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ABSTRACT Human immunodeficiency virus type 1 (HIV-1) cannot be completely
eliminated because of existence of the latent HIV-1 reservoir. However, the facts of
HIV-1 latency, including its establishment and maintenance, are incomplete. FKBP3,
encoded by the FKBP3 gene, belongs to the immunophilin family of proteins and is
involved in immunoregulation and such cellular processes as protein folding. In a
previous study, we found that FKBP3 may be related to HIV-1 latency using CRISPR
screening. In this study, we knocked out the FKBP3 gene in multiple latently infected
cell lines to promote latent HIV-1 activation. We found that FKBP3 could indirectly
bind to the HIV-1 long terminal repeat through interaction with YY1, thereby recruit-
ing histone deacetylase 1/2 to it. This promotes histone deacetylation and induces
HIV-1 latency. Finally, in a primary latent cell model, we confirmed the effect of
FKBP3 knockout on the latent activation of HIV-1. Our results suggest a new mecha-
nism for the epigenetic regulation of HIV-1 latency and a new potential target for
activating latent HIV-1.

IMPORTANCE The primary reason why AIDS cannot be completely cured is the exis-
tence of a latent HIV-1 reservoir. Currently, the facts of HIV-1 latency, including its
establishment and maintenance, are incomplete. Using a CRISPR library in our earlier
screening of genes related to HIV-1 latency, we identified FBKP3 as a candidate gene
related to HIV-1 latency. Therefore, in this mechanistic study, we first confirmed the
HIV-1 latency-promoting effect of FKBP3 and determined that FKBP3 promotes his-
tone deacetylation by recruiting histone deacetylase 1/2 to the HIV-1 long terminal
repeat. We also confirmed, for the first time, that FKBP3 can act as a transcription
factor (TF) recruitment scaffold and participate in epigenetic regulation of HIV-1 la-
tency. These findings suggest a new mechanism for the epigenetic regulation of
HIV-1 latency and a new potential target for activating latent HIV-1.
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Antiretroviral therapy for AIDS patients can decrease viral plasma load in the blood
below the detection limit (1, 2). However, once the patient stops antiretroviral

therapy, the plasma load rebounds rapidly (3, 4). This is primarily caused by the virus
reservoir composed of latent human immunodeficiency virus type 1 (HIV-1) infection
and long-term resting cells (5–7). In the last few decades, studies have clarified the mo-
lecular mechanisms underlying the establishment of HIV-1 latency, mostly acting at
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the level of transcriptional suppression of the viral promoter-long terminal repeats
(LTR) (8–13). Additionally, researchers have found that HIV-1 transcriptional blocks are
related to multiple layers of regulation. This includes epigenetic modifications at the
HIV-1 LTR, including EZH2 (14, 15), histone deacetylase 1 and 2 (HDAC1/2) (16–18),
SUV39H1 (19), chromatin repressors, and inadequate availability of transcription factors
(TFs) at the HIV LTR, such as NF-kB (20–22), positive transcription elongation factor b
(P-TEFb or CDK9/CycinT1) (23, 24), and HIV-1 Tat (20, 25), among others (26–28).
Researchers have also identified a variety of latency reversal agents (LRAs) that are
functional in vitro. However, in spite of these advances, no LRA can significantly reduce
the virus reservoir in vivo, indicating the limitations of our current understanding of
the mechanisms underlying HIV-1 establishment and maintenance (29, 30).

Recently, with the emergence of gene-editing technology, especially the CRISPR/
Cas9 system, methods for investigating gene function have been greatly expanded
(31–34). In our previous research, we screened host genes related to HIV-1 latency
using a CRISPR library, and identified many potential candidate genes related to HIV-1
latency, including UBB, SERBP1, ZDHHC1, CNTNAP1, PEBP1, and FKBP3 (35). Among the
enriched genes, we determined that PEBP1 induces HIV-1 latency by inactivating the
MAPK and IKK signaling pathways and inhibiting NF-kB entry into the nucleus. In the cur-
rent study, we further identified FKBP3 associated with the suppression of HIV replication
and promotion of HIV latency.

Only a few studies on FKBP3 have been reported, and its function is not fully under-
stood. FKBP3 (also known as FKBP25) is a member of the FK506 binding protein (FKBP)
family (36). It contains two functional domains, the peptidylprolyl cis-trans isomerase
domain and the domain binding to immunosuppression (37). FKBP3 is mainly located
in the nucleus and is a molecular chaperone of the p53 regulatory protein MDM2 that
can regulate the expression of p53 and p21 (38). However, the relationship between
FKBP3 and HIV-1 latency has not yet been reported.

In the present study, when FKBP3 was knocked out, latent HIV-1 was reactivated in
multiple latent cell lines and primary CD4-positive (CD41) latent T cell models.
Importantly, we confirmed that FKBP3 could indirectly bind to the HIV-1 LTR through
interaction with YY1, thereby recruiting HDAC1/2 to the HIV-1 LTR. This promotes his-
tone deacetylation and induces HIV-1 latency. We also found that when HIV-1 infects T
lymphocytes, the expression level of FKBP3 was affected by interferon beta (IFN-b)
and IFN-g. To the best of our knowledge, this is the first instance of linking the FKBP3
gene and HIV-1 latency via epigenetic gene modification. Thus, our study presents
mechanistically novel insights into the molecular mechanism of HIV latency that could
facilitate development of a novel target for therapeutic intervention against HIV latency.

RESULTS
Knocking out the FKBP3 gene can activate latent HIV-1 in multiple latently

infected cell models. In our previous research, we identified many genes that may be
related to HIV-1 latency using CRISPR screening, one of which was FKBP3 (35).
Subsequently, we explored whether the enriched candidate gene FKBP3 was actually
involved in HIV-1 latency through CRISPR library screening. To validate the relationship
between FKBP3 and HIV-1 latency, we infected C11 cells as an HIV latency model.
These cells were previously established in our laboratory. They harbor an HIV-1 proviral
DNA with a reporter gene that encodes green fluorescent protein (GFP) (39, 40), with
CRISPR/Cas9 with specific guide RNAs (sgRNAs) targeting FKBP3 or without sgRNA len-
tivirus followed by selection with puromycin (2mg/ml) treatment for 14 days. FKBP3
knockout significantly induced reactivation of latent HIV-1 by approximately 30%
(Fig. 1A). To further confirm the correlation between FKBP3 and HIV-1 latency, we
tested two other latent cell models, including J-Lat 10.6 and ACH2 cell lines, and
observed similar effects (Fig. 1B and C). To prove that FKBP3 was indeed knocked out
in the latency-disrupted C11 cells, we sequenced the genomic targeting sites in the
potential FKBP3 knockout cell clones using genomic DNA sequencing. FKBP3 was
deleted in the target sites of FKBP3 sgRNA1 to sgRNA3 with different forms of indels
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(Fig. 1D to F). FKBP3 was nearly undetectable after knockout of FKBP3 targeted with
FKBP3 sgRNAs in all latency model cell lines (Fig. 1G to I). Taken together, our data sug-
gest that FKBP3 is a new HIV latency-associated gene.

FKBP3 indirectly binds to HIV-1 LTR through interaction with YY1. FKBP3 is a
rapamycin binding receptor (36–38) and can also act as an adaptor to interact with the
YY1 protein, HDAC1/2 (41). Furthermore, HDAC1/2 and YY1 are related to HIV-1 la-
tency, and HDAC inhibitors can disrupt latent HIV-1 (42–44). Therefore, we speculated
that FKBP3 is involved in HIV-1 latency through its interaction with YY1 and HDAC1/2.
To test this speculation in HIV-1 latent cells, we performed a coimmunoprecipitation
(co-IP) assay and found that FKBP3 interacted with both YY1 and HDAC1/2 in the C11
HIV latency cell model (Fig. 2A). Bioinformatics research previously found that FKBP3
could also interact with DNA in cells. Therefore, to verify interaction between FKBP3
and the HIV-1 genome in cells, we performed chromatin immunoprecipitation (ChIP)
and quantitative PCR (qPCR). We found that FKBP3 could, indeed, bind to the HIV-1
LTR (Fig. 2B and C). However, since the YY1 protein binds to the HIV-1 LTR (18), we rea-
soned that FKBP3 might also bind to HIV-1 LTR through indirect binding to YY1 or by
direct binding to FKBP3. To this end, we constructed YY1 knockout latently infected
cells (Fig. 2D). YY1 knockout caused no changes in FKBP3 levels (Fig. 2D). Therefore, we
subsequently repeated the ChIP assay, and when YY1 was deleted, we could not signif-
icantly enrich the HIV-1 LTR with anti-FKBP3, indicating that FKBP3 does, indirectly,
bind to the HIV-1 LTR through YY1 (Fig. 2E and F).

FIG 1 Knocking out the FKBP3 gene can promote HIV-1 latent reversal in HIV-1 latently infected cell lines. (A and B) Knocking out
the FKBP3 gene can promote HIV-1 latent reversal in C11 and J-Lat 10.6 cell lines. C11 and J-Lat 10.6 cell lines were infected by
lentiCRISPR v2.0 packaged lentiviruses with sgRNA, followed by screening for 14 days with purinomycin 2mg/ml. The percentage of
GFP-positive cells was measured by flow cytometry to determine the level of HIV-1 reactivation. Each datum represented the mean 6
SD of three independent experiments (n= 3) and was analyzed with t test. *, P, 0.05; **, P, 0.01; ***, P, 0.001. (C) The effect of
knocking out the FKBP3 gene on HIV latency was further verified in ACH2 models of HIV latency. The expression levels of p24 in
ACH2 cells were detected by HIV-1 p24 ELISA. Each datum represented the mean 6 SD of three independent experiments. (n= 3) and
was analyzed with t test. *, P, 0.05; **, P, 0.01; ***, P, 0.001. (D to F) Sequencing FKBP3 PCR products after clone screening. The
PCR products of FKBP3 gene were cloned and then sequenced. FKBP3-sg1 (D), FKBP3-sg2 (E), and FKBP3-sg3 (F) target sites are
shown in red letters. Dashes indicate the deleted bases relative to the wild-type sequence. (G to I) FKBP3 protein levels were
measured by Western blotting after knockout in C11 (G), J-Lat 10.6 (H), and ACH2 (I) cells by LvFKBP3-sg1, LvFKBP3-sg2, LvFKBP3-sg3,
and mock C11 cells, which served as control.
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FKBP3 recruits HDAC1/2 to HIV-1 LTR to promote histone deacetylation.
Although FKBP3 can indirectly bind to HIV-1 LTR via YY1, its biological function in HIV-
1 latency remained unclear. Given that FKBP3 could also interact with HDAC1/2, we
considered that FKBP3 might recruit HDAC1/2 to the HIV-1 LTR, thereby promoting his-
tone deacetylation. To test our hypothesis, we first knocked out FKBP3 and confirmed
that the expression of HDAC1/2 in latently infected cells was not significant (Fig. S1A in
the supplemental material). We then detected the relative amount of HDAC1/2 bound
to the HIV-1 LTR in C11 and C11-FKBP3-knockout (KO) cells using ChIP and qPCR. In ei-
ther HDAC1 or HDAC2, when FKBP3 is knocked out, we found binding to the HIV-1 LTR
to be relatively reduced (Fig. 3A and B). The biological function of HDAC1/2 has been
very clear. Therefore, we decided to further explore changes in acetylation of histone
sites H3K4 and H3K18 related to HIV-1 latency. When FKBP3 was knocked out in latent
cells, acetylation of H3K4 and H3K18 in histones near the HIV-1 LTR increased (Fig. 3C
and D). However, the total protein acetylation of H3K4 and H3K18 in these cells did not
change significantly (Fig. S1B). Importantly, these data indicate that FKBP3 promotes

FIG 2 FKBP3 could interact with YY1 and HDAC1/2 and indirectly bind to the HIV-1 LTR site through YY1 in an HIV-1
latently infected cell line. (A) The immunoprecipitation assay was performed in C11 cell lysates with anti-FKBP3
antibody, followed by Western blotting with anti-YY1, anti-HDAC1, or anti-HDAC2 antibodies. (B and C) The interaction
between FKBP3 and HIV-1 LTR was detected by ChIP. Chromatin fragments from C11 cells and C11-FKBP3-KO cells
were immunoprecipitated with anti-FKBP3 antibodies or control normal rabbit serum (IgG). After ChIP, the binding of
FKBP3 to HIV LTR was detected by PCR (B) and qPCR (C) with specific primers for HIV LTR. The number of copies was
normalized to input group. Each datum represented the mean 6 SD of three independent experiments (n= 3) and
was analyzed with t test. ***, P, 0.001. (D) Identification of the lack of YY1 and FKBP3 protein expression in C11-YY1-
KO cells. YY1 and FKBP3 protein level was measured by Western blotting after knockout in C11 cells by lentivirus
sgRNA-YY1. Mock C11 cells and lentiCRISPR v2.0 without sgRNA (RV2)-infected C11 cells served as mock control. (E)
The interaction between FKBP3 and HIV-1 LTR was detected by ChIP in the C11-YY1-KO cell line. Chromatin fragments
from C11 cells and C11-YY1-KO cells were immunoprecipitated with anti-FKBP3 antibodies or control normal rabbit
serum (IgG). After ChIP, the binding of FKBP3 to HIV LTR was detected by qPCR with specific primers for HIV LTR. The
number of copies was normalized to input group. Each datum represented the mean 6 SD of three independent
experiments and was analyzed with t test. ***, P, 0.001.
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histone deacetylation by recruiting HDAC1/2 to the HIV-1 LTR, thereby inducing HIV-1
latency.

FKBP3 induces HIV latency in primary CD4+ T cells. Our data support the hypoth-
esis that FKBP3 is a latency-inducing protein. To directly test whether FKBP3 promotes
HIV-1 latency in primary human CD41 T lymphocytes, we established a primary HIV-1
latent infection model as described before (45, 46) (Fig. 4A) (primary CD41 T lympho-
cyte cells from three donors). NanoLuc luciferase expression was detected 2 days post-
HIV-1 infection, indicating active HIV infection. Twelve days after a gradual decrease in
interleukin-2 (IL-2) level, a significant decrease in NanoLuc luciferase expression was
observed (Fig. 4B), indicating that HIV-1 was in a state of latency in these primary CD41 T
cells. Importantly, when HIV-1 infected the primary CD41 T lymphocytes, the expression
level of FKBP3 in these cells increased significantly, suggesting a possible involvement in
the immune response of CD41 T lymphocytes to HIV-1 infection (Fig. 4C).

Subsequently, in the established primary CD41 T lymphocyte latent model, we
knocked out FKBP3 by targeting FKBP3 of Cas9-sgRNA using electroporation, and we
detected the expression level of NanoLuc luciferase. In the primary latent model, FKBP3
knockout had an activation effect similar to that in latently infected cell lines (Fig. 4D).
To prove that FKBP3 was indeed knocked out in primary CD41 T lymphocyte cells, we
sequenced the genomic targeting sites in these FKBP3 knockout cells using genomic
DNA sequencing and detected the changes at the FKBP3 level. We found that FKBP3
was deleted at the target sites of FKBP3 sgRNA1 with different forms of indels (Fig. 4E
and F). Electroporation has been known to cause activation and death of primary cells,
thereby affecting the activation of latent HIV-1 in cells. Therefore, to rule out false posi-
tives that may have been caused by experimental techniques, we tested the levels of
cell activation and apoptosis in the knockout and control groups. Compared with the
control group and the RV2 group, the expression level of the late T cell activation

FIG 3 FKBP3 promotes histone deacetylation by recruiting HDAC1/2 to HIV-1 LTR. (A and B) The effect of
FKBP3 knockout on HDAC1 (A) or HDAC2 (B) protein recruitment into HIV LTR was detected by ChIP. Chromatin
fragments from C11 cells and C11-FKBP3-KO cells were immunoprecipitated with HDAC1 (A) or HDAC2 (B)
antibodies or control normal rabbit serum (IgG). After ChIP, the binding of HDAC1 (A) or HDAC2 (B) to HIV LTR
was detected by qPCR with specific primers for HIV LTR. The number of copies was normalized to input group.
Each datum represented the mean 6 SD of three independent experiments and was analyzed with t test. *,
P, 0.05. (C and D) The effect of FKBP3 knockout on histone acetylation of HIV LTR was detected by ChIP.
Chromatin fragments from C11 cells and C11-FKBP3-KO cells were immunoprecipitated with H3K4Ac (C) or
H3K18Ac (D) antibodies or control normal rabbit serum (IgG). After ChIP, the histone acetylation of H3K4Ac (C)
or H3K18Ac (D) of HIV LTR was detected by qPCR with specific primers for HIV LTR. The number of copies was
normalized to input group. Each datum represent the mean 6 SD of three independent experiments (n= 3)
and was analyzed with t test. *, P, 0.05; **, P, 0.01.
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marker CD25 slightly increased in the cells of the FKBP3-KO group, but the expression
level of the early activation marker CD69 did not change significantly. In addition, com-
pared with the RV2 group, the apoptosis levels of cells did not change significantly in
the FKBP3-KO group. In summary, we think that the activation of latent HIV-1 was pri-
marily caused by FKBP3 knockout (Fig. S2).

FKBP3 inhibits HIV-1 replication during viral infection. The increased expression
level of FKBP3 during establishment of the primary latent model inspired us to explore

FIG 4 Knockout FKBP3 reactivates latent HIV-1 in the primary CD41 T model of latency (3 donors). (A) Outline of the
protocol to establish HIV latency. Human primary CD41 T cells were activated and expanded with a-CD3/CD28 beads
on day 1. The a-CD3/CD28 beads were removed on day 3. Cells were then infected with HIV-1 NL4.3-NanoLuc on the
3rd day after expansion and maintained over 7 days with a decreasing concentration of IL-2 to establish latency until
day 12. On the 12th day, cells were transduced with Cas9 and FKBP3-sgRNA plasmid by electroporation. (B) During
HIV-1 infection, the transcription of HIV-1 in the primary CD41 T cells was determined by NanoLuc luciferase assay at
different time points. Each datum represented the mean 6 SD of three independent experiments and was analyzed
with t test. ***, P, 0.001, compared with the cells 5 days postinfection. (C) After infection with vesicular stomatitis
virus glycoprotein G (VSV-G)-pseudotyped HIV-1 NL4.3-NanoLuc, the mRNA expression of FKBP3 was measured by
qPCR. Each datum represented the mean 6 SD of three independent experiments and was analyzed with t test. **,
P, 0.01, compared with uninfected mock cells. (D) The role of FKBP3 in the primary CD41 T cell model of latency. The
expression of HIV-1 was measured by NanoLuc in the primary CD41 T cells after gene knockout by mock, RV2, and
FKBP3-sg1 with or without a-CD3/CD28 stimulation. Each datum represented the mean 6 SD of three independent
experiments and was analyzed with t test. *, P, 0.05; ***, P, 0.001, compared with cells after Lv-RV2 mock knockout.
(E) FKBP3 protein was determined by Western blot of whole-cell lysate from primary CD41 T cells. (F) Sequencing
FKBP3 PCR products after Lv-FKBP3-sg1 knockout in primary CD41 T cells. The PCR products of FKBP3 were cloned
and then sequenced. FKBP3-sg1 target sites are shown in red letters. Dashes indicate deleted bases relative to the
wild-type sequence.
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the role of FKBP3 in HIV-1 during the acute infection period. We first overexpressed
FKBP3 in the TZM-bl cell line, which contains an LTR-driven luciferase reporter gene by
lentivirus (Fig. 5A). We then infected TZM-bl cells that overexpressed FKBP3, or control,
with virus in serum supernatants isolated from patients infected with HIV-1 for 12 h
and washed the cells three times with phosphate-buffered saline (PBS). At 72 h postin-
fection, cells and supernatant media were harvested to measure HIV-1 transcription
based on luciferase activity and p24 expression, respectively. The overexpression of
FKBP3 could significantly inhibit the transcription and replication of HIV-1 (Fig. 5B and
C). Therefore, during the acute infection period, cells expressed FKBP3 at a high level
as an anti-HIV-1 response mechanism.

We next investigated how FKBP3 is induced during HIV-1 infection. Many factors
involved in the restriction of HIV-1 transcription are related to IFN (47, 48). Therefore, we
considered whether the change in FKBP3 expression during the acute infection by HIV-1
is also regulated by IFN. After treating Jurkat cells with different IFNs, we detected
changes in FKBP3 expression using qPCR and Western blotting. When Jurkat cells were
treated with IFN-b and IFN-g, the expression of FKBP3 increased, and the effect of IFN-b
on FKBP3 was more significant than that of IFN-g (Fig. 5D and E). Given the effect of IFN-b
on FKBP3, we asked if IFN-b could inhibit HIV-1 transcription and replication in an FKBP3-
dependent manner. To address this question, we treated the Ya cell line where HIV-1 is
active with different concentrations of IFN-b and found that the expression level of
FKBP3 gradually increased as the concentration of IFN-b increased, whereas that of GFP,
a marker of HIV-1 activation in Ya cells, gradually decreased (Fig. 5F and G). This indicates
that IFN-b inhibits HIV-1 transcription and replication in an FKBP3-dependent manner.

FKBP3 does not inhibit HIV-1 transcriptional activation through immune
signaling pathways. Considering that FKBP3 is a potential interferon-stimulated gene
(ISG), it may affect cell immune response. To determine whether the effect of FKBP3 on
HIV-1 activation is mediated through the immune signaling pathway, we first tested
the effect of FKBP3 short hairpin RNA (shRNA)-mediated knockdown on the latent

FIG 5 Effects of interferons on FKBP3 induction and FKBP3 inhibition of virus infection and replication. (A) The
expression of FKBP3 protein was measured by Western blotting in TZM-bl cells infected with mock, Lv-PCDH-empty, or
Lv-PCDH-PEBP1 virus. (B and C) The effect of overexpression of FKBP3 on HIV-1 replication. The cells were infected
with supernatants of patient blood for 12 h and then washed three times. The transcription of HIV-1 was evaluated
72 h postinfection by luciferase activity (B) and levels of p24 released from supernatants (C). Each datum represented
the mean 6 SD of three independent experiments (n= 3) and was analyzed with t test. **, P, 0.01; ***, P, 0.001. (D
and E) After treatment of IFN-a, IFN-b , and IFN-g in Jurkat CD41 T cells for 24 h, the mRNA (D) or protein (E)
expression levels of FKBP3 were detected by qPCR or Western blot analysis. Each datum represented the mean 6 SD
of three independent experiments (n= 3) and was analyzed with t test. *, P, 0.05; ***, P, 0.001. (F) Ya cell lines were
treated with different concentration of IFN-b for 48 h. The percentage of GFP-positive cells was measured by flow
cytometry to determine the level of HIV-1 reactivation. Each datum represented the mean 6 SD of three independent
experiments (n= 3) and was analyzed with t-test. *, P, 0.05; **, P, 0.01. (E) FKBP3 protein was determined by Western
blot of whole-cell lysate from Ya cells treated with IFN-b for 48 h.
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activation of HIV-1. Transient knockdown of FKBP3 could activate latent HIV-1 (Fig. 6A),
and the efficiency of activation was related to the efficiency of shRNA in inhibiting
FKBP3 (Fig. 6B). We further examined changes in the expression of nine selected ISGs
and secretion of immune-related cytokines. Among the ISGs that we selected, only 3
ISGs showed changes in their expression levels, and no significant difference in the lev-
els of two of them was observed (Fig. 6C). For cytokine secretion into the supernatant,
no significant change occurred after FKBP3 knockout (Fig. 6D). This indicates that
FKBP3 does not promote HIV-1 latency by suppressing cellular immune responses.

Knocking out FKBP3 did not affect the proliferation and apoptosis of latent
cells. After confirming that FKBP3 is related to HIV-1 latency, we considered whether
FKBP3 might become a latent activation target. The first condition for a gene to be a
drug target is safety. Therefore, we preliminarily explored the situation of cell prolifera-
tion and apoptosis after FKBP3 knockout using cell counting kit (CCK-8) and terminal
deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) staining.
The proliferation rate was slightly higher in FKBP3 knockout C11 cells than in control
C11 cells, whereas FKBP3 knockout did not affect apoptosis (Fig. S3A and B). Therefore,
we believe that FKBP3 can potentially be used as a target for activation of latent HIV-1.

DISCUSSION

In this study, based on the data from our previous CRISPR library screening, we
identified a previously unrecognized gene associated with HIV-1 latency, FKBP3. Our
data revealed that FKBP3 could interact with YY1 and HDAC1/2 in latent cells and indi-
rectly bind to the HIV-1 LTR through YY1, recruiting HDAC1/2 to promote

FIG 6 FKBP3 knockout does not cause significant changes in immune response. (A) Knocking down FKBP3
could promote HIV-1 latent reversal in the C11 cell line. C11 cells were infected by pLKO.1 packaged lentivirus
with shRNA targeting FKBP3. The percentage of GFP-positive cells was measured by flow cytometry to
determine the level of HIV-1 reactivation. Each datum represented the mean 6 SD of three independent
experiments (n= 3) and was analyzed with t test. *, P, 0.05; **, P, 0.01; ***, P, 0.001. (B) FKBP3 expression
was measured by qPCR in C11 cells infected with lentivirus with or without shRNA targeting FKBP3. Each
datum represented the mean 6 SD of three independent experiments (n= 3) and was analyzed with t test. *,
P, 0.05; **, P, 0.01; ***, P, 0.001. (C) Expression of ISGs was measured by qPCR in C11 and C11-FKBP3-KO
cells. Each datum represented the mean 6 SD of three independent experiments (n= 3) and was analyzed with
t test. *, P, 0.05; **, P, 0.01; ***, P, 0.001. (D) The levels of IL-2, tumor necrosis factor alpha (TNF-a), and IFN-
g were evaluated by ELISA in the supernatants of C11 and C11-FKBP3-KO cells.
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deacetylation of histones near the HIV-1 LTR. This, in turn, induced HIV-1 latency. In
addition, FKBP3 could be induced by IFN-b and IFN-g during the acute infection pe-
riod, thereby inhibiting HIV-1 transcription and replication.

Based on our cumulative data, we propose a working model in which FKBP3 restricts
HIV-1 transcription and is associated with HIV-1 latency (Fig. 7). When HIV-1 is in a latent
state, FKBP3 can indirectly bind to the HIV-1 LTR via YY1 and recruit HDAC1/2 to promote
histone deacetylation. When FKBP3 is eliminated, HDAC1/2 are not recruited to the HIV-1
LTR, and histone acetylation increases, which, in turn, promotes HIV-1 transcription.

Interestingly, HDAC1/2 can be recruited to the HIV-1 LTR by different proteins,
including CTIP-2, NF-kB, and so on. Inhibitors of HDAC1/2, such as SAHA, M344, and
chidamide, have been shown to activate latent HIV-1, and some of these inhibitors
have progressed to clinical trials. In addition to histone acetylation, epigenetic modifi-
cations, such as histone methylation and crotonylation, have been shown to partici-
pate in HIV-1 latency. The reversibility of apparent modification has a high degree of
overlap with the concept of HIV-1 latent activation. This suggests that epigenetic modi-
fication is an important factor in the establishment and maintenance of HIV-1 latency,
thus addressing the gaps in our knowledge, as previously noted in this work.

In this study, we also found that FKBP3 is a potential ISG. In the acute stage of HIV-1
infection, the secretion of cytokines, including IFN-b , is significantly increased. This pro-
motes the immune response of cells, thereby inhibiting infection, replication, and tran-
scription of the virus. An increase in the level of the immune response leads to significant
changes in the expression of downstream ISGs, thereby changing the biological processes
inside the cell. This protects the cell itself and increases its resistance to virus. Among the
ISGs, some may also silence infecting viruses through epigenetic methods, similar to the
action of FKBP3 identified in this study. Therefore, the connection between immune
response and epigenetics during the establishment and maintenance of HIV-1 latency is
an interesting scientific research topic, but one for future studies.

We have only begun to understand the molecular mechanism by which FKBP3 pro-
motes HIV-1 latency. Several questions remain to be solved. First, FKBP3 is a member of
the FKBP family (36). The proteins of the FKBP family are potentially competitive binding
receptors for rapamycin (49–51). Therefore, in HIV-1 latency, FKBP3 may also play a role
by acting on the mammalian target of rapamycin (mTOR) signaling pathway in addition
to affecting the HIV-1 latency through epigenetic inheritance. Second, FKBP3 is a molecu-
lar chaperone protein. It can stabilize p53 and Sp1, and Sp1 can also bind to the HIV-1
LTR (38). Therefore, the effect of interaction between FKBP3 and Sp1 on the HIV- 1 latency
is also a factor to be considered in the future. Finally, there have been only a few reports
on the biological functions of FKBP3. It is therefore unclear whether FKBP3 has unknown
biological effects. Although we discovered the effect of FKBP3 on the latent phenotype of
HIV-1, the molecular mechanisms underlying this effect are currently only partially under-
stood, and further research is needed to understand this in detail.

In conclusion, we identified that FKBP3 suppresses HIV-1 transcription, which is
essential for the establishment of HIV latency in CD41 T cells by changing the state of

FIG 7 Working model of the role of FKBP3 in the establishment of HIV latency.
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histone acetylation and deacetylation. Considering that HDAC is an important latent
activator of HIV-1 currently being investigated in the development of HIV cure strat-
egies, this novel molecular mechanism of HDAC1/2 is particularly important.

MATERIALS ANDMETHODS
HIV-1 latently infected cell lines. The HIV-1 latent infection model C11 cell line (constructed in our

lab) (28, 35, 39) and J-Lat 10.6 cell line (obtained from NIH AIDS Reagent Program) (52) contain a single
integrated latent HIV-GFP reporter genome. ACH2 is a clone of HIV-1 latently infected CD41 CEM cells
that contain a single copy of proviral DNA per cell (obtained from NIH AIDS Reagent Program). HeLa-
based TZM-bl cells contain an integrated HIV LTR-luciferase construct (obtained from NIH AIDS Reagent
Program). Ya is a clone of HIV-1-infected CD41 Jurkat cells that expressed activated HIV-1 (constructed
in our lab) (28, 35, 39).

Cell culture. C11, J-Lat 10.6, ACH2, Ya, and Jurkat cells were cultured in RPMI 1640 (Gibco; catalog
no. C11875500BT) with 10% fetal bovine serum (FBS) (Gibco; catalog no. 10110154) and 1% penicillin/
streptomycin (Gibco; catalog no. 15140-122) in a 37°C incubator containing 5% CO2. TZM-bl and 293T
cells were cultured in Dulbecco’s modified Eagle medium (DMEM) (Gibco; catalog no. C11995500BT) and
supplemented with 10% fetal calf serum (Lonsera; catalog no. S711-001S) and 1% penicillin/streptomy-
cin (Gibco) in a 37°C incubator containing 5% CO2.

Antibodies and reagents. The following antibodies were used throughout this study: anti-FKBP3
from Thermo Fisher (catalog no. PA5-19483); anti-HDAC1 (catalog no. ab280198), anti-HDAC2 (catalog
no. ab219053), anti-H3K4ac (catalog no. ab176799), and anti-H3K18ac (catalog no. ab40888) from
Abcam (Cambridge, UK); and anti-YY1 (catalog no. 46395) and anti-b-actin (catalog no. 4970) from
Cell Signaling Technology (MA, USA). We purchased 2� Taq master mix (catalog no. P112) and high-fi-
delity PCR enzyme 2� Phanta Max master mix (catalog no. P515) from Vazyme (Nanjing, China).
PMD18-T (catalog no. 6011) was purchased from TaKaRa (Beijing, China). Cell genome extraction kit
(catalog no. DP304) and plasmid extraction kit (catalog nos. DP103, DP108, and DP117) were pur-
chased from Tiangen (Beijing, China). Gel extraction kit (catalog no. CW2302) was purchased from
CWBio (Nanjing, China). Luciferase and NanoLuc detection kits (catalog nos. E6110 and N1110, respec-
tively) were purchased from Promega (Madison, USA). Recombinant human IFN-a (catalog no. 11200-
1), recombinant human IFN-b (catalog no. 8499-IF), and recombinant human IFN-g (catalog no. 285-IF)
were purchased from R&D Systems (USA). Cell counting kit (CCK-8) and TUNEL apoptosis detection kit
(fluorescein isothiocyanate [FITC]) were purchased from Yeasen (Shanghai, China).

Vector construction. Individual sgRNA constructs targeting FKBP3 were cloned into lentiCRISPR
v2.0 (addgene; catalog no. 52961). For all other experiments, FKBP3-sg1 was used. Individual shRNA con-
structs targeting FKBP3 were cloned into pLKO.1. For cDNA expression vectors, a linearized lentiviral
backbone was generated from pCDH (Youbio, Hunan, China). Protein-coding sequences were a gift from
Han Jiahuai’s laboratory. All constructed plasmids were confirmed by restriction enzyme digestion and
DNA sequencing.

Cas9-mediated gene knockout and cDNA overexpression. C11, J-Lat 10.6, ACH2, and TZM-bl cells
were infected with lentivirus at a multiplicity of infection (MOI) of 1 and then selected using 2mg/ml pu-
romycin for 14 days. Knockout efficiency was analyzed using Sanger DNA sequencing. Knockout effi-
ciency was detected by Western blotting (WB) analysis.

Visualization of GFP and flow cytometry assay. Cells were collected and washed with phosphate-
buffered saline (PBS). They were kept in PBS before analysis on a BD LSR II flow cytometer for enhanced
GFP (EGFP) expression. FlowJo software (FlowJo LLC, Ashland, OR) was used to perform the flow cytome-
try analysis.

ELISA detection of antigen p24 levels. A total of 1� 106 ACH2 or TZM-bl cells were seeded in a 6-
well plate. After 48 h of culture, HIV-1 production was monitored via quantifying the amounts of p24
produced in culture supernatant by using an HIV-1 p24 antigen enzyme-linked immunosorbent assay
(ELISA) kit (R&D Systems, MN, USA) according to the manufacturer’s instructions.

ChIP experiments. ChIP experiments were performed according to the protocol provided by EZ-
ChIP chromatin immunoprecipitation kit (Millipore). Briefly, cells were cross-linked with 1% formalde-
hyde for 10min at room temperature and quenched with 0.125M glycine for 5min. After lysis, nuclear
extracts were separated, and chromatin was sheared by sonicator (Bioruptor UCD-200; Diagenode) for
10min (10 s on and 10 s off) on ice to obtain DNA fragments of 200 to 1,000 bp in length. One percent
of total sheared chromatin DNA was used as the input. Nuclear extracts were incubated with the indi-
cated antibodies at 4°C overnight. Protein G/A-labeled Dynabeads were added to each sample at 4°C for
2 h for immunoprecipitation. The immunoprecipitated DNA was analyzed by a real-time PCR at 40 cycles
with Thunderbird SYBR qPCR mix (Toyobo).

Luciferase reporter assay. Since the genome of TZM-bl cells was integrated with a luciferase re-
porter driven by the HIV-1 59 LTR promoter, TZM-bl cells were used for the luciferase reporter assay.
Briefly, cells were harvested at 72 h postinfection, and the lysate was assayed for luciferase activity.
Triplicate cultures were measured for each experiment.

Cell proliferation by CCK-8 assay. Five thousand cells were added to each well of a 96-well plate.
To measure the optical density (OD) value, 10% CCK-8 solution was added to fresh culture medium and
incubated at 37°C for 1 h. The OD at 450 nm (OD450) value was measured.

Apoptosis detected by TUNEL staining. A total of 1� 106 cells were collected in a 1.5-ml tube and
centrifuged at 300� g for 5min. The cells were washed twice with 500ml PBS. Cells were treated with
TUNEL-FITC apoptosis detection kit according to the manufacturer's instructions. The proportion of
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FITC-positive cells in the total cells was analyzed by flow cytometry. FlowJo software (FlowJo LLC,
Ashland, OR) was used to perform the flow cytometry analysis.

Western blotting. A total of 1� 106 cells were preseeded in a 10-cm dish and cultured 24 h. Then,
cells were harvested, lysed, subjected to SDS-PAGE, and then transferred onto nitrocellulose membrane,
followed by incubation with indicated primary antibody. Membranes were visualized using the Immun-
Star WesternC chemiluminescence kit (Bio-Rad), and images were captured using a ChemiDoc XRS1 sys-
tem and processed using ImageLab software (Bio-Rad).

Isolation of primary CD4+ T cells. Peripheral blood mononuclear cells isolated from healthy donors
were purchased from the Shanghai Blood Center (Shanghai, China). Naive CD41 T cells were further puri-
fied from peripheral blood mononuclear cells by negative selection according to the manufacturer's
instructions (Thermo Fisher). The naive CD41 T cells were maintained in serum-free medium supple-
mented with 1% penicillin-streptomycin, 5 ng/ml recombinant human interleukin-2 (R&D Systems), and
10 ng/ml recombinant human interleukin-7 (R&D Systems) at 37°C under 5% CO2.

Statistical analysis. Data are representative of three independent experiments, and error bars repre-
sent standard errors (SD). Paired-sample t tests were performed with use of SPSS, version 13.0 (SPSS Inc.,
Chicago), and statistical significance was indicated at *, P, 0.05; **, P, 0.01; and ***, P, 0.001.
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