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Abstract

Background: A reservoir of HIV-1 is a major obstacle in eliminating HIV-1 in patients because it can reactivate in
stopping antiretroviral therapy (ART). Histone modifications, such as acetylation and methylation, play a critical role
in the organization of chromatin domains and the up- or downregulation of gene expression. Although many
studies have reported that an epigenetic mechanism is strongly involved in the maintenance of HIV-1
transcriptional latency, neither the epigenetic control of viral replication nor how HIV-1 latency is maintained is not
fully understood.

Results: We re-analyzed a high throughput parallel DNA sequencing (ChIP-seq) data from previous work to investigate
the effect of histone modifications, H3K4me3 and H3K9ac, on HIV-1 latency in terms of chromosome distribution. The
outputs of ChIP-seq from uninfected CD4+ T cell lines and HIV-1 latently infected cells were aligned to hg18 using
bowtie and then analyzed using various software packages. Certain chromosomes (16, 17, 19, and 22) were significantly
enriched for histone modifications in both decreased and increased islands. In the same chromosomes in HIV-1 latently
infected cells, 38 decreased and 41 increased islands from common islands of H3K4me3 and H3K9ac were selected for
functional annotation. In Gene Ontology analysis, the 38 genes associated with decreased islands were involved in the
regulation of biological process, regulation of cellular process, biological regulation, and purinergic receptor signaling
pathway, while the 41 genes associated with increased islands were involved in nucleic acid binding, calcium-activated
cation channel activity, DNA binding, and zinc ion binding. In Pathway Commons analysis, the 38 genes were strongly
involved in the p63 transcription factor network, while the 41 genes were involved in the RNA polymerase Il
transcription termination pathway. Several genes such as Nuclear factor | X (NFIX) and TNF receptor association factor 4
(TRAF4) were selected as candidate genes for HIV latency. Especially, NFIX was highly expressed in HIV-1 latently
infected cell lines and showed a dramatic reduction in expression after phorbol-13-myristate-12-acetate (PMA)
treatment.

Conclusions: These results show that the unique enrichment of histone modifications and its linked genes in specific
chromosomes might play a critical role in the establishment and maintenance of HIV-1 latency.
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Background

HIV-1 can establish a state of latency in the early stages
of infection. The integration of viral ¢cDNA into host
chromosomes is a fundamental step, after which, viral
genomes can persist for the lifespan of infected cell [1].
Despite combination antiretroviral therapy (cART),
which can repress HIV-1 replication and delay the pro-
gression of AIDS, HIV-1 reemerges rapidly after an
interruption in treatment [2, 3]. Due to the long half-life
of viral reservoirs, it has been reported that the eradica-
tion of HIV-1 with current drugs would require over
60 years [4]. The transcription of HIV-1 genome de-
pends on both viral and cellular factors [5]. The activity
of HIV promoter is closely connected to the activation
of host cells [6]. Additionally, gene expression of HIV-1
latency can be dynamically regulated through epigenetic
changes in chromatin structure surrounding and within
integrated HIV-1 provirus [7, 8]. In particular, acetyl-
ation and methylation have considered as critical ele-
ments of chromatin activity and play a critical role in
gene regulation [9]. Recently, Park et al. [10] generated
the genome-wide maps of histone modifications for his-
tone 3 lysine 4 trimethylated (H3K4me3) and histone 3
lysine 9 acetylated (H3K9ac) using HIV-1 latently in-
fected cells and uninfected cells. They found that histone
modification near HIV-1 integrated regions did not show
significantly different patterns compared with control
and that the enrichment of histone modification was
generally no difference before and after HIV-1 integra-
tion. In addition, HIV-1 is able to establish interchromo-
somal interactions to control viral transcription [11].
Although many studies have reported that an epigenetic
mechanism is strongly involved in the maintenance of
HIV-1 transcriptional latency [12-16], neither the epi-
genetic control of viral replication nor how HIV-1 la-
tency is maintained is not fully understood.

Here, we re-analyzed chromatin immunoprecipitation-
high throughput parallel DNA sequencing (ChIP-seq)
data from Park et al. in AIDS [10] to examine the effect
of histone modifications on HIV-1 latency in terms of
chromosomal distribution and to find novel genes re-
lated to HIV-1 latency.

Results

Chromosomal distribution of enriched histone binding
sites in HIV-1 latently infected cells

To identify binding sites of histone modifications such
as H3K4me3 and H3K9ac, ChIP-seq data was obtained
from the Gene Expression Omnibus (GEO) data reposi-
tories (GSE58246). Spatial clustering for identification of
ChIP-enriched regions (SICER) 1.1 [17] was used to find
differentially enriched histone islands. The number of
decreased islands at H3K4me3 and H3K9ac histone
modifications ranged from 1587 to 13,173 in HIV-1
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latently infected cells (ACH2, NCHAL, and J1.1 cells). In-
creased islands ranged from 2078 to 9875 (Table 1). These
results suggest that the binding sites of histone modifica-
tions may differ according to cell lines. Next, to determine
the binding distribution pattern of H3K4me3 and H3K%ac
across individual chromosomes, the cis-regulatory elem-
ent annotation system (CEAS) software [18] was used
with the decreased and increased island data (Fig. 1). Sig-
nificant chromosomes were determined as those with a p
value <10% those with a ratio of histone modification
binding percentage to genome background binding per-
centage on each chromosome >1.3 and those showing
both decreased and increased islands together in all HIV-1
latently infected cells. Chromosomes 16, 17, 19, and 22
were selected by these criteria for comparison of de-
creased and increased islands on the same chromosome
(Additional files 1, 2, 3, and 4). The results suggested that
histone modifications binding to host genomes are non-
random and preferentially bind to specific chromosomes.

Identification of common decreased and increased islands
in chromosomes 16, 17, 19, and 22

We investigated common decreased and increased
islands in selected chromosomes of HIV-1 latently in-
fected cells. As a result, we identified 126 and 302 de-
creased islands in H3K4me3 and H3K9ac, respectively
(Fig. 2a). In particular, 38 islands were identified as com-
mon decreased islands in both H3K4me3 and H3K9ac
(Fig. 2b). Meanwhile, 130 and 164 increased islands were
identified in H3K4me3 and H3K9ac, respectively, and 41
islands were identified as common increased islands in
both H3K4me3 and H3K9ac. To find out where islands
were distributed on each chromosome, the location of
38 decreased and 41 increased islands were visualized
on chromosomes 16, 17, 19, and 22 using the idiogra-
phica webtool (Fig. 2c). The results suggested that HIV-
1 latency may be dominated by common factors.

Table 1 Numbers of islands identified by SICER 1.1 in HIV-1 la-
tently infected cells according to histone modifications

Cell Dec Histone modifications

line orInc H3K4me3 H3K9ac

ACH2 Dec 1587 3344
Inc 2078 5563

J1 Dec 8634 13,173
Inc 6941 9875

NCHA1 Dec 5275 7124
Inc 6622 8084

Dec decreased islands identified by SICER 1.1, Inc increased islands identified
by SICER 1.1, ACH2 and J1.1 HIV-1 latently infected cells, NCHAT novel chronic
HIV-1 infected cells derived from A3.01
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Fig. 1 Chromosomal distribution of H3K4me3 binding sites in HIV-1 latently infected cells. Enrichment pattern of decreased H3K4me3 islands in
individual chromosomes is shown as a bar chart. Percentage of total H3K4me3 islands (red bar) and expected results by random chance (blue
bars) for each chromosome is shown. The p value is shown in parentheses
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Fig. 2 Identification of H3K4me3 and H3K9ac islands in chromosomes 16, 17, 19, and 22 of HIV-1 latently infected cells. a Venn diagram of
differentially enriched histone modification islands in chromosomes 16, 17, 19, and 22 of HIV-1 latently infected cells. b The differential histone
H3K4me3 and H3K9ac islands were compared and the co-occurrence of two histone modification islands was examined. ¢ Human chromosome
map showing the localization of 38 decreased and 41 increased genes of islands in chromosomes 16, 17, 19, and 22 of HIV-1 latently infected
cells. Genes associated with decreased islands are highlighted in blue, and genes associated with increased islands are highlighted in red
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Functional annotation of 38 decreased and 41 increased
islands in both H3K4me3 and H3K9ac

First, 38 decreased and 41 increased islands were trans-
formed to genes corresponding to each island (Additional
file 5). To investigate the functional annotation of the genes
associated with the 38 decreased and 41 increased islands,
gene ontology enrichment analysis was performed using
the WEB-based GEne SeT AnaLysis Toolkit (WebGestalt)
[19]. The 38 genes associated with decreased islands were
involved in the regulation of biological process, regulation
of cellular process, biological regulation, and purinergic re-
ceptor signaling pathway. The 41 genes associated with in-
creased islands were involved in nucleic acid binding,
calcium-activated cation channel activity, DNA binding,
and zinc ion binding (Additional file 6). Subsequently, Path-
way Commons analysis was performed to further investi-
gate the biological pathways of genes associated with
decreased and increased islands. The p63 transcription fac-
tor network was strongly linked to the 38 genes with de-
creased islands (Fig. 3a), and the RNA polymerase
transcription termination pathway was linked to the 41
genes with increased islands (Fig. 3b). Especially, DNA
topoisomerase 2 alpha (TOP2A), integrin beta 4 subunit
(ITGB2), TNF receptor association factor 4 (TRAF4), and
SEC14-like lipid binding 2 (SECI4L2) genes associated with
decreased islands were related to the p63 transcription fac-
tor network. While, nuclear factor IC (NFIC) and nuclear
factor IX (NFIX) with increased islands were linked to the
RNA polymerase transcription termination pathway. To
examine interactions between TOP2A, ITGB2, TRAF4,
SEC14L2, NFIC, and NFIX, the Pathway Commons Net-
work Visualizer was used (Fig. 4a). NFIX was found to
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interact with TRAF4, which suggests that genes related to
decreased and increased islands can mutually interact in
the maintenance of HIV-1 latency.

Investigation of the interaction between NFIX and TRAF4
for HIV-1 latency

Lastly, the expression of NFIX and TRAF4 was examined
using real-time PCR between HIV-1 latently infected cell
lines, ACH2 and NCHAI, and an uninfected cell line,
A3.01 (Fig. 4b). NFIX was highly expressed in HIV-1 la-
tently infected cell lines compared with the uninfected cell
line. The expression of TRAF4 was similar in all cell lines.
After treatment by phorbol-13-myristate-12-acetate
(PMA), NFIX showed a dramatic reduction in expression
(nearly fourfold) in HIV-1 latently infected cell lines com-
pared with untreated cells. TRAF4 was increased threefold
in only A3.01 cells but was decreased in NCHA1 cells.
These results suggest that NFLX might affect the reactiva-
tion and maintenance of HIV-1 latency.

Discussion

In this study, we re-analyzed ChIP-seq data obtained from
GEO data repositories to investigate whether specific
chromosomal distribution of histone modifications effects
on HIV-1 latency and to find novel latency-related genes.
As whole distribution of histone modification was un-
changed before and after HIV-1 integration [10], chroma-
tin domains which show enriched epigenetic features
partially might be potential factors for the establishment
or maintenance of HIV-1 latency. To elucidate the con-
nection between chromosomal distribution of histone
modification and HIV-1 latency, H3K4me3 and H3K%ac
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Fig. 3 Functional annotation of 38 genes associated with decreased (a) and 41 genes associated with increased (b) islands on chromosomes 16, 17,
19, and 22 of HIV-1 latently infected cells using Pathway Commons analysis. TOP2, [TGB2, TRAF4, and SEC14L2 in the 38 genes associated with decreased
islands were strongly linked to the p63 transcription factor network. Meanwhile, NFIC and NFIX in the 41 genes associated with increased islands were
related to RNA polymerase IIl transcription termination. The x-axis values are —log;o of raw p values
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Fig. 4 |dentification of the interaction of NFIX with TRAF4 in HIV-1 latently infected cells. a A visualization of the interactions of TOP2A, ITGB2,
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TRAF4, and SEC14L2 with NFIC and NFIX by PCViz (Pathway Commons Network Visualizer). The query type can control the size of the network or
interactions by filtering genes. The neighborhood in query type shows the overall frequency of alteration for each gene in the network and the
paths between in query type shows the direct interaction of each gene in the network. b The result of real-time PCR in treatment with/without
PMA in HIV-1 latently infected cells. Cells were treated with PMA at a final concentration of 10 ng/ml for 24 h. All experiments were performed in

triplicate. Error bars indicate the standard deviation

binding distribution patterns were determined using
CEAS software. Chromosomes 16, 17, 19, and 22 were sig-
nificantly enriched in both histone modifications of de-
creased and increased binding sites.

Accordingly, the alternation of chromatin condi-
tions in host cells induced by HIV-1 infection might
play an important role in viral latency. These results
indicate that there may be common factors governing
HIV-1 latency. Thought genome-wide analysis of histone
modifications in HIV-1 latently infected cell lines, cyclin-
dependent kinase inhibitor 1A (CDKN1A) and cyclin D2
were given into latency-related genes [10].

Based on Pathway Commons analysis, NFIX from
RNA polymerase transcription termination pathway and
TRAF4 from p63 transcription factor network were
strongly linked to each other.

Nuclear factor one (NFI) is a family of transcription
factors which consist of four related members, NFIA,
NFIB, NFIC, and NFIX [20]. NFIX is known to bind to
the palindromic sequence in viral and cellular promoters
[21]. These binding sites may act as activators or repres-
sors of transcription [22].

HIV-1 long terminal repeat (LTR) is comprised of U5,
R, and U3 regions. The U3 region can be divided into
the core promoter, enhancer, and modulatory regions
[23]. The modulatory region includes the negative regu-
latory element (NRE) [22]. Schwartz et al. [24] has
shown that core sequence in the NRE, TGATTGGC,
was the binding site for NFI family, and the NFI binding
on this site has negative effect on the control of HIV-1
transcription in Jurkat cells. In this study, NFIX showed
the increased acetylation (H3K9ac) and methylation
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(H3K4me3) in HIV-1 latently infected cell lines. These
will allow transcription factors to easily access to the
promoter of NFIX and increase the mRNA expression
level of NFIX in HIV-1 latently infected cells. Conse-
quently, increased NFIX may bind to core sequence in
the NRE and then repress the transcription of HIV-1. In
addition, CCAAT/enhancer binding protein (C/EBP)
was known to be necessary for HIV-1 replication [25]
and HIV-1 LTR contains three C/EBP binding sites.
NFIX was previously named as CCAAT-binding tran-
scription factor. This will provide a possibility that C/
EBP and NFIX may compete for binding sites of HIV-1
LTR each other. Therefore, C/EBP or NFIX binding on
HIV-1 LTR will induce or repress HIV-1 transcription,
respectively. Lastly, Biressi et al. [26] reported that NFIX
is strongly expressed in the fetus and makes a complex
with PKC theta and then activates MEF2A. These results
suggest that NFIX may negatively control HIV-1 tran-
scription via PKC pathway.

TRAF4 is known to encode a member of the TNF re-
ceptor association factor (TRAF) family and interact
with neurotrophin receptor p75 (NTR). Also, it nega-
tively controls NTR-induced cell death and NF-kappa B
activation [27, 28]. Meanwhile, Xu et al. [29] showed
that co-expression of p47 (phox) and TRAF4 increase
oxidant production and c-Jun N-terminal kinase (JNK)
activation and that HIV-1 Tat activates /NK via signaling
pathway at the level of TRAF4. In contrast to NFIX,
TRAF4 showed the decreased (H3K9ac) and methylation
(H3K4me3) on HIV-1 latency. As a result, the decreased
expression of TRAF4 may reduce activity of /NK to
maintain HIV-1 latency. However, TRAF was not seen to
directly control the expression of NFIX in our study.

Conclusions

In conclusion, these results suggest that the unique en-
richment of histone modifications and its linked genes
in specific chromosomes might play a critical role in the
establishment and maintenance of HIV-1 latency.

Methods

Cell culture

A3.01, ACH2, and NCHAL cells were maintained in RPMI
1640 medium supplemented with 10% FBS, 5% penicillin-
streptomycin, and 2 mM glutamine. For comparison of
NFIX expression between the normal and reactivation state,
PMA was used at a final concentration of 10 ng/ml for 24 h.

ChiIP-seq data analysis

To analysis of histone modifications for H3K4me3 and
H3K9ac in HIV-1 latently infected cells, ChIP-seq data
was obtained from GEO data repositories (GSE58246).
Enriched histone islands of the genome were identified by
comparing the chromatin immunoprecipitated (ChIPed)
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samples to the input samples using the SICER 1.1 pro-
gram with the following parameters: window size = 200,
gap size = 400, E value = 0.01, and FDR = 0.05. The over-
lapped histone islands were identified by hypergeometric
optimization of motif enrichment (HOMER) programs
[30] with maximum distance to merge (“given”). For gen-
omic distribution of differential binding sites, CEAS pro-
gram was used. Genomic position was plotted onto the
chromosome map using the idiographica webtool (http://
www.ncrna.org/idiographica). Gene ontology enrichment
analysis was performed using WebGestalt, and interaction
of genes was visualized using the Pathway Commons Net-
work Visualizer (PCViz, http://www.pathwaycommon-
s.org/pcviz).

Quantitative real-time PCR

Total RNA was extracted from cells using TRIzol reagent,
and 1 pg of RNA was reverse-transcribed using Superscript
III ¢cDNA synthesis kit (Invitrogen). NFIX and TRAF4
quantitative reverse transcription PCR was performed on a
7500 real-time PCR system (Applied Biosystems) using
SYBR Green PCR Master Mix (Applied Biosystems). The
relative expression was calculated as follows using the
AACt method: fold change of enrichment = 2 delta ((Ct-
ChIPed)-(Ct-Input)). ACt values were determined using a
the 7500 real-time PCR system software (Applied Biosys-
tems) with GAPDH as an endogenous control. The follow-
ing primers were used for real-time PCR:

NFIX forward primer (5" -
AGGAGATGCGGACATCAAA-3' ), NFIX reverse
primer (5" -TACTCTCACCAGCTCCGTCA-3' ),
TRAF4 forward primer (5" -AGGAGTTCGTCTT
TGACACCATC-3' ), TRAF4 reverse primer (5" -CT
TTGAATGGGCAGAGCACC-3’ ), GAPDH forward
primer (5° -GAAGGTGAAGGTCGGAGTC-3’ ), and
GAPDH reverse primer (5 -GAAGATGGTGATGG
GATTTC-3' ).

Additional files

Additional file 1: Chromosomal distribution of H3K4me3 binding sites
in HIV-1 latently infected cells. Enrichment pattern of increased islands of
H3K4me3 among individual chromosomes is shown as bar chart. Percent
of total H3K4me3 islands (red bar) and what would be expected by ran-
dom chance (blue bars) for each chromosome is shown. The value in par-
enthesis means p value.

Additional file 2: Chromosomal distribution of H3K9ac binding sites in
HIV-1 latently infected cells. Enrichment pattern of decreased islands of
H3K9ac among individual chromosomes is shown as bar chart. Percent of
total H3K9ac islands (red bar) and what would be expected by random
chance (blue bars) for each chromosome is shown. The value in paren-
thesis means p value.

Additional file 3: Chromosomal distribution of H3K9ac binding sites in
HIV-1 latently infected cells. Enrichment pattern of increased islands of

H3K9ac among individual chromosomes is shown as bar chart. Percent of
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total H3K%ac islands (red bar) and what would be expected by random
chance (blue bars) for each chromosome is shown. The value in paren-
thesis means p value.

Additional file 4: The ratio of percentage of total H3K4me3 or H3K9ac
islands to percentage expected by random chance for each chromosome
in three different HIV-1 latently infected cell lines.

Additional file 5: Lists of 38 decreased genes and 41 increased genes
identified in the co-occurrence of two histone modifications, H3K4me3
and H3K%ac.

Additional file 6: Functional annotation of 38 decreased (A) and 41
increased (B) genes in chromosomes 16, 17, 19, and 22 of HIV-1 latently in-
fected cells using WebGestalt. The x-axis values are —log;, of raw p values.

Abbreviations

ART: Antiretroviral therapy; cART: Combination antiretroviral therapy;
CDKN1A: Cyclin-dependent kinase inhibitor 1A; CEAS: Cis-regulatory element
annotation system; ChlPed: Chromatin immunoprecipitated; ChIP-

seq: Chromatin immunoprecipitation-high throughput parallel DNA sequen-
cing; H3K4me3: Histone 3 lysine 4 trimethylated; H3K9ac: Histone 3 lysine 9
acetylated; HOMER: Hypergeometric optimization of motif enrichment;
[TGB2: Integrin beta 4 subunit; NFIX: Nuclear factor IX; PMA: Phorbol-13-
myristate-12-acetate; SEC14L2: SEC14-like lipid binding 2; SICER: Spatial
clustering for identification of ChIP-enriched regions; TOP2A: DNA
topoisomerase 2 alpha; TRAF4: TNF receptor association factor 4;
WebGestalt: WEB-based GEne SeT AnalLysis Toolkit

Acknowledgements

We thank Tae-Young Roh (Pohang University of Science and Technology)
and Jihwan Park (Pohang University of Science and Technology) for access
to epigenetics data.

Funding
This research was supported by a grant from Research of Korea Centers for
Disease Control and Prevention (Grant No. 2016-NG51003-00).

Availability of data and materials

The datasets supporting the results of this article are available in the Gene
Expression Omnibus (GEO) repository (http://www.ncbi.nlm.nih.gov/geo/)
under accession number GSE58246.

Authors’ contributions

KCK and BSC conceived and designed the experiments. JSS, YHS, and CHY
performed the experiments. SYL and CK analyzed the data. KCK and BSC
wrote the manuscript. All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable

Ethics approval and consent to participate
Not applicable

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 6 February 2017 Accepted: 4 May 2017
Published online: 12 May 2017

References
1. Siliciano RF, Greene WC. HIV latency. Cold Spring Harb Perspect Med. 2011;
1(1):a007096.

2. Finzi D, et al. Identification of a reservoir for HIV-1 in patients on highly
active antiretroviral therapy. Science. 1997;278(5341):1295-300.

3. Wong JK et al. Recovery of replication-competent HIV despite prolonged
suppression of plasma viremia. Science. 1997,278(5341):1291-5.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Page 7 of 7

Finzi D, et al. Latent infection of CD4+ T cells provides a mechanism for
lifelong persistence of HIV-1, even in patients on effective combination
therapy. Nat Med. 1999;5(5):512-7.

Kingsman SM, Kingsman AJ. The regulation of human immunodeficiency
virus type-1 gene expression. Eur J Biochem. 1996;240(3):491-507.

Jordan A, Bisgrove D, Verdin E. HIV reproducibly establishes a latent
infection after acute infection of T cells in vitro. EMBO J. 2003;22(8):1868-77.
Felsenfeld G, Groudine M. Controlling the double helix. Nature. 2003;
421(6921):448-53.

Tamaru H. Confining euchromatin/heterochromatin territory: jumonji
crosses the line. Genes Dev. 2010;24(14):1465-78.

Jenuwein T, Allis CD. Translating the histone code. Science. 2001;293(5532):
1074-80.

Park J, et al. Genome-wide analysis of histone modifications in latently HIV-1
infected T cells. Aids. 2014;28(12):1719-28.

Lusic M, Giacca M. Regulation of HIV-1 latency by chromatin structure and
nuclear architecture. J Mol Biol. 2015;427(3):688-94.

Ay E, et al. Epigenetics of HIV infection: promising research areas and
implications for therapy. AIDS Rev. 2013;15(3):181-8.

Blazkova J, et al. CpG methylation controls reactivation of HIV from latency.
PLoS Pathog. 2009;5(8):21000554.

Blazkova J, et al. Paucity of HIV DNA methylation in latently infected, resting
CD4+ T cells from infected individuals receiving antiretroviral therapy. J
Virol. 2012;86(9):5390-2.

Verdin E, Paras Jr P, Van Lint C. Chromatin disruption in the promoter of
human immunodeficiency virus type 1 during transcriptional activation.
Embo j. 1993;12(8):3249-59.

Williams SA, et al. NF-kappaB p50 promotes HIV latency through HDAC
recruitment and repression of transcriptional initiation. Embo j. 2006;25(1):139-49.
Zang C, et al. A clustering approach for identification of enriched domains
from histone modification ChIP-Seq data. Bioinformatics. 2009;25(15):1952-8.
Shin H, et al. CEAS: cis-regulatory element annotation system.
Bioinformatics. 2009;25(19):2605-6.

Wang J, et al. WEB-based GEne SeT Analysis Toolkit (WebGestalt): update
2013. Nucleic Acids Res. 2013;41(Web Server issue):W77-83.

Gronostajski RM. Roles of the NFI/CTF gene family in transcription and
development. Gene. 2000;249(1-2):31-45.

Apt D, Liu' Y, Bernard HU. Cloning and functional analysis of spliced
isoforms of human nuclear factor I-X: interference with transcriptional
activation by NFI/CTF in a cell-type specific manner. Nucleic Acids Res. 1994;
22(19):3825-33.

Pereira LA, et al. A compilation of cellular transcription factor interactions
with the HIV-1 LTR promoter. Nucleic Acids Res. 2000,28(3):663-8.

Gaynor R. Cellular transcription factors involved in the regulation of HIV-1
gene expression. Aids. 1992,6(4):347-63.

Schwartz C, et al. Characterization of nuclear proteins that bind to the
regulatory TGATTGGC motif in the human immunodeficiency virus type 1
long terminal repeat. Nucleic Acids Res. 1997;25(6):1177-84.

Henderson AJ, Connor RI, Calame KL. C/EBP activators are required for HIV-1
replication and proviral induction in monocytic cell lines. Immunity. 1996;
5(1)91-101.

Biressi S, et al. Intrinsic phenotypic diversity of embryonic and fetal
myoblasts is revealed by genome-wide gene expression analysis on purified
cells. Dev Biol. 2007;304(2):633-51.

Ye X, et al. TRAF family proteins interact with the common neurotrophin
receptor and modulate apoptosis induction. J Biol Chem. 1999,274(42):30202-8.
Krajewska M, et al. TRAF-4 expression in epithelial progenitor cells. Analysis
in normal adult, fetal, and tumor tissues. Am J Pathol. 1998;152(6):1549-61.
Xu YC, et al. Involvement of TRAF4 in oxidative activation of c-Jun N-
terminal kinase. J Biol Chem. 2002;277(31):28051-7.

Heinz S, et al. Simple combinations of lineage-determining transcription
factors prime cis-regulatory elements required for macrophage and B cell
identities. Mol Cell. 2010;38(4):576-89.


dx.doi.org/10.1186/s40246-017-0105-7
dx.doi.org/10.1186/s40246-017-0105-7
dx.doi.org/10.1186/s40246-017-0105-7
http://www.ncbi.nlm.nih.gov/geo/

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Chromosomal distribution of enriched histone binding sites in HIV-1 latently infected cells
	Identification of common decreased and increased islands in chromosomes 16, 17, 19, and 22
	Functional annotation of 38 decreased and 41 increased islands in both H3K4me3 and H3K9ac
	Investigation of the interaction between NFIX and TRAF4 for HIV-1 latency

	Discussion
	Conclusions
	Methods
	Cell culture
	ChIP-seq data analysis
	Quantitative real-time PCR

	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Publisher’s Note
	References

