent the variability of six (b) or four (c) independent transduction/infection
experiments.
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