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Early events of the retroviral life cycle are the targets of many host
restriction factors that have evolved to prevent establishment of
infection. Incoming retroviral DNAs are transcriptionally silenced
before integration in most cell types, and efficient viral gene
expression occurs only after formation of the provirus. The molec-
ular machinery for silencing unintegrated retroviral DNAs of HIV-1
remains poorly characterized. Here, we identified the histone
chaperones CHAF1A and CHAF1B as essential factors for silencing
of unintegrated HIV-1 DNAs. Using RNAi-mediated knockdown
(KD) of multiple histone chaperones, we found that KD of CHAF1A
or CHAF1B resulted in a pronounced increase in expression of
incoming viral DNAs. The function of these two proteins in silenc-
ing was independent of their interaction partner RBBP4. Viral DNA
levels accumulated to significantly higher levels in CHAF1A KD
cells over controls, suggesting enhanced stabilization of actively
transcribed DNAs. Chromatin immunoprecipitation assays revealed
no major changes in histone loading onto viral DNAs in the
absence of CHAF1A, but levels of the H3K9 trimethylation silenc-
ing mark were reduced. KD of the H3K9me3-binding protein HP1y
accelerated the expression of unintegrated HIV-1 DNAs. While
CHAF1A was critical for silencing HIV-1 DNAs, it showed no role in
silencing of unintegrated retroviral DNAs of mouse leukemia virus.
Our study identifies CHAF1A and CHAF1B as factors involved spe-
cifically in silencing of HIV-1 DNAs early in infection. The results
suggest that these factors act by noncanonical pathways, distinct
from their histone loading activities, to mediate silencing of newly
synthesized HIV-1 DNAs.

retroviral DNAs | HIV-1 | transcriptional silencing | CHAF1A |
histone chaperones

he early phase of the retrovirus life cycle is marked by the

reverse transcription of viral RNA into linear double-
stranded DNA, the entry of the DNA into the nucleus, and
the integration of the viral DNA into the host genome to form
the provirus (1). The late phase of the life cycle consists of the
expression of viral genomic RNA, mRNAs, and viral protein
precursors, and the production and release of new viral progeny
followed by a final maturation step yielding fully infectious viri-
ons (2). The state of the newly synthesized retroviral DNA
before integration remains poorly characterized. Unintegrated
retroviral DNAs in the nucleus exist either as linear DNAs,
which serve as the template for integration, or are circularized
by the host to form circles containing either one copy of the
long-terminal repeats (1-LTR circles) or two tandem copies (2-
LTR circles) (3, 4). Viral DNAs that remain unintegrated do not
replicate and gradually disappear over time, whereas integrated
proviruses are retained and actively transcribed in most cell
types. A remarkable feature of the unintegrated retroviral DNAs
is that they are potently transcriptionally silenced (5-8). We have
shown that the unintegrated DNAs of murine leukemia virus
(MLV) are rapidly loaded with nucleosomes, and that these
histones are marked by covalent modifications characteristic of
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silencing (9). We showed further that this silencing is mediated
by the host protein NP220 together with the so-called HUSH
(human silencing hub) complex (9, 10). In the case of HIV-1,
we and others have shown that histones are also rapidly depos-
ited onto unintegrated HIV-1 DNAs and marked with post-
translational modifications characteristic of silencing, and that
transcriptional expression of these unintegrated forms of
HIV-1 is efficiently suppressed (11, 12). There were significant
differences in the host factors mediating the silencing: HIV-1
silencing was unaffected by HUSH knockout (10). The host
cell machinery responsible for histone deposition onto histone-
free extrachromosomal HIV-1 DNAs and for their silencing,
however, is unknown.

In eukaryotic cells, nucleosomes are formed by the deposition
of core histones H2A, H2B, H3, and H4 (13, 14). In addition to
the canonical core histones, there exists a large variety of histone
variants, such as histone variant H3.3, described to play a role in
silencing endogenous retroviruses (15-17). Histones are deposited
by specific histone chaperones. Histone chaperones are not only
responsible for histone loading, but also for shaping the chroma-
tin landscape by regulating histone availability and modifications
(18, 19). Most histone chaperones exhibit specificities or prefer-
ences for the type of histones they deposit, and furthermore can
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be classifitd as mediating either replication-coupled or
replication-independent histone deposition, such as during tran-
scription or DNA repair (20). For example, the histone chaper-
ones ATRX (ATRX chromatin remodeler), DAXX (death
domain associated protein), DEK (DEK proto-oncogene), as
well as the HIRA complex (formed by HIRA [histone regulator
A], UBN1 [Ubinucleinl], and CABIN1 [calcineurin binding
protein 1]) play important roles in deposition of the histone
variant H3.3 during replication-independent histone loading
(20). The histone chaperone NAP1L1 (nucleosome assembly
protein 1 like 1) exhibits specificity for H2, while NASP
(nuclear autoantigenic sperm protein) is reported to deposit
H1 as well as canonical H3 (20). The histone chaperones
CHAFI1A (chromatin assembly factor 1 subunit A), CHAF1B
(chromatin assembly factor 1 subunit B), and RBBP4 (retino-
blastoma-binding protein 4) are components of the evolution-
arily highly conserved CAF-1 (chromatin assembly factor 1)
complex responsible for canonical H3 deposition (20, 21). In
contrast to these loaders with restricted activities, the histone
chaperone ASF1A (antisilencing function 1A histone chaper-
one) is involved in nucleosome assembly of both canonical H3
as well as histone variant H3.3 during replication-independent
as well as replication-coupled histone deposition (20).

Here we have analyzed the impact of various histone chaper-
ones on expression of unintegrated HIV-1 DNAs and their
involvement in viral transcriptional silencing. We identified the
histone chaperones CHAF1A and CHAFI1B as previously
unknown factors in silencing unintegrated HIV-1 DNAs. Our
data suggest that these factors act by noncanonical pathways,
distinct from their histone loading activities, to mediate silenc-
ing of newly synthesized HIV-1 DNAs early in infection.

Results

Histone Chaperones CHAF1A/B Mediate Silencing of Unintegrated
HIV-1 DNAs. We performed experiments to knockdown (KD)
expression of several important histone chaperones (ATRX,
DAXX, CABIN-1, ASF1A, NAPILI1, DEK, NASP, CHAF1A,
CHAFI1B) to explore their potential role in affecting viral
expression of unintegrated HIV-1 DNAs. We used transient
transfection of cells with small interfering RNAs (siRNAs) to
induce efficient KD of endogenous levels of our candidate pro-
teins. To achieve a specific readout of unintegrated DNAs of
HIV-1, we utilized viral reporter constructs based on the pNL4-
3.R7.E~ HIV-1 strain, and compared a version containing a
point mutation in the viral integrase to prevent integration (IN-
D64A) with one containing the wild-type integrase (IN-wt).
Both constructs encoded the fluorescence marker ZsGreen as a
reporter of viral gene expression. KD cells were challenged
with these reporter viruses, and ZsGreen expression was mea-
sured by flow cytometry 24 h after infection of either specific
KD cells or control cells transfected with nontargeting siRNAs
(NT-ctrl) (ST Appendix, Fig. S14). We note that these reporters
lack the viral Vpr gene, avoiding any of its potential effects on
the host, such as cell cycle arrest (22-24). Of all the factors
tested, two stood out for their ability to increase viral expres-
sion of unintegrated DNAs upon KD: CHAF1A and CHAF1B
(SI Appendix, Fig. S1B). CHAF1A and CHAF1B are known to
deposit newly synthesized and acetylated H3 and H4 histones
in vitro as well as in vivo, and exhibit nucleosome assembly
functions (25-27). The number of fluorescence-positive cells
after infection with IN-D64A virus was dramatically increased
up to sixfold with KD of either CHAF1A or CHAF1B alone,
indicating that both factors were needed for efficient silencing
(Fig. 1 A and B). The KD of CHAF1A gave the larger effect,
KD of CHAF1B gave a smaller effect, and KD of both simulta-
neously showed an effect similar to or only slightly larger than
that of CHAF1A KD alone. Importantly, the level of
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expression of integration-deficient virus in KD cells was equal
to the level of expression of integration-proficient virus in
NT-ctrl cells, illustrating the large extent of the relief in silenc-
ing (Fig. 1 B and C).

We performed experiments using several viral doses and
found similar fold-increases in viral expression at all multiplici-
ties of infection. ZsGreen expression of integration-proficient
virus at 24 h after virus application, when cells contain both
unintegrated and integrated viral DNAs, was also elevated in
KD cells (Fig. 1C and SI Appendix, Fig. S1C), but with an
increase of less than twofold. This smaller elevation could be
attributed to the unintegrated DNA present in the IN-wt infec-
tions, though we cannot rule out some effect on expression from
the integrated provirus as well. Once integration has occurred,
expression becomes high with or without KD. The selectively
enhanced viral gene expression of integration-deficient virus
upon CHAF1A or CHAF1B KD was mainly manifest by an
increase in the number of fluorescence-positive cells rather than
an increase in the mean fluorescence intensity (MFI) of the
ZsGreent cells (SI Appendix, Fig. S2). We conclude that
CHAFI1A and CHAF1B (hereafter CHAF1A/B) strongly sup-
press expression of unintegrated viral DNAs, and that upon
CHAF1A/B depletion, viral expression is significantly activated.

Viral DNA Accumulates Significantly in the Absence of CHAF1A. We
next examined viral DNA levels at various time points after
infection of KD and NT-ctrl cells with integrase-deficient and
integration-proficient virus. The total levels of viral DNA were
comparable in KD versus NT-ctrl cells at 6 h as well as 12 h
after virus application, confirming that the virus preparations
were at similar titers, that CHAF1A KD and control cells were
equally susceptible to infection, and that there were no signifi-
cant differences in the efficiency of cell entry or reverse tran-
scription of viral RNA to DNA (Fig. 24 and SI Appendix, Fig.
S3A). Interestingly, the total viral DNA levels became signifi-
cantly increased at 24 h after infection in the absence of
CHAFI1A. The increase in total viral DNA in CHAF1A KD
cells was only seen with integration-deficient virus, and not with
integration-proficient virus (Fig. 2 C and D and SI Appendix,
Fig. S3 C and D). We also examined the levels of 2-LTR circles
by qPCR using specific primers. The levels of 2-LTR circles
were comparable at 6 and 12 h after virus application in KD or
NT-ctrl cells, indicating similar rates of nuclear entry (Fig. 2B
and SI Appendix, Fig. S3B). Notably, the levels of 2-LTR circles
are known to be elevated when integration is prevented (11,
28). As expected, we found increased levels of 2-LTR circles
after infection with integration-deficient virus compared to
integration-proficient virus (Fig. 2B and SI Appendix, Fig. S3B).
But, in addition to this general increase, the levels of 2-LTR
circles with the integration-deficient virus were substantially
further elevated in CHAF1A KD cells at 24 h after infection,
while the levels of 2-LTR circles of integration-proficient virus
increased only modestly (Fig. 2 E and F and SI Appendix, Fig.
S3 E and F).

These data suggest that the higher levels of viral DNAs in
CHAF1A KD cells at 24 h after infection likely results from
increased stability of the DNAs, leading to their accumulation
and longer persistence. Increased stability of the unintegrated
DNAs in CHAF1A KD cells was correlated with their
increased expression, and might be a consequence of the active
transcription of the DNAs. Since unintegrated retroviral DNAs
exist as linear DNA or 1-LTR or 2-LTR circles, we were curious
if the proportion of 2-LTR circles compared to the total viral
DNA shifts in the absence of CHAF1A. To address this ques-
tion, we calculated the ratio of 2-LTR circles to total viral
DNA. The ratio increased over time during the 6-, 12-, and
24-h time-course experiment, as expected, due to 2-LTR circle
formation in the nucleus (SI Appendix, Fig. S3 G and H). The
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Fig. 1. CHAF1A/B are required for silencing of unintegrated HIV-1 DNAs. (A) Cells were transfected with siRNAs targeting CHAF1A or CHAF1B, CHAF1A/

B, or with a nontargeting siRNA control (NT-ctrl). Representative Western blots of KD and NT-ctrl cells probed with sera specific for the indicated proteins
are shown. GAPDH was used as a housekeeping gene control. (B and C) KD or NT-ctrl cells were infected with integration-deficient (IN-D64A) or
integration-proficient (IN-wt) ZsGreen reporter viruses, as indicated, using three different viral doses (undiluted virus, 1/3 and 1/10 dilution). Flow cytome-
try analyses were performed 24 h after infection. The percentages of ZsGreen* cells are shown. Error bars indicate mean + SD; n = 5 to 16 independent

experiments. ns, not significant, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Mock represents uninfected control.

proportion of 2-LTR circles exhibited no major differences
between KD and control cells, suggesting no changes in the
2-LTR circle formation preferences per se due to the CHAF1A
KD. Rather, all forms of the viral DNA were increased by the
KD. The increase in DNA may be a significant aspect of the
increased reporter gene expression by simply providing more
templates available for transcription.

CHAF1A/B Function Independently of the CAF-1 Complex. The third
component of the canonical CAF-1 complex, RBBP4, has been
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reported to inhibit transcription of integrated HIV-1 proviral DNA
by directly binding to the HIV-1 LTR (29). In some settings,
CHAF1A/B and RBBP4 are known to act independently from
each other. A previous study identified CHAF1A/B, but not
RBBP4, as responsible for epigenetic silencing of endogenous ret-
roviruses, and RBBP4 is well-known to be part of various other
complexes regulating histone metabolism as well as DNA repair
(21, 30). To test for its involvement in silencing unintegrated HIV-1
DNAs, we performed KD of RBBP4 (SI Appendix, Fig. S44) and
applied either integration-deficient or integration-proficient virus
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Fig. 2. The level of total viral DNAs, including 2-LTR circles, increases over time in the absence of CHAF1A. (A and B) Time-course analyses were per-
formed with CHAF1A KD or NT-ctrl cells infected with integration-deficient (IN-D64A) reporter virus and qPCR analyses were used to determine levels of
total viral DNA (A) or 2-LTR circles (B). Data are shown relative to GAPDH levels. (C—F) CHAF1A KD or NT-ctrl cells were infected with integration-deficient
(HIV-1_IN-D64A) or integration-proficient (IN-wt) reporter viruses as indicated and DNA was isolated 24 h after infection. qPCR analyses were performed
with ZsGreen-specific primers to measure total viral DNA (C and D) or with primers specific to the LTR junction region of 2-LTR circles (E and F). Data are
depicted relative to GAPDH levels. ns, not significant, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001. Data are expressed as mean + SD; n = 3 to 4 indepen-

dent experiments. Mock represents uninfected control.

to KD and NT-ctrl cells. Depletion of RBBP4 did not enhance viral
expression but instead resulted in a modest inhibitory effect on
expression from both viruses (SI Appendix, Fig. S4 B-D). The
cause of the decrease in expression is unknown, but may reflect a
general effect on transcription or any aspect of cell physiology. The
effects were clearly distinctive from the increase seen with KD of
CHAF1A/B. These data suggest that CHAF1A/B represses viral
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expression of unintegrated HIV-1 DNAs independently of the
involvement of RBBP4.

Overall Histone Loading Is Not Affected by CHAF1A KD, But
H3K9me3 Silencing Mark Levels Are Decreased. CHAF1A/B are
known to function in histone deposition onto DNA as well as
to mediate chromatin rearrangements and changes in
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chromatin structure (21, 25). To test whether CHAF1A KD
altered the histone deposition onto unintegrated HIV-1 DNAs,
we performed chromatin immunoprecipitation (ChIP) experi-
ments with antibodies specific to various histones and histone
modifications and scored the proportion of bound viral DNA
by qPCR. Our selections of histones and posttranslational his-
tone modifications for examination were determined by the
availability of suitable antibodies for ChIP assays. We used anti-
bodies for H3 and H2B histones as classic members of core his-
tone proteins, and used H1.2- and H1.4-specific antibodies to
check for the presence of linker histones. The histone variant
H3.3 was of interest because of its description as playing a role
in silencing endogenous retroviruses (15-17). With regard to
histone modifications, we chose H3K9me3 as a marker for inac-
tive genes, and H3ac as a marker for active genes.

We found that the levels of unintegrated HIV-1 DNAs
loaded with H3 and H2B core histones, H1 linker histones, and
H3.3 histone variant were not significantly changed upon infec-
tion of CHAF1A KD cells compared to NT-ctrl cells (Fig. 34;
indicated as “ns”). The amount of viral DNA marked by his-
tone H3 acetylation, a posttranslational mark characteristic for
transcriptionally active DNA, was also similar in KD and
NT-ctrl cells (Fig. 34). The levels of the silencing mark
H3K9me3 on DNA of integration-defective virus, however,
were significantly reduced in KD cells compared to control cells
(Fig. 34). The levels of viral DNA marked by H3K9me3 were
about twofold lower relative to the levels of DNAs bound to
total H3 in KD cells, while these were roughly equal in control
cells. Thus, CHAF1A is involved in promoting the introduction
of the H3K9me3 silencing mark on viral chromatin. The his-
tone profiles of the control glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) and p-globin genes confirmed that KD of
the CHAF1A histone chaperones did not induce global
changes to the cellular chromatin landscape (Fig. 3 B and C).
We noted small increases in the levels of several histones at the
globin gene upon KD but the significance of these changes is
unclear.

A powerful tool in probing the chromatinization of DNA is
the assay for transposase-accessible chromatin using sequencing
(ATAC-seq), which tags open regions of DNA with short DNA
oligonucleotides for PCR amplification, selecting for histone-
free or less compacted DNA (31). We imagined that the method
might reveal distinctions in the density or arrangement of nucle-
osomes on the viral DNA in CHAF1A/B KD cells as compared
to control cells. To apply this method to monitor nucleosomal
loading onto viral DNA, we infected either CHAF1A KD or
control cells with integration-deficient or integration-proficient
virus and at 24 h postinfection we performed transposase tag-
ging, PCR amplification, and Illumina sequencing to generate
more than 100 million reads per sample. We then mapped the
reads to viral or host DNAs. The procedure generated an
extraordinarily high frequency of DNAs derived from the unin-
tegrated viral DNA, with ~1% of all the sequencing reads map-
ping to the viral DNA (SI Appendix, Fig. S54), roughly 100 times
the true abundance of the viral DNA relative to cellular DNA as
judged by qPCR. While the reads mapping to the human
genome showed the size distribution typical of nucleosomal
chromatin, with peaks of mono- and di-nucleosomes clearly visi-
ble, the reads mapping to the virus showed a continuous smooth
spread of sizes (SI Appendix, Fig. S5B). There were no differ-
ences detected in the frequency and size distribution of the viral
reads between the CHAF1A KD and control cells. Uninfected
cells yielded essentially no reads mapping to the virus, as
expected. There were also essentially no reads mapping to the
plasmid vector used to generate the virus, confirming that there
was no contaminating plasmid DNA in the virus preparations.
Aligning the reads to selected host genes GAPDH and HB2A
(hemoglobin subunit-a) as controls revealed the expected
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enrichment for open regions of DNA, while aligning the reads
to the virus showed a uniform distribution along the entire
length of the viral DNA (SI Appendix, Fig. S5 C-E). These
results suggest that the assay is selectively scoring a highly
accessible subset of the viral DNA that is not condensed into
chromatin and constitutes a highly preferred substrate for the
transposase. The yield from this open substrate overwhelms any
signal from chromatinized viral DNA. Thus, while ATAC-seq
has revealed the presence of this form of the viral DNA, it does
not provide useful information about the histone-covered viral
DNA.

Viral Expression Is Increased in the Absence of the Heterochromatin
Factor HP1y. Although CHAF1A/B first became prominent for
its nucleosome assembly activity (25), the discovery of various
interaction partners indicated broader functions, including roles
in DNA replication, DNA repair and, of relevance here, mainte-
nance of heterochromatin (21, 30). Of particular interest among
its partners is the silencing factor HP1 (heterochromatin protein
1), a key player in heterochromatin formation (32-34). HP1 has
a high binding affinity for H3K9me3 and genome-wide profiles
revealed H3K9me3 enrichment at transcriptionally inactive
endogenous retroviruses (35-37). HP1 has three different iso-
forms: HP1a (also known as CBX5), HP1p (CBX1), and HP1y
(CBX3). We performed single KDs of the different HP1 iso-
forms or a triple KD of all three isoforms (Fig. 44) and mea-
sured viral expression 24 h after virus application. HP1y KD and
the triple HP1 KD consistently exhibited an approximately two-
fold increase in the number of fluorescence-positive cells upon
infection with integration-deficient HIV-1 (Fig. 4B and S/
Appendix, Fig. S6A4). The MFIs were only slightly affected by the
KD (SI Appendix, Fig. S6 C and E). Similar effects were seen
with infection by integration-proficient virus in HP1y KD and
the HP1 triple KD cells, as well as HP1a KD cells (Fig. 4C and
SI Appendix, Fig. S6 B, D, and F), but the effects were less pro-
nounced than was seen with integration-deficient virus. Since
both unintegrated and integrated forms of HIV-1 expression are
present at 24 h after infection with integration-proficient virus,
the effects on viral expression might well be largely or even
exclusively derived from the unintegrated subset of HIV-1
DNA:s.

TRIM28 Has a Modest Effect on Expression of Unintegrated HIV-1.
TRIM28 (tripartite motif containing 28) is a major silencing
cofactor, interacting with HP1, among other factors, and has
been shown to induce transcriptional silencing of integrated
DNA of MLV in embryonic stem cells, as well as of various
endogenous retroviruses (35, 38, 39). Thus, it was of interest to
analyze its potential role in silencing unintegrated HIV-1
DNAs. We conducted KD of TRIM28 (SI Appendix, Fig. S7A4),
applied integration-deficient or integration-proficient virus, and
assessed ZsGreen expression 24 h after infection. In contrast to
the strong effect of TRIM28 on silencing integrated MLV in
embryonic stem cells, the impact on silencing unintegrated
HIV-1 was minor. The percentage of fluorescence-positive cells
was increased by up to twofold after infection with integration-
deficient and slightly less with integration-proficient HIV-1, but
the effect could only be seen using higher virus doses (S
Appendix, Fig. ST B and C). As with KD of HP1 or CHAF1A/
B, TRIM28 KD had no effect on the MFI of the ZsGreen*
cells (SI Appendix, Fig. S7D).

Expression of Unintegrated MLV DNA Is Not Altered by CHAF1A KD.
We next probed the specificity of CHAF1A function by examin-
ing the influence of CHAF1A KD on expression of the retrovirus
MLV. CHAF1A KD cells were infected with either integration-
deficient MLV (IN-D184A) or integration-proficient reporter
virus (IN-wt) encoding green fluorescent protein (GFP).

PNAS | 50f10
https://doi.org/10.1073/pnas.2116735119

MICROBIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116735119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116735119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116735119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116735119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116735119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116735119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116735119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116735119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116735119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116735119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116735119/-/DCSupplemental

A gPCR: 2-LTR circles

3 NT-ctrl IN-D64A E= KD IN-D64A 3 NT-ctrl IN-wt EA KD IN-wt
<10 — ns
zZ 4T 1 = ns
Qg
3
N I
i |
24 o .
g $
Q
0 - I I.. -“J
OMANTNOMm OMANTMOoOMm O AN OMm OMNMANTMOMm
ChiP: TR 8088 TR w8088 ZROSZ3088 2038238
IIITTEC S ITIITXFEE- o IIITITEEC S IITIIEEC o
Yoo ¥ oo Y aon ¥ o
© g3 © g3 ©F 3 0§ 3
IgS IgS TgS TgS
B gPCR: GAPDH
10 3 NT-ctrl IN-D64A EH KD IN-D64A I NT-ctrl IN-wt E" KD IN-wt
i ns
= 11 1
O g -
a . "] 4
£ 6 -
o
24 ;
8 it
£ 2 ; I
- z 5
o4 i i
OMNMANTOOMm OMOMANTOOMm OMN<TN oM OMANTOOMm
chip: TRS2S8288% FACIS805% FaSiS809% ETRCIS5C8589
ITIIITEEC, IIITTEEC S IIITITEC S ITITIEEC S
Y o on Y o n Y O w Y O n
0§D 0§ 3 ©g3 0§23
C gPCR: Beta globin
1 NT-ctrl IN-D64A E" KD IN-D64A 3 NT-ctrl IN-wt EH KD IN-wt
s ] ns
] ns -
5 154
o
IS -
2 104 t
o R
= - 5 . &
gs—I I i I ;
= 1M1= i' i
o LTI [T ]
OMNTNOMm OMNTOOoOm OMNMAN<TNOMm OMNTOOoOMm
ChiP: Too-a328B 2O n3?88 Foco-a8?288 290 a8288
IITIZEL L IIIITTXrEC» IIIXTTEC IIITEECc o
v 9 o Yo Y awn Yaw
©g3 ©g3 ©g3 ©g3
L= Taes Eincis Taes

Fig. 3. CHAF1A KD does not alter histone loading onto unintegrated HIV-1 DNAs, but H3K9me3 formation is reduced. CHAF1A KD or NT-ctrl cells were
infected with integration-deficient (IN-D64A) or integration-proficient (IN-wt) ZsGreen reporter viruses as indicated. ChIP assays with the sera specific for
the indicated histones or histone modifications were performed 24 h after infection. Mouse IgG isotype control served as control for H2B-specific anti-
body; rabbit 1IgG was used as a control for all other histone-specific antibodies. DNA eluted from ChIP samples were analyzed by gPCR utilizing
2-LTR-specific primers (A), GAPDH-specific primers (B), or f-globin-specific primers (C). Data are shown as the percentage of input DNA and as mean +
SD; n = 2 to 6 independent experiments. ns, not significant, P > 0.05; *P < 0.05.
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Fig. 4. KD of heterochromatin factor HP1y increases expression of uninte-
grated HIV-1 DNAs. (A) Transient siRNA-based KD was performed for the
three HP1 isoforms: HP1a, HP1B, HP1y. Representative Western blots of
HP1 proteins are shown for KD and NT-ctrl cells. GAPDH served as a house-
keeping control. (B and C) Cells with single KDs of the three HP1 isoforms
and triple KD of all three isoforms were infected with integration-
deficient (IN-D64A) (B) or integration-proficient (IN-wt) ZsGreen reporter
viruses (C). Flow cytometry analyses were conducted 24 h after infection.
Data are expressed as mean + SD; n = 5 to 11 independent experiments.
ns, not significant, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P <
0.0001. Mock represents uninfected control.

Interestingly, CHAF1A KD caused no increase in viral expres-
sion of either integration-deficient or integration-proficient
MLV (Fig. 5 and SI Appendix, Fig. S8). Rather, there was a mod-
est decrease in the number of fluorescence-expressing cells upon
CHAF1A KD as compared to the control cells. These data give
important evidence that CHAF1A/B does not mediate silencing
of all incoming extrachromosomal or viral DNAs in general, but
has a specific effect on HIV-1 DNAs. The data also indicate that
CHAF1A/B are playing a complementary role to the HUSH
complex, which was found to silence MLV but not HIV-1 DNAs
(10). It remains unknown whether CHAF1A manifests selectivity
for HIV-1 by specific interactions with HIV-1 DNA itself or
through interaction with sequence-specific DNA-binding factors
such as zinc-finger proteins. The selectivity could alternatively be
attributable to the substantial differences in nuclear entry between
HIV-1 and MLV. MLV depends on the disassembly of the nuclear
membrane to enter the nucleus, whereas HIV-1 engages the
nuclear pore complex to mediate its active entry, independent of
mitosis (40—44). These two very different nuclear entry routes
might well determine the differential access to host cofactors and
regulatory machinery acting on viral DNA before integration.

Geis et al.
CHAF1A/B mediate silencing of unintegrated HIV-1 DNAs early in infection

Discussion

Here, we identify CHAF1A/B as key factors required for silenc-
ing of unintegrated HIV-1 DNAs. CHAF1A/B KD results in a
dramatic increase in expression of integration-deficient HIV-1
DNA (up to sixfold) and only minor increase in integration-
proficient HIV-1 DNA (less than twofold). This relief of silenc-
ing is the highest fold-increase in expression from unintegrated
HIV-1 DNAs known to date [as compared with KD of SMC 5/6
(45)]. It is notable that the activation of expression upon KD is
mainly manifest as an increase in the number of cells expressing
the fluorescence reporter, and not as much an increase in the
MFI of those cells that have turned on reporter expression.
The result suggests that CHAFIA/B are controlling a
“decision” of the cell to express the virus or not, and are not
affecting the magnitude of expression once it is turned on. We
note that when integration is allowed, then there is an increase
in the MFI, with or without the KD. CHAF1A/B KD may have
multiple modes of action. The levels of the silencing mark
H3K9me3 bound to unintegrated HIV-1 DNA are reduced in
CHAF1A KD cells compared to the control, but this effect
alone probably does not account entirely for the strong relief of
silencing viral expression. It is likely that other aspects of the
chromatin structures formed on the viral DNA are subtly
changed by the KD. Nucleosomes may be reorganized or mobi-
lized, allowing access to transcription machinery.
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Fig. 5. CHAF1A KD has no positive effect on expression of unintegrated
MLV DNAs. (A-D) CHAF1A KD or NT-ctrl cells were infected with
integration-deficient (IN-D184A) or integration-proficient (IN-wt) GFP
reporter viruses as indicated. Data from two different viral doses are
shown (undiluted virus and 1/3 dilution). Flow cytometry analyses were
conducted 24 h after infection and the percentages of GFP* cells are
depicted. Data are expressed as mean + SD; n = 4 to 5 independent experi-
ments. Mock was used as an uninfected control.
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An unexpected observation was the finding that the amount of
all viral DNAs, including the 2-LTR circles, significantly increases
over time after virus infection of CHAF1A/B KD cells. This
might be in some way attributable to the DNAs undergoing active
transcription, and if true, this would suggest that both linear and
circular forms are serving as templates for transcription. It could
nevertheless be that one or the other form is a preferred tem-
plate. The increase in stability and overall viral DNA levels might
well contribute to the enhanced viral expression by providing
additional viral templates for transcription. The fold-increase in
expression is significantly greater than the increase in DNA lev-
els, however, so changes in the conformation or state of the DNA
must be involved. We also identified HP1y, and to some extent
TRIM2S, as modestly contributing to the silencing of uninte-
grated HIV-1 DNAs. HP1y might act to promote the spreading
of the H3K9me3 mark along the viral DNA after an initial intro-
duction of the mark by SETDB1 or other methyltransferases.
TRIM2S, however, only played a minor role in silencing uninte-
grated HIV-1 DNAs, in contrast to its major role in transcrip-
tional silencing of MLV proviruses in embryonic stem cells
through targeting the primer binding site (38). It is unknown
what factor might place an initial H3K9me3 mark on the uninte-
grated DNA and whether this is a sequence-specific event.

The results here demonstrate that the CHAF1A/B chroma-
tin assembly factors play a major role in mediating the initial
silencing of incoming HIV-1 DNAs before integration into the
host genome (Fig. 6). KD of either factor results in substantial
relief of the normal silencing and abnormally high gene expres-
sion. The CHAF1A/B silencing activity does not require their
cofactor RBBP4, and thus is apparently not functioning in the
context of the canonical CAF-1 complex. We found that these
factors are responsible for silencing unintegrated DNAs of
HIV-1, but not those of another retrovirus, MLV. They thus
have the complementary activity to the HUSH complex, which
is required for silencing MLV DNA but not HIV-1 (10). We are
led to the realization that the machinery utilized by cells to sup-
press expression of a particular foreign DNA is not universal
but varies with its origin or route of entry, or trafficking path-
way, and presumably reflect different sequence elements recog-
nized on the DNA. The machinery may also vary among cell
types.

It has been reported that the viral Vpr protein can relieve
silencing of unintegrated HIV-1 DNAs (8, 45, 46), and since our

reporter genomes lacked Vpr, it was of interest to test the effects
of including Vpr. We performed infections with HIV-1 genomes
expressing a luciferase reporter, with or without Vpr, and assayed
luciferase expression in the presence or absence of the integrase
inhibitor raltegravir. We found the unintegrated DNAs to be
profoundly silenced even when Vpr was present (SI Appendix,
Fig. S9), indicating that Vpr did not phenocopy the KD of
CHAF1A/B. There was thus no indication in our assays that Vpr
was inhibiting or mediating degradation of CHAF1A/B. We note
that some reported effects involved expression of Vpr provided in
trans rather than as delivered by the infecting virions.

Various DNA viruses are known to be silenced early in infec-
tion, and many viruses even encode factors that counteract the
transcriptional silencing of their DNAs, such as the ICPO pro-
tein of herpes simplex virus type 1 (47-50) and the HBx protein
of hepatitis B virus (51). The HTLV-1 Tax protein, by recruiting
NF-xB, can also overcome the silencing of unintegrated HIV-1
DNA (52, 53). This arms race between silencing factors and
antisilencing factors reflects the importance of the early expres-
sion of viral genes and the advantages this provides for virus
transmission and the course of infection. We note that there
may also be settings in which the silencing is beneficial to the
virus: it may increase the frequency with which the virus estab-
lishes latent proviruses, ultimately promoting the long-term sur-
vival of the virus in an infected host.

We expect that more silencing factors are yet to be identified.
The chromatin remodelers SMC5/6, and their localization fac-
tor SLF2, have recently been shown to play a role in silencing
of unintegrated HIV-1 DNA (45). We do not yet know if
CHAF1A/B and SLF2, or other factors, work together or inde-
pendently in silencing. Our data suggest that the CHAF1 pro-
teins do not act at the time of loading of histones onto the
incoming HIV-1 DNA per se, but rather at a later step in gene
expression, at stages coupled to histone modifications, or chro-
matin rearrangements or condensation associated with silenc-
ing. The enhanced transcription upon KD is also associated
with an increased accumulation of the unintegrated DNA,
which may enhance expression in a positive feedback loop.

A full understanding of the silencing machinery of early
HIV-1 events may suggest new methods of control of viral
transmission through enhancing the efficiency of viral suppres-
sion and may offer implications for other steps of the HIV-1 life
cycle. The CAF-1 complex became of particular interest for the
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Fig. 6. Schematic overview of the relief of silencing of unintegrated HIV-1 DNAs after CHAF1A KD. Unintegrated HIV-1 DNAs exhibit very poor transcrip-
tional expression in wild-type cells (Left). ChIP analyses reveal deposition of core as well as linker histones and high level of the silencing mark H3K9 trime-
thylation on unintegrated HIV-1 DNAs. Upon KD of CHAF1A/B, viral expression increases significantly (Right). ChIP analyses indicate no major changes of
histone loading, but decreased level of H3K9me3. Time-course experiments show an increased accumulation of viral DNAs 24 h after infection of KD cells.
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HIV-1 field very recently, since it has been published that
CAF-1 is enriched on HIV-1 LTRs and shown to promote
maintenance of HIV-1 latency, a major hurdle to cure AIDS
(34). Enhancing its activities might promote long-term silenc-
ing, while inhibition might promote reactivation and allow for
ultimate virus clearance.

Finally, we note that our findings also have the potential to
improve many gene-delivery applications, especially the use of
HIV-1-based nonintegrating retroviral vectors in gene therapy,
through inhibiting the silencing of the incoming vector DNAs.

Materials and Methods

Retrovirus Reporter. HIV-1-based reporter virus encoded on plasmid
pNL4-3.ZsGreen.R™.E~ was used throughout the study (11). The integration-
deficient version is here designated as IN-D64A, and the wild-type integra-
tion-proficient version as IN-wt. The corresponding Moloney MLV-based
reporter virus on plasmid pNCA-GFP with an integrase mutation is here desig-
nated as IN-D184A, and the wild-type integration-proficient version as IN-wt
(11). Viral particles were pseudotyped with the vesicular stomatitis virus (VSV)
glycoprotein, encoded by pMD2.G (a gift from Didier Trono, Ecole Polytechni-
que Fédérale de Lausanne, Lausanne, Switzerland; Addgene plasmid, 12259).

Cells and Cultivation. Human Hela cells (American Type Culture Collection,
CCL-2) and human Lenti-X 293T cells (Clontech, 632180) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% heat-
inactivated fetal bovine serum, 100 U/mL penicillin, and 100 pg/mL streptomy-
cin. KD cells were cultured in DMEM and fetal bovine serum in the absence of
antibiotics.

Retrovirus Packaging and Infection. Virus production in 293T cells was
induced by transfection using the calcium phosphate precipitation method
and as previously described (11). Virus supernatants were concentrated (100x)
by ultracentrifugation (2 h, 25,000 rpm, 4 °C). Integrase mutant and integrase
wild-type virus reporters were produced simultaneously by transfections and
concentrations performed in parallel. Virus doses were indicated as undiluted,
1/3 and 1/10 diluted. Infections of control cells with undiluted virus prepara-
tions of the IN-wt virus resulted in ~20 to 30% fluorescence-positive cells,
which corresponds to a multiplicity of infection of ~1. Equal amounts of IN-
D64A or IN-wt were applied to cells for comparative studies. Next, 5 x 10% cells
were seeded 1 d before infection in a 12-well format. Cells were incubated
with virus particles for 5 h.

siRNA Transfection and Western Blot. The siRNAs used throughout this study
were purchased from Dharmacon with ON-TARGET plus SMART pool design
(ATRX #L-006524-00; DAXX #L-004420-00; CABIN1 #L-012454-01; ASF1A
#1-020222-02; NAP1L1 #L-017274-01; DEK #L-003881-00; NASP #L-011740-01;
CHAF1A #1-019938-00; CHAF1B #L-019937-00; RBBP4 #L-012137-00; TRIM28 #L-
005046-00; HP 1« #L-004296-00; HP1p #L-009716-00; HP1y #L-010033-00; nontar-
geting pool #D-001810-10). HeLa cells were seeded (4 x 10° cells per 10-cm dish)
1 d before transfection. siRNA transfection was performed with 0.3 nmol siRNA
per 10-cm dish and mixed with Lipofectamine RNAIMAX (Life Technologies,
137785000), according to the manufacturer’s protocol. Transfection was per-
formed on 2 consecutive days. Cells were seeded for infection at the end of the
second siRNA transfection, and virus particles applied to KD cells the next day.
KD cells were harvested for ChiP, flow cytometry or Western blot analyses ~24
h after infection. Western blots were performed as previously described (11).

The antibodies and concentrations used were as follows: anti-ATRX
([H-300]; #sc-15408; Santa Cruz Biotechnology) 1:200; anti-DAXX ([M-112];
#sc-7152; Santa Cruz Biotechnology) 1:5,000; anti-CABIN1 ([D2B9F]; #12660;
Cell Signaling Technology) 1:1,000; anti-ASF1A ([C6E10]; #2990; Cell Signaling
Technology) 1:1,000; anti-NAP1L1 ([EPR12619]; #ab174836; Abcam) 1:1,000;
anti-DEK ([E1L3V]; #13962; Cell Signaling) 1:1,000; anti-NASP ([3A301-011A];
Bethyl Laboratories) 1:1,000; anti-CHAF1A ([EPR5576(2)]; #ab126625; Abcam)
1:1,000; anti-CHAF1B ([EPR6105]; #ab109442; Abcam) 1:10,000; anti-RBBP4
(#A301-206A; Bethyl Laboratories) 1:1,000; anti-TRIM28 ([BL-248-2G6]; #A700-
014; Bethyl Laboratories) 1:1,000; anti-HP1a (#2616S; Cell Signaling Technol-
ogy) 1:1,000; anti-HP1p (#2613S; Cell Signaling Technology) 1:1,000; anti-HP1y
(#2619S; Cell Signaling Technology) 1:1,000; anti-GAPDH ([6C5]; #CB1001;
Millipore-Sigma) 1:10,000; Amersham ECL rabbit IgG HRP-linked whole Ab
(#NA934; Cytiva) 1:10,000; and Amersham ECL mouse IgG HRP-linked whole
Ab (#NA931; Cytiva) 1:10,000.

Flow Cytometry Analysis. Samples were measured with BD LSR Il flow cytome-

ter (BD Biosciences) and data analyzed with FlowJo software (BD Biosciences).
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Gating strategy included gating of FSC-H/SSC-H population for viable cells fol-
lowed by FSC-H/FITC-H for ZsGreen cells. MFI was determined for the
ZsGreen* population.

Viral DNA Detection. DNA was purified with QlAamp DNA blood mini kit (Qia-
gen) according to the manufacturer’s instructions. DNA concentrations were
adjusted to 50 ng/uL and ~50-100 ng DNA per sample was used for qPCR analy-
ses based on SYBR Green (Roche, 4913850001). The following primers were
used: 2-LTR circle detection (for 5'-AACTAGGGAACCCACTGCTTAAG-3/, rev 5'-
TCCACAGATCAAGGATATCTTGTC-3') and for ZsGreen as a readout for total
viral DNA (for 5-CCCCGTGATGAAGAAGATGA-3, rev 5-GTCAGCTTGTGCT
GGATGAA-3'). qPCRs were performed with 7500 Fast Real-Time PCR System
(Applied Biosystems) (PCR program: 50 °C for 2 min, 95°C for 10 min, 40 cycles
of 15s at 95°C, 30 s at 60°C and 30 s at 72 °C). A melting curve for quality con-
trol was generated for every run following the manufacturer’s advice. The
Ct-values were normalized to endogenous GAPDH levels (for 5'-CAATTCCCCAT
CTCAGTCGT-3", rev 5'-TAGTAGCCGGGCCCTACTTT-3') using the 22 method.

ChIP Assay. Cells were seeded (1.5 to 2 x 10° per 10-cm dish) one day before
infection. Virus supernatants (15 pL) were pretreated with 5 U/mL DNase |
(Promega, M6101) for 1 h at 37°C. Medium was supplemented with 8 pg/mL
Polybrene (Millipore-Sigma, TR-1003-G). Virus and polybrene were removed
after 5 h. Cells were washed twice and harvested for ChIP ~24 h after infec-
tion. ChIP protocol was performed as previously described (11). Next, ChIP-
grade antibodies were used with a concentration of 5 pg per 50 pg sonicated
chromatin: anti-H1.2 ([EPR12690]; #ab181973; Abcam); anti-H1.4 ([D4J5Q];
#41328S; Cell Signaling Technology); anti-H2B (#ab52484; Abcam); anti-H3
(#ab1791; Abcam); anti-H3.3 ([EPR17899]; #ab176840; Abcam); anti-H3K9me3
(#ab8898; Abcam); anti-H3 acetyl K9+K14+K18+K23+K27 (#ab47915; Abcam);
rabbit 19G isotype control (#02-6102; Invitrogen); and mouse IgG1 isotype
control ([G3A1]; #5415S; Cell Signaling Technology). After DNA purification, 5
uL per sample were used for qPCR analysis. PCR protocol and primers were
used as described above in “Viral DNA Detection.” p-Globin-specific primers
served as a heterochromatin control (for 5-CAGAGCCATCTATTGCTTAC-3,
rev: 5-GCCTCACCACCAACTTCATC-3'). Data were calculated relative to the
respective input DNA with the 22 method and shown as percentage relative
to input DNA in the bar graphs.

ATAC-seq. CHAF1A KD cells were harvested 24 h after infection. Lysis, Tn5
transposition reactions and DNA purification were performed as previously
published by Buenrostro et al. (31). The Tagment DNA Enzyme and Buffer kit
from Illumina was used to mediate the DNA targeting. Qubit and Bioanalyzer
measurements of the DNA were done for every sample before sequencing as
quality controls. Paired-end sequencing was performed on the Illumina Next-
SEq. 550 sequencer. ATAC-seq reads were mapped to the HIV-1 genome and
human genome assembly hg38 using HISAT2 (v2.1.0, parameter: -X 2000).
Potential PCR duplicates were removed by the function “MarkDuplicates”
(parameter: REMOVE_DUPLICATES = true) of Picard (v2.23.1). Genomic enrich-
ment of ATAC-seq signals were visualized using the Integrative Genomics
Viewer. The size distribution of fragments was measured by the function
“CollectinsertSizeMetrics” of Picard (v2.23.1).

Construction of Luc Reporters and Luciferase Assay. The wild-type Vpr
sequence was excised from pNL4.3 (ARP-3418, NIH AIDS Reagent Pro-
gram) by digestion with PfIMI and Sall restriction enzymes and ligated
into pNL4-3.Luc.E"R™ (ARP-114; NIH AIDS Reagent Program), digested in
the same manner. Virus was prepared by transfection of 293T cells with
these DNAs with a VSV-G expression construct. Before infection, the viral
supernatants were checked for the presence and absence of Vpr by West-
ern blot. Anti-Vpr polyclonal antibody (Proteintech, #51143-1-AP) and
anti-HIV1 p24 antibody [39/5.4A] (Abcam, #ab9071) were used for stain-
ing. Hela cells were treated with 10 pM Raltegravir (Santa Cruz Biotech-
nology, sc-364600) or the equivalent amount of dimethyl sulfoxide and
infected with reporter viruses encoding Vpr or without Vpr. Luciferase
activity was assessed 24 h after infection with the Luciferase Assay System
(Promega, #E1501) according to the manufacturer’s instructions and
measured on an Omega microplate reader (BMG Labtech).

Statistical Analysis. Data were shown as mean + SD. Statistical method and
sample size were used as indicated in the figure legends. The unpaired t test
for comparison of only two groups, and additionally Welch’s correction, was
chosen, if variances were significantly different between the two groups.
Significance was indicated as follows: not significant (ns): P > 0.05; significant:
*P = 0.01 to 0.05; very significant: **P = 0.001 to 0.01; extremely significant:
***P =0.0001 to 0.001; and extremely significant: ****P < 0.0001.
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