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ABSTRACT All retroviruses need to integrate a DNA copy of their genome into the
host chromatin. Cellular proteins regulating and targeting lentiviral and gammaretro-
viral integration in infected cells have been discovered, but the factors that mediate
alpharetroviral avian leukosis virus (ALV) integration are unknown. In this study, we
have identified the FACT protein complex, which consists of SSRP1 and Spt16, as a
principal cellular binding partner of ALV integrase (IN). Biochemical experiments with
purified recombinant proteins show that SSRP1 and Spt16 are able to individually
bind ALV IN, but only the FACT complex effectively stimulates ALV integration activ-
ity in vitro. Likewise, in infected cells, the FACT complex promotes ALV integration
activity, with proviral integration frequency varying directly with cellular expression
levels of the FACT complex. An increase in 2-long-terminal-repeat (2-LTR) circles in
the depleted FACT complex cell line indicates that this complex regulates the ALV
life cycle at the level of integration. This regulation is shown to be specific to ALV,
as disruption of the FACT complex did not inhibit either lentiviral or gammaretrovi-
ral integration in infected cells.

IMPORTANCE The majority of human gene therapy approaches utilize HIV-1- or mu-
rine leukemia virus (MLV)-based vectors, which preferentially integrate near genes
and regulatory regions; thus, insertional mutagenesis is a substantial risk. In contrast,
ALV integrates more randomly throughout the genome, which decreases the risks of
deleterious integration. Understanding how ALV integration is regulated could facili-
tate the development of ALV-based vectors for use in human gene therapy. Here we
show that the FACT complex directly binds and regulates ALV integration efficiency
in vitro and in infected cells.

KEYWORDS ALV, FACT, integration

Il retroviruses must integrate their genomes into the host chromatin, a process that

is catalyzed by the virally encoded integrase (IN) protein. This obligate part of the
retroviral life cycle has made retroviral vectors an appealing approach for the delivery
of therapeutic genes during human gene therapy (1). However, because the virus does
integrate into the host genome, there is a substantial risk of insertional mutagenesis, a
problem that was manifested in early therapeutic trials that made use of murine
leukemia virus (MLV)-based vectors (2-4).

Retroviral integration into the host genome is not random and varies dramatically
across genera. The lentivirus HIV-1 has been shown to exhibit strong integration site
preferences within active gene units, whereas the gammaretrovirus MLV exhibits a
strong preference for enhancers and transcription start sites (5-7). These biases have
been attributed to interaction of IN in the context of the preintegration complex with
their cognate host cell factors (8-10). For example, cellular chromatin-associated pro-
tein lens epithelial-derived growth factor (LEDGF/p75) interacts with HIV-1 IN and
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directs lentiviral integration into actively transcribed genes (11-13). Similarly, BET
(bromodomain and extraterminal domain) proteins have been shown to interact with
MLV IN and target MLV integration to transcription start sites, enhancers, and gene
regulatory regions (14-18). These host cell factors bind their cognate viral IN and
selected histone marks to act as a bimodal tether to recruit the preintegration complex
to specific genomic regions surrounding the host factor binding sites (8-10, 19, 20). In
addition to targeting integration events to specific genomic features, these factors also
serve to significantly enhance integration efficiencies (13, 14, 21).

A recent study has identified cellular serine/threonine protein phosphatase 2A
(PP2A) as a selective binding partner of deltaretroviral (human T cell lymphotropic virus
type 1 and 2 and bovine leukemia virus) INs (22). Furthermore, the B’ subunit of PP2A
has been shown to bind and stimulate concerted integration of deltaretroviral INs in
vitro (22). However, unlike LEDGF/p75 and BET proteins, PP2A does not directly engage
chromatin, and it remains to be seen whether this cellular protein can modulate
deltaretroviral integration in infected cells.

Alpharetroviruses such as avian leukosis virus (ALV) exhibit a distinct integration
pattern with a seemingly random distribution of integration sites throughout chroma-
tin and with only a slight preference for integrating into gene regions (23-26). To
understand how ALV integration is regulated by host cellular factors, we have per-
formed affinity capture followed by mass spectrometry (MS)-based proteomics exper-
iments. This approach has identified structure specific recognition protein 1 (SSRP1)
and suppressor of Ty 16 (Spt16), the components of the heterodimeric FACT (facilitates
chromatin transcription) complex (27), as the top protein hits that specifically bound to
ALV but not HIV-1 IN.

The FACT complex is a highly conserved general histone chaperone protein that is
essential for transcription and DNA replication (28-30). The complex has also been
shown to play important roles in DNA damage responses, centromere deposition,
recombination, and DNA methylation (31-34). The FACT complex is thought to desta-
bilize the histone octamer, providing access to the DNA for various enzymes (35-37).
The complex is also important for reassembling nucleosomes after polymerases have
moved through the DNA to establish new chromatin (36).

In this report, we show that both components of the FACT complex, SSRP1 and
Spt16, can individually bind ALV IN. Furthermore, we show that the C-terminal domain
(CTD) of ALV IN is essential for the interaction with the FACT complex. In vitro
integration activity assays revealed that the FACT complex, rather than its individual
components, specifically stimulates ALV but not HIV-1 IN activity. Our findings also
indicate that the FACT complex regulates ALV integration in infected cells, as the
frequency of ALV proviral integration is directly correlated with the abundance of the
FACT complex. The decrease in proviral integration when the FACT complex was
depleted was accompanied by an increase in 2-long-terminal-repeat (2-LTR) circles,
indicating that the FACT complex stimulates the integration step of the viral life cycle.
Moreover, we show that the FACT complex specifically promotes ALV integration, as
cells with depletion of the FACT complex had no inhibitory effect on either HIV-1 or
MLV integration efficiencies.

RESULTS

The FACT complex specifically interacts with and stimulates catalytic activity of
ALV IN. To identify host cell factors that bind ALV IN, we performed affinity capture
coupled with MS analysis using recombinant ALV and HIV-1 INs as baits and nuclear
extracts of chicken DT40 and human Sup-T1 cells. Unique hits that were reproducible
in both cell lines were identified through semiquantitative analysis of peptide spectral
counts. This revealed SSRP1 and Spt16, the components of the FACT complex, to be the
main binding partners of ALV IN (Fig. TA). Using the taxonomic term Homo sapiens
allowed us to identify these proteins from Sup-T1 cells. However, since the MASCOT
search engine does not contain a chicken taxonomy, we used the higher-order classi-
fication “bony vertebrates” for analyzing DT40 proteins. In these samples, Spt16 (which
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FIG 1 MS-based proteomics analysis of cellular binding partners of ALV and HIV-1 INs. Two independent experiments with Sup-T1 (human)
and DT40 (chicken) cells were performed. (A) Shown is the list of top unique protein hits (compiled from both cell lines) from nuclear

extracts of DT40 or Sup-T1 cells. Semiquantitative values of peptide spectral counts for each identified protein are indicated. ND, no

peptides from the indicated protein were detected. (B) Summary of identified peptides sequences from SSRP1 and Spt1, which are
indicated in bold and highlighted in yellow. Total spectral counts for SSRP1 peptides were 85 in SupT1 cells, yielding 36% (254 out of 709)
amino acid coverage. In DT40, total spectral counts for SSRP1 peptides were 32, yielding 19% (192 out of 1,006) amino acid coverage. In

sharp contrast, no SSRP1 peptides were detected in parallel experiments with HIV-1 IN. Total spectral counts for Spt16 peptides in SupT1

and DT40 cells were 103 and 39, yielding 33% and 18% (341 out of 1,047) amino acid coverage, respectively. Spt16 in DT40 cells was

identified based on its homology with the corresponding human gene. In sharp contrast, no Spt16 peptides were detected in parallel

experiments with HIV-1 IN. Oxidation or other modifications are highlighted in green.

is not annotated in chicken cells) was identified due to the high homology with its

human counterpart. The confidence in the correct identification of Spt16 in DT40 cells
is high due to identification of 16 unique peptides and 18% coverage of the protein
(Fig. 1B). SSRP1 is functionally annotated in both species and was identified by MASCOT
as of chicken or human origin depending on the cell type. No interacting peptides from
either protein of the FACT complex were detected in parallel HIV-1 IN pulldown

fractions. In contrast, as expected, LEDGF/p75 peptides were detected in HIV-1 but not

with ALV IN pulldowns (Fig. 1A).

To validate our MS-based results, we next analyzed the affinity pulldown fractions by

immunoblotting using antibodies directed against SSRP1 or Spt16 protein. The results
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FIG 2 The components of the FACT complex, SSRP1 and Spt16, bind ALV IN but not HIV-1 or MLV INs. (A) Affinity
pulldown results from nuclear lysates of HEK293T cells (100 ng of total protein) with indicated 2 uM 6 XHis-tagged
recombinant retroviral INs, followed by immunoblotting with SSRP1 or Spt16 antibodies. (B) Coomassie-stained
SDS/PAGE gel of recombinant purified INs used in panel A. (C) Coomassie-stained SDS/PAGE gel of affinity
pulldown results of recombinant purified GST-tagged INs (1 wM) with the FACT complex (0.6 uM). All images show
representative results of triplicate experiments, with molecular masses indicated.

in Fig. 2A show that ALV IN interacted with both components of the endogenous FACT
complex from nuclear extracts of HEK293T cells. In contrast, in parallel reactions, HIV-1
and MLV INs failed to interact with either SSRP1 or Spt16 (Fig. 2A). Figure 2B shows the
recombinant purified IN proteins used for Fig. 2A.

As our MS-based results and immunoblotting cannot distinguish between direct and
indirect interactions, we next performed affinity pulldowns with recombinant purified
glutathione S-transferase (GST)-tagged ALV and HIV-1 IN proteins. For these experi-
ments, we used either purified recombinant FACT complex or LEDGF/p75. The FACT
complex specifically interacted with ALV IN but not with HIV-1 IN (Fig. 2C). In parallel
experiments, the expected interaction of HIV-1 IN with its known cellular cofactor,
LEDGF/p75, but not the FACT complex was seen (Fig. 2C).

We next wanted to further dissect the contributions of individual proteins and/or
domains responsible for interaction between the FACT complex and ALV IN. We first
examined binding of C-terminally truncated fragments of ALV IN with the FACT
complex. The results in Fig. 3A show that the CTD (consisting of amino acids 208 to 286)
is essential for binding to the FACT complex, as the isolated N-terminal domain (NTD)
and the two domain fragments containing the NTD and catalytic core domain (CCD) fail
to bind the FACT complex.

To elucidate the contributions of individual components of the FACT complex to
binding and catalytic activity of ALV IN, we next utilized affinity pulldowns and homoge-
nous time-resolved fluorescence (HTRF)-based integration assays. Figure 3B shows that
both purified proteins are able to bind ALV IN individually. However, both components of
the FACT complex were needed to effectively stimulate ALV integration activity (~350%).
In contrast, SSRP1 or Spt16 alone failed to enhance ALV IN activity (Fig. 3C). The level of
stimulation of ALV IN activity by the FACT complex is similar to that seen for the addition
of LEDGF/p75 to HIV-1 IN or Brd4 to MLV IN (14). In parallel experiments, HIV-1 IN activity
was not significantly stimulated by the addition of SSRP1, Spt16, or the FACT complex. In
fact, the addition of either protein suppressed HIV-1 IN activity (Fig. 3C).
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FIG 3 The FACT complex stimulates in vitro integration activity of ALV integrase. (A) Schematic of C-terminally truncated constructs of ALV IN, with domains
and flexible linkers indicated, and Coomassie-stained SDS-PAGE analysis of affinity pulldown fractions using recombinant purified GST-tagged ALV IN, ALV
NTD-CCD, and ALV NTD (1 uM) with the FACT complex (0.6 wM). The lower band in the ALV NTD preparation is GST alone. (B) Coomassie-stained SDS-PAGE
analysis of affinity pulldown fractions using recombinant purified GST-tagged ALV IN (1 uM) with the FACT complex, SSRP1, or Spt16 (0.6 uM). All images depict
representative results of triplicate experiments, with molecular masses indicated. (C) HTRF strand transfer integration activity assay of HIV-1 or ALV INs (400 nM)
with the FACT complex, SSRP1, or Spt16 (1.0 uM). The results from triplicate experiments, with standard deviations, are indicated. Shown are the HTRF raw

counts and the percent stimulation.

ALV proviral integration frequency correlates directly with FACT complex
expression levels in infected cells. Since the FACT complex binds ALV IN and
stimulates its activity in vitro, we hypothesized that the FACT complex could also play
a role in regulating ALV integration in infected cells. To determine the effect of the
FACT complex on ALV integration in infected cells, we employed a chicken cell line
(DT40) with various levels of expression of the FACT complex. Previous research has
shown that the expression and abundance of the FACT complex are regulated by a
complex feedback loop in which SSRPT mRNA plays a critical role (38). The presence of
SSRPT mRNA is essential for the stability of the Spt16 protein and the FACT complex as a
whole. In the absence of SSRPT mRNA, both protein components are depleted. Simi-
larly, when SSRPT mRNA is overexpressed, Spt16 protein levels also increase (38).

We used an SSRP1 conditional knockout engineered in the chicken B-cell line DT40
to investigate the functional consequences of the FACT complex on ALV integration.
This cell line lacks both endogenous copies of the SSRP1 gene but has a wild-type SSRP1
gene expressed from a tetracycline (Tet)-repressible promoter (SSRP1—/~ + SSRP1) (30)
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FIG 4 Validating the SSRP1 conditional knockout cell line. (A) Schematic of cell line. In a wild-type DT40 background, both endogenous
loci of SSRP1 were targeted by homology constructs (indicated by red box) in order to knock down both copies of the gene. A
wild-type copy of the SSRPT gene was introduced into cells on a plasmid under the control of a Tet-repressible promoter. In the
absence of doxycycline, SSRPT is expressed (SSRP1—/~ + SSRP1). In the presence of doxycycline, SSRPT expression is ablated (SSRP1-/~).
(B) Western blot showing that SSRP1 protein levels decrease to undetectable levels by 12 h after doxycycline addition. Relevant

molecular mass markers are shown. (C) Growth curve of SSRP1 knockout and wild-type cells over 96 h after adding doxycycline. SSRP1

knockout (SSRP1-/~) does not significantly affect cell growth and proliferation until after 48 h.

(Fig. 4A). Because of the demonstrated complex regulation of the FACT complex, this
cell line, which allowed us to manipulate SSRP1 levels, is ideal for controlling the levels
of SSRP1, Spt16, and the FACT complex as a whole.

In the presence of doxycycline, SSRP1—/~ cells exhibited SSRP1 protein levels that
declined to undetectable levels by 12 h posttreatment, resulting in a cell line with no
functional FACT complex (Fig. 4B). Of note, FACT complex knockdown did not signif-
icantly affect cell growth during the initial 48 h after doxycycline addition (Fig. 4C). To
analyze how various levels of SSRP1 could affect ALV integration, we compared
infections in parental DT40 cells, cells expressing elevated levels of SSRPT (SSRP1—/~ +
SSRP1), or cells expressing knockout (SSRP1—/~) levels of SSRP1. In the manipulated cell
line (SSRP1—/= + SSRPT), SSRP1 is expressed from an exogenous promoter and is thus
not expressed at wild-type levels. We observed a 5-fold increase in SSRPT mRNA
expression in SSRP1—/~ + SSRPT cells relative to that of the parental DT40 cell line.

SSRP1—/~ cells express 65- and 10-fold-lower SSRPT mRNA than do SSRP1—/~ +
SSRP1 and parental DT40 cells, respectively (Fig. 5A). By using these three conditions,
we could assay for ALV proviral integration frequency at wild-type levels, overexpressed
levels, and knockout levels of SSRPT and hence the levels of the FACT complex.

Cells expressing the highest levels of SSRP1 also had the highest levels of ALV
integration frequency, determined by quantitative PCR (qPCR) analysis of gel-purified
DNA. We observed an approximately 2-fold increase in proviral integrations in the
wild-type DT40 cells versus knockout cells (SSRP7—/~) and a 6-fold increase in integra-
tion frequency in cells overexpressing SSRP1 (SSRP1—/~ + SSRP1) (Fig. 5B). Thus, the
trend in integration frequency directly correlates with expression levels of SSRP1 as well
as the levels of the FACT complex.
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FIG 5 ALV proviral integration frequency correlates directly with SSRP1T mRNA expression levels. (A) SSRP1 expression in parental DT40 cells,
SSRP1-/~ cells, and SSRP1-/~ + SSRP1 cells. The expression levels of SSRPT mRNA were measured relative to a housekeeping gene, RPL30, by
qRT-PCR. Under the knockout condition (SSRP1-/~), SSRP1 expression decreased 65- and 10-fold relative to that in SSRP71—/~ + SSRP1 and parental
DT40 cells, respectively (n = 6; P < 0.05). DT40 expression was approximately 6-fold lower than expression levels in SSRP1-/~ + SSRP1 cells (n =
6; P < 0.05). (B) Analysis of integration frequency. Proviral integrations were measured by qPCR from gel-purified genomic DNA. In the SSRP1
knockout cell line, proviral integration frequency decreased 6.5-fold relative to that in cells expressing SSRP1 (SSRP1-/~ + SSRP1) (n = 6; P < 0.05).
DT40 cells exhibited approximately 2.5-fold-higher expression than knockout cells (n = 6; P < 0.05). (C) Proviral integrations were measured
independently using a CR1-gag nested PCR approach. Integration frequency decreased 12-fold in the absence of SSRP1 expression (SSRP1-/)
relative to that in SSRP7-/~ + SSRP1 cells (n = 5; P < 0.005). Consistent with previous data, DT40 cells had an intermediate phenotype, exhibiting
approximately 3-fold more proviral integrations than SSRPT-/~ cells.

These trends were verified using a second, independent method. In this approach,
proviral integration frequency was measured from genomic DNA collected from in-
fected cells using nested PCR. A first round of PCR was performed to enrich for
provirus-host genome junctions using a virus-specific primer and a consensus primer
within the most abundant repeat element in the chicken genome (CR1 element). A
second, quantitative PCR (qPCR) was then performed using primers within the virus.
This method confirmed a significant (12-fold) decrease in proviral integrations in
infected SSRP1 knockout cells relative to SSRP1—/— + SSRP1 cells (Fig. 5C). The parental
DT40 cell line had an intermediate level of integration consistent with SSRPT expression
levels. These data show that ALV proviral integration frequency is directly correlated to
FACT complex abundance and indicate that the FACT complex promotes ALV integra-
tion in infected cells.

The FACT complex regulates ALV at the level of integration. Because the
proteins of the FACT complex interacted with ALV IN, we hypothesized that this
complex specifically regulates the ALV life cycle at the level of integration. However, the
observed change in the number of detectable proviral integration events could be due
to effects of the FACT complex at various levels of the retroviral life cycle preceding or
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FIG 6 The FACT complex promotes ALV integration. To determine the step of the life cycle that the FACT complex
affects, retroviral intermediates were assayed by qPCR. (A) The FACT complex does not disrupt reverse transcrip-
tion. The abundance of plus strand extension (PSE) products, a product of late reverse transcription, was measured
by gPCR using primers within gag. There was no significant difference in PSE product abundance observed
between SSRP1 knockout cells (SSRPT-/~) and cells expressing SSRP1 (SSRP1~/~ + SSRP1) (n = 3). (B) The FACT
complex specifically promotes ALV integration. The abundance of 2-LTR circles was measured by qPCR in cells
expressing SSRP1 (SSRP1—/— + SSRP1) and SSRP1 knockout cells. A 10-fold increase in 2-LTR circles was detected
in the SSRP1 knockout cells (n = 4; P < 0.005), indicating that depletion of the FACT complex inhibits integration.

during integration. For instance, if the FACT complex affects reverse transcription,
nuclear import or integration, then one would expect to detect fewer integrants in the
SSRP1 knockout (SSRP1-/7) cells.

To distinguish between these possibilities, we quantified various retroviral interme-
diates. Plus strand extension (PSE) products are an intermediate of the retroviral life
cycle produced by the late steps of reverse transcription, and the abundance of PSE
products can be used to assay variations in reverse transcription (39). There was no
significant difference in the levels of PSE products between the knockout (SSRP1—/7)
cells and cells expressing SSRPT (SSRP1—/~ + SSRPT), indicating that reverse transcrip-
tion is not affected by the levels of the FACT complex (Fig. 6A).

Once viral cDNA is reverse transcribed, it enters the nucleus of the host cell as
part of the preintegration complex. Within the nucleus, the nonhomologous end-
joining pathway circularizes unintegrated viral genomic DNA to generate 2-LTR
circles. These circularized viral intermediates can be used as a proxy to measure the
abundance of unintegrated nuclear viral genomes (40, 41). The unique LTR-LTR
junction present in this intermediate makes it readily detectable and distinguish-
able by PCR (40). A 10-fold increase in 2-LTR circles was detected in the SSRP1
knockout (SSRP1—/~) cells over the level in cells expressing SSRP1 (SSRP1—/= +
SSRP1) (Fig. 6B). A decrease in proviral integration accompanied by an increase in
unintegrated nuclear viral products, specifically 2-LTR circles, indicates that nuclear
import is not blocked and that the integration step is significantly impaired in the
absence of the FACT complex.

Knockdown of the FACT complex does not inhibit lentiviral or gammaretroviral
integration. We next wanted to know if the regulation of integration by the FACT
complex was specific to ALV or could also affect other retroviruses. Therefore, we
infected knockout cells (SSRP1—/~) or cells overexpressing SSRP1 (SSRP1—/~ + SSRPT)
with vesicular stomatitis virus glycoprotein (VSV-G)-pseudotyped MLV or HIV-1. There
was no significant difference in the frequency of MLV or HIV-1 proviral integration in the
knockout (SSRP1—/~) cells relative to that in cells expressing SSRP1 (SSRP1—/~ + SSRP1)
(Fig. 7). The levels of plus strand extension products did not significantly differ, nor did
the abundance of 2-LTR circles (data not shown).
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FIG 7 The FACT complex does not promote gammaretroviral or lentiviral integration. (A) The FACT
complex does not affect MLV integration. MLV proviral load was measured in infected cells by gPCR using
virus-specific primers relative to GAPDH. No significant difference in MLV integration frequency was
observed in the SSRP1T knockout cells (SSRP1-/~) relative to that in cells expressing SSRPT (SSRP1-/~ +
SSRPT). (B) HIV-1 proviral load was not affected by various abundances of SSRP1. HIV-1 integration
frequency was measured by qPCR using virus-specific primers relative to GAPDH. No significant difference
in HIV integration frequency was observed in the SSRP1 knockout cells relative to that in cells expressing
SSRP1 (SSRP1—/— + SSRPI).

DISCUSSION

In this study, we have identified the FACT protein complex, which is comprised of
SSRP1 and Spt16, as the principal cellular binding partner of ALV IN. While ALV IN
interacts with both SSRP1 and Spt16 individually, the FACT complex as a whole is
required to stimulate integration activity in vitro. Additionally, we have identified the
importance of the ALV IN CTD for binding to the FACT complex. Furthermore, we show
that the level of ALV integration positively correlates with the abundance of the FACT
complex in infected cells. The levels of 2-LTR circles were elevated when the FACT
complex was depleted, demonstrating that this complex is critical for the integration
step of the ALV life cycle. The level of plus strand extension products was unaffected
by the levels of the FACT complex, indicating that the FACT complex does not affect
reverse transcription. Taken together, our results elucidate a key role of the FACT
complex in promoting ALV integration in infected cells. This regulation is likely not
species specific, as interactions of ALV IN and the FACT complex were detected in both
human and chicken cells. This is similar to what is seen for other retroviruses, such as
MLV IN, which interacts with BET proteins from human and murine cells due to the high
degree of conservation in chromatin binding proteins (14).

Our findings indicate that the regulation of integration by the FACT complex is
specific to alpharetroviral ALV. Unlike ALV IN, HIV-1 and MLV INs failed to bind the FACT
complex. Moreover, MLV and HIV-1 integration was not significantly affected by
altering the cellular levels of the FACT complex in infected cells.

HIV-1 and MLV exhibit strong integration site preferences for actively transcribed
regions and gene regulatory regions, such as transcription start sites and enhancers,
respectively (5-7). In sharp contrast, ALV does not seem to target such regions but does
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exhibit a slight preference for transcriptional units (23-26). Previous research has shown
that the distinct integration site preferences of retroviruses can be linked to interaction
of the virally encoded IN protein with various host cell factors (8-10). Mechanistically,
these host cell factors act largely as a bimodal tether to recruit the preintegration
complex to the chromatin, thereby targeting proviral integrations (10). For example,
LEDGF/p75 engages HIV-1 IN through its C-terminal integrase binding domain and
guides HIV-1 integration to active genes (11-13, 42, 43). The selection of the chromatin
sites for integration is affected by the preferential binding of the N-terminal PWWP
domain of LEDGF/p75 with the H3 histone tail containing trimethylated Lys36
(H3K36me3), a hallmark of actively transcribed genes (19). In a very similar manner, BET
proteins, with their dual bromodomains, are able to guide MLV integration by bimodal
interaction with both MLV IN and acetylated histone marks (14, 20, 44).

While our evidence only points to a role for the FACT complex in promoting ALV
integration efficiency, we suggest that it may also be involved in guiding ALV integra-
tion site selection in much the same way as LEDGF/p75 and BET proteins do for HIV-1
and MLV. Conceptually, the FACT complex is an ideal candidate for targeting ALV
integration. The FACT complex is a highly conserved general histone chaperone protein
that is essential for DNA replication and transcription (28-30). The complex is widely
distributed across the genome due to its role in replication, with a slight enrichment in
transcriptionally active regions (29), which is highly consistent with the previously
observed integration pattern of ALV. Both proteins of the FACT complex are involved
in chromatin interactions with histones, DNA, and intact nucleosomes (45). Spt16 binds
to histones H2A/H2B and H3/H4, making it a much more general chromatin binding
protein than either LEDGF/p75 or BET protein (27, 46-48). SSRP1 has been shown to
bind H2A/H2B histone dimers, H3/H4 histones, and DNA (49, 50). These interactions are
relatively general, which could potentially explain the wide distribution of ALV inte-
gration sites across the genome. Interestingly, recruitment of the FACT complex to
chromatin is enhanced by H3K36 trimethylation, a hallmark of actively transcribed
genes (51). This could explain the slight preference of ALV to integrate into active
genes.

The FACT complex is believed to destabilize the histone octamer providing access
to the chromosomal DNA for various enzymes (35-37). In particular, the C-terminal tail
of Spt16 displaces nucleosomal DNA, allowing for access to the histone octamer (45).
This capability to make chromatin more accessible by loosening or releasing the
chromosomal DNA could allow for more effective integration. The complex is also
important for reassembling nucleosomes after polymerases have moved through the
DNA to establish new chromatin (36), a function that would facilitate the establishment
of chromatin at the newly integrated provirus. Further studies are necessary to eluci-
date the exact mechanism for regulation of ALV integration by the FACT complex,
which could, in turn, facilitate the development of ALV-based vectors for their potential
application in human gene therapy.

MATERIALS AND METHODS

Recombinant proteins, affinity pulldown, and MS-based proteomics. 6xHis-tagged HIV-1 IN,
GST-tagged HIV-1 IN, and 6 XHis-tagged MLV IN were purified as previously described (20, 52). Full-length
GST-tagged ALV IN was made synthetically in pGEX-6P-1 by GenScript and truncated by site-directed
mutagenesis to add a stop codon at codons 51 and 208 (generating GST-tagged ALV NTD IN and
GST-tagged ALV NTD/CCD IN, respectively). ALV IN constructs were purified similarly to HIV-1 IN with
either a HisTrap HP column followed by a heparin column or a glutathione Sepharose column (all from
GE Healthcare). The FACT proteins were purified as described previously (45).

To identify cellular proteins selectively interacting with ALV IN, in parallel reactions we used
recombinant ALV and HIV-1 INs as baits to capture their binding partners from cellular extracts.
Affinity pulldown experiments were performed with GST- and 6XHis-tagged proteins using gluta-
thione Sepharose 4B and nickel affinity beads (GE Healthcare), respectively. Buffer conditions were
25 mM Tris (pH 8.0), 200 mM NaCl, 0.1% Nonidet P-40, 2 mM B-mercaptoethanol, and 1X complete
protease mixture (Roche) or 50 mM Tris-HCI (pH 7.5), 250 mM NaCl, 2 mM B-mercaptoethanol, and
1X complete protease mixture (Roche), respectively, for nickel and GST beads. Sup-T1, DT40, or 293T
cell nuclear extracts were prepared using an NE-PER nuclear and cytoplasmic kit (Thermo Scientific)
and incubated with the prebound beads, and the bound proteins were separated by SDS-PAGE.
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Samples were either subjected to immunoblotting using SSRP1 (ab137034; Abcam) or Spt16
(sc-28734; Santa Cruz) antibody or analyzed by MS.

For MS experiments, entire lanes were excised and subjected to in-gel trypsin digestion, and the
resulting peptides were analyzed with capillary-liquid chromatography and MS/MS using a Thermo
Finnigan LTQ Orbitrap mass spectrometer equipped with a microspray source (Michrom Bioresources).
We performed two sets of pulldowns from nuclear extracts of DT40 and Sup-T1 cells for the MS
experiments. Human Sup-T1 cells were used in addition to chicken DT40 cells because the MASCOT
search engine allows for peptide mass fingerprinting using Homo sapiens but not chicken taxonomy. This
is because the chicken genome is currently not completely structurally and functionally annotated
(based on Gene Ontology) and many of the genes have not yet been assigned standard nomenclature.
Therefore, to identify the peptides from DT40 cells, we used the higher-order bony-vertebrate classifi-
cation. For both sets of pulldowns, unique proteins (those with a spectral count greater than 5) that
bound either HIV-1 or ALV IN were identified and were compared between cell types, and only those that
were reproducible unique hits were selected for further analysis. LEDGF/p75 served as a control, as it is
known to selectively bind HIV-1 IN.

Recombinant protein pulldowns were performed with purified GST-tagged HIV-1 or ALV INs as well
as the ALV IN domains (1 uM) prebound to glutathione Sepharose 4B beads (GE Healthcare) in 50 mM
Tris-HCI (pH 7.5), 250 mM NaCl, 2 mM B-mercaptoethanol, and 1X complete protease mixture (Roche).
Purified SSRP1, Spt16, or FACT complex (0.6 uM) was added to the beads, and the bound proteins were
separated by SDS-PAGE and visualized by Coomassie staining.

HTRF. HIV-1 or ALV IN strand transfer activities were assayed using similar homogenous time-
resolved fluorescence (HTRF)-based strand transfer assays developed for HIV-1 and MLV IN (14, 53). The
assays contained 5’-Cy5-labeled viral donor DNA (200 nM) (ALV Don1, /5Cy5/ACGAGCACAGGAGTATGG
ATGACGACAACATT; ALV Don2, /5Cy5/AATGTTGTCGTCATCCATACTCCTGTGCTCGT), biotin-labeled target
DNA (20 nM) (Ace1, ACAGGCCTAGCACGCGTCG/3'Bio/; Ace2, CGACGCGTGCTAGGCCTGT/3'Bio/), purified
recombinant His-tagged ALV IN or HIV-1 IN (400 nM), and purified recombinant SSRP1, Spt16, or FACT
complex (1 uM) added to the respective reaction mixtures containing IN, donor (HIV-1 or ALV specific),
and target DNA substrates. The strand transfer products were detected after addition of europium
chelate-streptavidin Lance reagent (2 nM; PerkinElmer). The HTRF signal was recorded using a Perkin-
Elmer multimode Enspire plate reader using 314 nm for the excitation wavelength and 668 and 620 nm
for the wavelengths of the acceptor and donor emissions, respectively.

Cell lines and viruses. DT40 cells were cultured in Dulbecco’s modified eagle medium (Thermo
Fisher Scientific), 10% fetal calf serum, 5% chicken serum, 5% tryptose phosphate, and 1% antibiotic at
37°C and 5% CO, (54). Chicken embryo fibroblasts were cultured in medium 199 (Thermo Fisher
Scientific) supplemented with 2% tryptose phosphate, 1% fetal calf serum, 1% chicken serum, and 1%
antibiotic at 39°C and 5% CO,. HEK293T cells were cultured in Dulbecco’s modified eagle medium, 10%
fetal bovine serum (FBS), and 1% antibiotic at 37°C and 5% CO,.

ALV was generated by transfecting chicken embryo fibroblasts with RCASBP(B) plasmid using
electroporation (55). Viral supernatant was collected and filtered through a 0.22-um filter. To generate
MLV and HIV-1 pseudotyped with vesicular stomatitis virus glycoprotein (VSV-G), NIH 3T3 or HEK293T
cells were cotransfected using Lipofectamine with pMD.G (VSV-G envelope plasmid) (56) and either MLV
(pNCS) (57) or HIV plasmid (pNL4-3AE-GFP), respectively (58). Viral supernatant was collected after 48 h,
filtered through a 0.22-um filter, and concentrated by polyethylene glycol (PEG) precipitation (10% PEG
8000) (59).

SSRP1 knockout. SSRP1 conditional knockout cells were obtained as a gift from Takemi Enomoto,
Tohoku University (30). This cell line was generated by knocking out both endogenous SSRP1 loci in an
otherwise wild-type DT40 background. A Flag-tagged wild-type copy of the chicken SSRPT gene was
introduced under the control of a Tet-repressible promoter. To induce knockout, cells were pretreated
with 1 ug/ml of doxycycline for 24 h. Knockout was verified by reverse transcription-PCR (RT-PCR) or
Western blotting prior to infection using a Flag antibody (8146; Cell Signaling Technology). Cells were
cultured for an additional 24 h postinfection in the presence or absence of drug. Cell proliferation was
monitored at 12-h intervals up to 96 h after doxycycline treatment. Cells were collected and counted
using a Bio-Rad automated cell counter (TC20). Population doublings were calculated from total live cell
count relative to that at time zero.

Quantification of SSRP1 expression. RNA was purified from cells using RNA-Bee reagent (Tel-Test,
Inc., Friendswood, TX). Reverse transcription was performed with Maxima H reverse transcriptase
(Thermo Fisher Scientific) using an oligo(dT), s primer. Quantitative PCRs were performed with the CFX96
real-time system (Bio-Rad) and prepared using iQ SYBR green Supermix (Bio-Rad). Expression levels of
SSRP1 (primers GGCTCACCAAGAACATGTCA and AGTCCTGAGCTGGCCTTGTA) were normalized to RPL30
(60).

Genomic DNA purification. Cells were harvested 24 h postinfection. DNA was isolated using a
DNeasy blood and tissue kit (Qiagen). Genomic DNA was further purified for integration analysis by gel
purification. Total DNA was loaded on a 0.5% low-melting-point agarose gel and run at 100 V for 3 h. The
high-molecular-weight band was then purified using a QiaEx Il gel purification kit (Qiagen).

Quantitative PCR analysis of proviral integrations and retroviral intermediates. All quantitative
PCRs were performed with the CFX96 real-time system (Bio-Rad) and prepared using iQ SYBR green
Supermix (Bio-Rad). Reactions were normalized to GAPDH (61). ALV proviral integrations were detected
either from gel-purified genomic DNA using virus-specific primers (ACATCCTTCTGACCGACCCA and
CAATTCTGTCTCATTTGGGAGCAA) or from unpurified DNA using a CR1-gag nested PCR approach. In this
approach, a PCR was performed using a forward primer in the CR1 repeat element (N[8JATTCTRTGATT
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CTRT) and a reverse primer in the gag gene of ALV (TAGGTTTTACACGCGGACGA). The product of this
reaction was used as a template for gPCRs with virus specific primers located in the LTR (ACCGTTGAT
TCCCTGACGAC and TGGCCGACCACTATTCCCTA). 2-LTR circles were detected using primers spanning the
LTR-LTR junction (GACTACGAGCACCTGCATGA and TCTCCTTGTAAGGCATGTTGCT). Plus strand extension
products were quantified with gag forward and reverse primers (CTTGGGGAGTCCAACTCCAG and
AGCCGGGCAACTTCTCTAAA). MLV and HIV-1 integrations were quantified with virus-specific primers
from gel-purified genomic DNA (MLV gag, TCAGGTCGGGCCACAAAAAC and ACTAGCTCTGTATCTGGC
GGA; HIV-1 eGFP, ATCATGGCCGACAAGCAGAA and TCTCGTTGGGGTCTTTGCTC). Relative quantification
was performed using the threshold cycle (2-24¢7) method.
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