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ABSTRACT

Approximately 8% of the human genome is made up of endogenous retroviral sequences. As the HIV-1 Tat protein activates the
overall expression of the human endogenous retrovirus type K (HERV-K) (HML-2), we used next-generation sequencing to de-
termine which of the 91 currently annotated HERV-K (HML-2) proviruses are regulated by Tat. Transcriptome sequencing of
total RNA isolated from Tat- and vehicle-treated peripheral blood lymphocytes from a healthy donor showed that Tat signifi-
cantly activates expression of 26 unique HERV-K (HML-2) proviruses, silences 12, and does not significantly alter the expression
of the remaining proviruses. Quantitative reverse transcription-PCR validation of the sequencing data was performed on Tat-
treated PBLs of seven donors using provirus-specific primers and corroborated the results with a substantial degree of quantita-
tive similarity.

IMPORTANCE

The expression of HERV-K (HML-2) is tightly regulated but becomes markedly increased following infection with HIV-1, in part
due to the HIV-1 Tat protein. The findings reported here demonstrate the complexity of the genome-wide regulation of HERV-K
(HML-2) expression by Tat. This work also demonstrates that although HERV-K (HML-2) proviruses in the human genome are
highly similar in terms of DNA sequence, modulation of the expression of specific proviruses in a given biological situation can

be ascertained using next-generation sequencing and bioinformatics analysis.

H uman endogenous retroviruses (HERVs), which make up 8%
of the human genome, are the result of the rare and successful
individual infections of germ line cells that have occurred over
millions of years of human evolution (1-5). In the genome, the
proviruses are made up of the basic retroviral genes (gag, prt, pol,
and env) flanked by two long terminal repeats (LTRs). Due to host
selection events, however, most of these proviral sequences appear
to be nonfunctional (3, 4, 6). Interestingly, a limited number are
still active at both the transcriptional and translational levels, with
HERV-K (HML-2) being the prime example [HERV-K (HML-2)
is a subgroup of HERV-K] (4, 7-9). This group of retroviruses is
one of the most recent entrants into the human genome, with
some proviruses having integrated either by reinfection or by in-
tracellular transposition within the last 200,000 years, and they are
the only HERVs with conserved and potentially functional open
reading frames (ORFs) for all viral proteins (6, 9-12). Thousands
of HERV-K (HML-2) solo LTRs are found in the human genome,
along with approximately 91 proviruses (4, 9), some of which may
encode the basic retroviral proteins and the accessory, putative
oncogenes np9 and rec (4, 13-16). The accessory genes np9 and rec
are expressed by the two types of HERV-K (HML-2), type 1 and
type 2 (9, 17), respectively, which differ by only a 292-bp deletion
in the env gene of type 1 viruses. This deletion causes a new splice
site that results in the synthesis of Np9 in type 1 viruses.

The basal transcriptional activity of human endogenous retro-
viruses varies in different human cell and tissue types, both for
those viruses that have intact genes and for those with mutated
cistrons (18-23). It appears that expression depends upon indi-
vidual host factors, like ethnicity (10, 21, 22, 24), cell populations
(18,25, 26), and tissue types (27-29). Additionally, external stim-
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uli, such as infections, viral transactivators, chemical exposures,
cytokines, hormones, and inflammation, can induce expression of
these proviruses (30-46). We and others have shown that HIV-1
infection is associated with increased HERV-K (HML-2) expres-
sion in vitro and in vivo (33, 45-53). Compared to healthy indi-
viduals, HIV-1-infected individuals show high levels of HERV-K
(HML-2) RNA, DNA, protein, and viral particles in their plasma
(45, 47, 48, 50). This HIV-1-mediated activation of HERV-K
(HML-2) is partially due to the HIV-1 Tat protein activating the
NF-kB and NF-AT transcription factors, which then interact with
the HERV-K (HML-2) LTR promoter to stimulate transcription
(46).

As expression of HERV-K (HML-2) transcripts and proteins
has been associated with several cancers as well as autoimmune,
inflammatory, and neurological conditions, the possibility of it
participating in the development of HIV-1-associated disease or
malignancies cannot be ruled out (54-61). In fact, Np9 and Rec
have been shown to be highly expressed in transformed tissues
(Np9), to cause carcinoma i situ in mice (Rec), and to be associ-
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ated with the Notch pathway and pathways affecting c-myc ex-
pression (Np9 and both, respectively) (13, 15, 16, 62—65). Our
laboratory has noted high expression levels of both proteins dur-
ing HIV-1-associated lymphoma (unpublished observations).
However, although all HERV-K (HML-2) type 1 and type 2 pro-
viruses have the potential to be expressed in both health and dis-
ease, it is currently not known which are transcribed or if expres-
sion of only certain proviruses predominates under particular
circumstances. Such information ultimately could help us assess
whether these proviruses are important to disease development.

The main purpose of this study was to implement RNA
sequencing (RNA-Seq) coupled with quantitative reverse tran-
scription-PCR (qRT-PCR) validation to analyze the HERV-K
(HML-2) transcriptome, as seen in peripheral blood lymphocytes
(PBLs) responding to the HIV-1 Tat protein. Our additional goal
was to provide insight into HIV-1 pathogenesis, i.e., the modula-
tion of endogenous retroviruses that could affect host cellular
function and/or immunity. We show which of the 91 annotated
HERV-K (HML-2) proviruses are modulated by treatment with
Tat, whether the two types of HERV-K (HML-2) proviruses (type
1 and type 2) are differentially affected, their ORF status, and
whether the viruses targeted by Tat are the same as those expressed
in patients during HIV-1 infection. We discovered that while
many HERV-K (HML-2) proviruses are activated by Tat, expres-
sion of multiple others is repressed. In addition, the mechanisms
by which Tat regulates HERV-K (HML-2) expression as detected
in this genome-wide screen are surprisingly complex. Although
beyond the scope of the analyses presented here, we hypothesize
that the endogenous retroviral gene modulation induced by Tat
during HIV-1 infection influences the development of HIV-1-
associated disease, as these HERV sequences are associated with
many pathological conditions, as noted above. These results also
demonstrate that, in spite of the marked sequence similarity be-
tween the individual HERV-K (HML-2) proviruses, deep se-
quencing technologies enable the detection of transcription (or
lack thereof) of any specific endogenous proviruses that might
have a role in health or disease.

MATERIALS AND METHODS

Isolation and culture of primary cells. Peripheral blood mononuclear
cells (PBMCs) were obtained by venipuncture from healthy donors, and
monocytes were separated from peripheral blood lymphocytes (PBLs) by
differential adhesion to plates as previously described (66). PBLs were
washed three times with phosphate-buffered saline (PBS) and stimulated
with 5 pg/ml phytohemagglutinin (PHA-P; Sigma-Aldrich, St. Louis,
MO) for 3 days in RPMI 1640 complete media containing 10% heat-
inactivated fetal bovine serum (FBS) and 10 U/ml of interleukin-2 (IL-2;
Sigma-Aldrich, St. Louis, MO).

Addition of exogenous Tat protein. The purified recombinant 86-
amino-acid form of the HIV-1 Tat protein was obtained from the NIH
AIDS Research and Reference Reagent Program (the late John Brady and
DAIDS, NIAID [67]) or from ProSpec Protein Specialists (catalog no.
HIV-129; ProSpec-Tany TechnoGene Ltd., East Brunswick, NJ). The pro-
tein was resuspended in sterile PBS (Gibco/Invitrogen, Carlsbad, CA)
containing 1 mg/mlbovine serum albumin (BSA) and 0.1 mM dithiothre-
itol (DTT) (both from Sigma-Aldrich, St. Louis, MO), deaerated, and
protected from light. Tat protein was added at a concentration of 50 ng/ml
for 12 h.

RNA extraction. Total cellular RNA was isolated from cells using the
RNeasy minikit (Qiagen, Valencia, CA) and subjected to on-column
RNase-free DNase treatment (Qiagen, Valencia, CA) for 15 min at room
temperature. After elution, another round of DNase treatment was per-
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formed using the DNA-free DNase removal kit (Ambion, Austin, TX) and
by following the manufacturer’s protocol. RNA concentration and purity
were measured using a spectrophotometer, calculating the 260-nm/
280-nm ratio. RNA integrity (as well as the absence of DNA contamina-
tion) was confirmed by one-step reverse transcription-PCR (RT-PCR)
using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) amplifica-
tion with primers that can bind both genomic DNA and cDNA, employ-
ing the PCR conditions described below, as well as no-RT controls. If
DNA contamination was detected, another round of DNase treatment
was performed.

cDNA library preparation and RNA-Seq. Total RNA was isolated
from PBLs of a healthy Caucasian female volunteer that had been treated
with Tat for 12 h or with vehicle only, purified, and DNase treated. RNA
integrity was verified using the Agilent RNA 6000 Nano kit (Agilent, Santa
Clara, CA), and a NanoDrop was used for measuring quantity (Thermo
Scientific, Rockford, IL). cDNA was prepared for the RNA-Seq library
using the NuGen Encore complete library preparation kit (Invitrogen,
Carlsbad, CA), and quality was controlled using a Bioanalyzer DNA 1000
(Agilent, Santa Clara, CA). Quantitative PCR (qPCR) for quantification
of the library was performed with the KAPA kit (Kapa Biosystems,
Woburn, MA). Samples were sequenced on a HiSeq2000 (Illumina, Mad-
ison, WI), one sample per lane, in a paired-end 100-cycle run, using
TruSeq SBS v3 reagents (Illumina, Madison, WI).

In silico sequence analysis and differential expression determina-
tion: RNA-Seq. An average of 88 million paired-end reads per sample
passed the Casava 1.8 filters. A subset of the RNA-Seq data in FASTQ
format representing the sequence and quality scores for all reads that map
to all known HERV-K (HML-2) genomes is available at the Markovitz
laboratory website (http://markovitzlab.com/?page_id=507). The data
set can be treated as plain text files and opened with any word-processing
software. All hits were deduplicated (Samtools rmdup) to remove PCR
artifacts, yielding an average of 62 million paired-end reads per sample.
Tophat v2.0.4 (Bowtie2) (68, 69) was used to map the reads to the human
genome (hgl19), and Cufflinks and Cuffdiff v2.0.2 (69) were used to de-
termine transcripts and isoforms, as well as for differential expression
analysis. The genomic locations of the 91 currently known HERV-K
(HML-2) genomes were organized in a BED-formatted file, and BEDTools
(70) was used to intersect the HERV-K (HML-2) locations with the
aligned cDNA reads. Results were analyzed as single reads. A customized
Perl script was written to count the reads, which were aligned to those
regions. Tophat software output, in SAM/BAM format, provided a map-
ping quality (MQ) field reported as bins for unique mapping and multi-
mapping. For each read, the MQ score reflects a bin into which the read
could map: 0, maps to more than 10 locations; 1, 4 to 9 locations; 2, maps
to 3 locations; 3, maps to 2 locations; 255, unique mapping. We counted
total reads for each HERV-K (HML-2) proviral locus (all reads, regardless
of MQ), and we counted unique reads (MQ = 255). Read counts were
converted to reads per kilobase of transcript per million mapped reads
(RPKM) by normalizing for the potential length of the provirus (in kilo-
bases) at specific loci and normalizing the read counts to 1 million reads
for each treatment (see Table 2 for these values). Quartiles and percentiles
then were calculated for all RPKM values from Tat-treated cells, including
those differentially expressed and those not tested or for which no reads
were found (as truer measurements of overall gene expression or repres-
sion). An RPKM of 0.02 (our cutoff determinant) means we obtained
about 0.02 reads aligned across the whole of a 1,000-bp length (reads per
kilobase of transcript). Since there were approximately 120 million reads
per sample, we have an average of approximately 0.4X coverage of the
unique segments of the proviral transcripts. As a separate analysis, with-
out regard to unique mapping status, we assessed what proportion of the
total reads per sample mapped to a composite of all HERV-K proviral
sequences. Approximately 1.6% of the total reads aligned to these endog-
enous retroviruses. For differential expression determination, P values
were calculated from a proportions test (using R software’s function prop.
test) based on both the total read counts and the unique read counts for
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TABLE 1 Primer sequences for specific HERV-K (HML-2) proviruses

Primer

Sequence

Forward

Reverse

7q34 KOLD/ERVK-15
8ql1.1 K70/K43

5p12

6pl11.2 K23

3pl2.3

4q32.1

11q12.3 (KOLD)
16p13.3 (KOLD)

CCAACCCTGTGCTCGTAGAAACAA
GTGAAGAAGAGGCAGGAAGAGAG
GGTCGAGCTCTTCAACCAGTGAGTTT
GGTATGGTATGGAATGATTGGGCCA
CTGTTATAACTGTGGTCAAATCGGTC
GCTCGGAAGAAGCTAGGGTGATAA
ACAGATGATCGTTGCCCTGCCAAA
CTCTAAAGAGCCCTACCCTGACTT

GCACATCCTACATAGCCCTAAATCC
TTGCTTTGACTGAGCCACTACGGA
CAGATGCTATTGCCAGTCCTGCAT
GGGCATCAGACACTGAAACACT
AGGCCAGGTGCCTCCTTT
TGGTTCTTCTGTTTGAAATGGCTTG
AACATCCTGGCGCTAAACATCCTG
TGGCCAATTGACATTCCG

each provirus. To calculate conservative estimates, the maximum P value
between those two tests was corrected for multiple testing using the false-
discovery-rate (FDR) method, which then was used to calculate a Q value.
Significance then was determined to be a Q value of 0.05 or less.

Heat map generation. Log, RPKM values of uniquely mapped reads
were calculated and clustered using average linkage hierarchical clustering
with the Euclidean distance matrix. Proviruses with zero reads in both
conditions were removed before clustering.

qRT-PCR. To validate the RNA-Seq data, we performed two-step
quantitative RT-PCR (qRT-PCR) on ¢cDNA synthesized from RNA iso-
lated from Tat-treated PBLs from healthy volunteers using the Bio-Rad
Supermix iScript SYBR green kit (Bio-Rad, Hercules, CA). Briefly, 500 ng
of total cellular RNA was reverse transcribed for 30 min at 50°C using the
iScript reverse transcription supermix for qRT-PCR (Bio-Rad, Hercules,
CA) and diluted to 100 pl This kit contains a mix of oligo(dT) primers
and random primers for cDNA synthesis. A 20-pl qPCR was made using
5 pl of cDNA and 0.6 M specific primers designed and verified by BLAST
analysis to amplify 9 specific HERV-K (HML-2) proviruses. The efficiency
of these primers was verified by comparing the linear slopes of their stan-
dard curve after amplification using reference DNA to the linear slope of
astandard curve generated by amplification of the reference gene used for
normalization, GAPDH. The slopes were comparable, reaching values of
—3.3 = 0.12, with primer efficiencies close to 99 to 100%. The PCR for
amplification of specific proviruses in the samples consisted of an initial
denaturing step of 15 min at 95°C, followed by 40 cycles with the following
optimal conditions: 94°C for 15, 57°C for 30's, and 72°C for 10 s. This was
followed by a melting curve with fluorescence captured at 78°C or 81°C,
which determined that the product amplified did not have any signal
generated by primer dimers. Data were collected and recorded by an ABI
StepOne plus (Applied Biosystems). GAPDH amplification was used to
normalize samples to an endogenous reference gene using the 2744¢T
method, as stated in the figure legends.

List of primers used. The amplification product was designed to con-
tain one primer or both primers binding to each provirus’s unique re-
gions. Sequences were verified through BLAST analysis so that any other
possible proviruses or cellular genes that could be amplified with the
primer pairs had 75% or less sequence identity. Sequences can be found in
Table 1.

Analysis of the LTRs of HERV-K (HML-2) proviruses. Analysis of
the HERV-K (HML-2) long terminal repeats (LTRs) for mutations and
deletions was performed using published sequences (9, 45). Potential
transcription factor binding sites were analyzed using the online predic-
tion software tools ALGGEN PROMO and version 8.3 of TRANSFAC
(BioBase Co., Beverly, MA) (71, 72).

Statistical analysis. The mean numbers of HERV-K (HML-2) cDNA
relative fold expression units between Tat and control treatments were
compared using a Student’s ¢ test for samples exhibiting normally distrib-
uted values. Two-tailed P values were considered significant at P < 0.05.

RESULTS

HIV-1Tatboth activates and silences specific HERV-K (HML-2)
proviruses in normal PBLs. In order to examine the HERV-K

8926 jviasm.org

(HML-2) transcriptome in response to HIV-1 Tat, normal PBLs
isolated from the blood of a healthy volunteer were cultured for 3
days under PHA and IL-2 stimulation. No specific cell selection
methods were performed, and total PBLs were subjected to treat-
ment with physiologically relevant levels of recombinant Tat pro-
tein or vehicle buffer alone for 12 h. The amounts of Tat used have
been shown to activate the HIV-1 LTR promoter (46). Paired-end
RNA sequencing was performed, with over 100 million high-qual-
ity reads obtained per sample, and results were aligned to the
human genome and transcriptome (hg19). As a separate analysis,
we assessed what proportion of the total reads per sample mapped
to a composite of all HERV-K (HML-2) proviral sequences and
found that approximately 1.6% of the total reads aligned with
these endogenous retroviruses. This means that at least 1.6% of
the expressed transcripts are of endogenous retrovirus origin. We
next examined the reads aligned with the human genome and
transcriptome for expression of each of the 91 known HERV-K
(HML-2) proviruses. In view of the high degree of similarity be-
tween proviruses and multiple potential locations for mapping,
we identified unique portions of each provirus (see Data S1 in the
supplemental material) and used Tophat to map them to their
unique genomic location (score of 255). Transcript levels were
determined by the calculation of RPKM (73), since the sensitivity
of RNA-Seq is a function of both sequencing depth and transcript
length. This provides us a transparent comparison of transcript
levels both within and between treatments. Reads mapping
uniquely to transcripts were counted. Resulting RPKM values are
reported in Table 2 as unique RPKM, the resulting reads that had
a single unique genomic alignment and that do not match any
provirus other than the one stated. Table 2 denotes all HERV-K
(HML-2) proviruses (with any alternative names), their lengths,
and chromosomal locations as detected (or not) in each treat-
ment. As can be seen, most HERV-K (HML-2) proviruses are
already expressed at what we deemed a basal level (vehicle-treat-
ment columns). Treatment with HIV-1 Tat protein caused mod-
ifications in these expression levels, yet RPKM values were never
higher than approximately 3. A comparison was made between
expression levels of HERV-K (HML-2) proviruses and other genes
in order to define a threshold value above which we can have the
highest confidence in the validity of expression. We compiled
RPKM values for several genes, ranging from almost undetectable
(e.g., CD27) to over 17,000 (e.g., ribosomal protein S12). A sum-
mary of these results are shown in Table 3. We then designated an
RPKM cutoff value of =0.02, after determining the false-discov-
ery rate, as the values at which to allocate significant expression of
HERV-K (HML-2). This represented an optimal compromise be-
tween false-positive and false-negative values, taking into account
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TABLE 2 All known HERV-K (HML-2) proviruses and their RPKM values as detected in PBLs after HIV-1 Tat or vehicle-alone treatment using
RNA-Seq”

Unique RPKM value by
treatment
Chromosome Length (kb) Locus Name and alternative name(s) Tat Vehicle
1 6,104 1p36.21a 1p36.21a 0.0000 0.0000
1 9,521 1p36.21b K(OLDAL023753), K6, K76 0.0000 0.0000
1 9,392 1p36.21c Ke6, K76 0.0000 0.0000
1 1,238 1p34.3 1p34.3 0.0000 0.0000
1 6,372 1p31.1 K4, K116, ERVK-1 0.2416 0.1461
1 3,077 1g21.3 1q21.3 3.0075 0.8425
1 9,179 1q22 K102, K(C1b), K50a, ERVK-7 0.7907 0.2809
1 9,231 1q23.3 K110, K18, K(Cla), ERVK-18 0.4454 0.2110
1 5,655 1q24.1 K12 0.0060 0.0000
1 4,179 1q32.2 1q32.2 0.0000 0.0514
1 2,178 1q43 1q43 0.0000 0.0000
2 2,671 2q21.1 2q21.1 0.0000 0.0590
3 6,890 3p25.3 K11, ERVK-2 0.0123 0.0270
3 8,685 3pl2.3 3pl2.3 0.1286 0.0016
3 9,122 3ql2.3 K(I), ERVK-5 1.8324 0.7050
3 8,803 3ql3.2 K106, K(C3), K68, ERVK-3 0.0058 0.0049
3 9,114 3q21.2 K(I), ERVK-4 0.0835 0.0566
3 3,919 3q24 ERVK-13 0.0000 0.0000
3 9,179 3q27.2 K50b, K117, ERVK-11 0.0424 0.0328
4 4,470 4pl6.3a 4pl6.3a 0.0114 0.0384
4 8,562 4p16.3b K77 0.0553 0.0736
4 9,560 4pl6.1a K17b 0.0637 0.0839
4 9,062 4p16.1b K50c¢ 0.5227 0.0980
4 5,514 4ql3.2 4ql3.2 0.0000 0.0000
4 2,422 4q32.1 4q32.1 0.1746 0.0000
4 7,228 4q32.3 K5, ERVK-12 0.0000 0.0119
4 7,287 4q35.2 4q35.2 0.0720 0.0609
5 9,091 5pl13.3 K104, K50d 0.0037 0.0016
5 9,843 5pl2 K8 0.0017 0.0422
5 7,712 5q33.2 K18b 0.0088 0.0316
5 9,179 5q33.3 K107/K10, K(C5), ERVK-10 0.0608 0.0312
6 10,368 6p22.1 K(OLDAL121932), K69, K20 0.0000 0.0000
6 9,958 6p21.1 K(OLDAL035587), KOLD35587 0.0374 0.0302
6 4,808 6pll.2 K23 0.0035 0.0923
6 9,064 6ql4.1 K109, K(C6), ERVK-9 0.0000 0.0032
6 2,825 6q25.1 6q25.1 0.0180 0.0862
7 9,471 7p22.1a K108L, K(HML.2-HOM), K(C7), ERVK-6 0.0000 0.0030
7 9,470 7p22.1b K108R, ERVK-6, HERV-K (HML-2).HOM 0.0518 0.0212
7 2,695 7qll.21 7ql1.21 0.0000 0.0000
7 4,897 7q22.2 ERVK-14 0.1244 0.0000
7 4,977 7q34 K(OLDAC004979), ERVK-15 1.7302 0.3914
8 9,462 8p23.1a K115, ERVK-8 0.1037 0.0378
8 1,025 8p23.1b K27 0.0000 0.0000
8 9,527 8p23.1c 8p23.1c 0.0586 0.0060
8 9,515 8p23.1d KOLD130352 0.0658 0.0030
8 8,738 8p22 8p22 0.0174 0.0344
8 8,011 8qll.1 K70, K43 0.0000 0.0536
8 3,087 8q24.3a 8q24.3a 0.0000 0.0000
8 7,563 8q24.3b K29 0.1633 0.0170
9 7,221 9q34.11 K31 0.3889 0.1686
9 9,462 9q34.3 K30 0.0054 0.0212
10 7,526 10p14 K(C11a), K33, ERVK-16 0.0090 0.0837
10 981 10p12.1 K103, K(C10) 0.0172 0.0000
10 7,147 10q24.2 ERVK-17, c10_B 0.0071 0.0040
11 9,553 11p15.4 K7 0.3507 0.0825
11 5,748 11ql2.1 11ql2.1 0.0000 0.0050
11 14,600 11q12.3 K(OLDAC004127) 0.1506 0.0275
11 9,465 11q22.1 K(Cl1c), K36, K118, ERVK-25 0.0018 0.0076

(Continued on following page)
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TABLE 2 (Continued)

Unique RPKM value by
treatment
Chromosome Length (kb) Locus Name and alternative name(s) Tat Vehicle
11 9,159 11q23.3 K(C11b), K37, ERVK-20 0.0092 0.0407
12 9,662 12p11.1 K50e 0.0000 0.0163
12 968 12q13.2 12q13.2 0.0000 0.0000
12 9,456 12q14.1 K(C12), K41, K119, ERVK-21 0.0000 0.0121
12 1,482 12q24.11 12q24.11 0.0114 0.0000
12 6,012 12q24.33 K42 0.0338 0.0048
14 3,496 14q11.2 K(OLDAL136419), K71 0.5904 0.2048
14 2,881 14q32.33 14q32.33 0.0000 0.0000
15 3,344 15q25.2 15g25.2 0.0000 0.0000
16 1,501 16p13.3 K(OLDAC004034) 0.3156 0.0286
16 2,668 16p11.2 16p11.2 0.0254 0.0000
17 6,862 17p13.1 17p13.1 0.0099 0.0605
19 2,542 19p13.3 ERVK-22 0.0000 0.0056
19 10,112 19p12a K52 0.0033 0.0269
19 6 19p12b K113 (potential insertion site, 6 bp long) 0.0000 0.0000
19 6,737 19p12c K51 0.0075 0.0000
19 8,863 19q11 K(C19), ERVK-19 0.0630 0.0259
19 4,227 19q13.12a 19q13.12a 0.1201 0.0000
19 9,517 19q13.12b K50F 0.9475 0.5252
19 4,317 19q13.41 19q13.41 0.1254 0.0597
19 5,696 19q13.42 LTR13 0.0149 0.0503
20 9,634 20q11.22 K(OLDAL136419), K59 0.0386 0.0253
21 8,046 21q21.1 K60, ERVK-23 0.0000 0.0285
22 9,120 22ql1.21 K101, K(C22), ERVK-24 0.0519 0.0031
22 8,880 22ql1.23 K(OLDAP000345), KOLD345 0.0038 0.0500
X 2,505 Xqll.1 Xqll.1 0.0135 0.1029
X 2,052 Xql2 Xql2 0.0000 0.0000
X 2,399 Xq28a K63 0.0000 0.0000
X 7,340 Xq28b K63 0.0000 0.0020
Y 6,943 Ypll.2 Ypll.2 0.0000 0.0000
Y 3,198 Yqll.23a Yqll.23a 0.0000 0.0000
Y 3,199 Yql1.23b Yql1.23b 0.0000 0.0000

@ The different names shown represent alternative ways to refer to the same virus based on the literature. Tat or vehicle unique RPKM values are the reads that had a single unique

genomic alignment, mapping to a particular provirus, not shared with any other known provirus.

that we had a sample number of 1 (n = 1; see Materials and
Methods). To put this number in simpler terms, an RPKM of 0.02
roughly corresponds to about a 40% read coverage of each ex-
pressed transcript (see Materials and Methods). To place this gene
expression in context, we calculated percentile ranges for all of the
RPKM values of Tat-induced gene expression (summarized in
Table 4) and observed where most of the HERV-K (HML-2)
RPKMs fall. As such, 78 proviruses appear to fit within the 30th and

TABLE 3 Representative RPKM values of cellular genes

RPKM value by treatment type

40th percentiles, while the rest fit at or above the median (50th and
75th percentiles). As an example, the lowest HERV-K (HML-2)
RPKM value (besides 0) is 0.0017 for HERV-K (HML-2) 5p12,
falling in the 30th percentile, and the highest RPKM value is
3.0075 for HERV-K (HML-2) 1q21.3, above the 75th percentile.
This means that unique HERV-K (HML-2) provirus gene expres-
sion in response to Tat is, in the vast majority of cases, 30% to 50%
higher than that of all other annotated genes. Thus, the expression
of HERV-K (HML-2) proviruses is within the range of that of
most other cellular genes. Of all annotated HERV-K (HML-2)
sequences, 43 (47%) had an RPKM of >0.02 in the control sam-
ple, while Tat treatment caused 35 (38%) unique proviruses to

Gene Tat Vehicle only

CD27 0 0.17 TABLE 4 Percentile ranges of RPKM values

IL-2Ra 0.7 0.5 .
RPKM P, til

IL-2RB 47.3 58.9 ercentile

IL-2Ry 290.6 245.8 0 30

IFN-y* 47.1 39.8 0.03542 40

B-Actin 1,365 812 0.207821 50

GAPDH 422 429 2.659523 75

RPS12 17,070 17,125 9.985367 90
19.73389 95

“ IFN-vy, gamma interferon.
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have an RPKM of >0.02. All of these proviruses are above the 30th
percentile bin of RPKM values for all annotated genes. The 43
unique proviruses expressed in the vehicle treatment mostly map
to chromosomes 1, 3,4, 5, 6, 11, and 19. Thirty-five percent of hits
fall between the 30th and 40th percentile, ~63% between the 40th
and the median, and ~2% are above the 60th percentile of the
RPKMs of all cellular genes. Of the 35 Tat-treated, expressed
HERV-K (HML-2) proviruses, 20% had an RPKM at or above the
median, 11% were above the 60th percentile, and 3% were above
the 75th percentile. Most of these proviruses are located in chro-
mosomes 1, 3,4, 7, 8, 16, and 19.

In order to determine which proviruses are significantly differ-
ent between Tat and vehicle treatments, we first performed a pro-
portion test based on total and unique read counts using a chi-
squared statistic (74). For each HERV-K provirus, this statistic
tests whether the proportion of total reads mapping to the provi-
rus (considered the binomial success rate) is significantly different
between the two samples, assuming the proportion of reads ap-
proximately follows a binomial distribution. We then used the
Benjamini-Hochberg false-discovery-rate approach to adjust the
Pvalues for multiple tests (75) and expressed the adjusted P values
as Q values for those proviruses that had RPKM values above 0.02.
The false-discovery-rate control is a statistical method used to
determine if a result would be statistically significant when using
multiple-hypothesis testing or different testing methods to com-
pare results. In findings where a null hypothesis is rejected, for
example, the false discovery rate controls the expected proportion
of incorrectly rejected null hypotheses (false discoveries). As such,
it controls the number of false discoveries (or false positives) in
those tests that result in a significant result. A false-discovery-rate-
adjusted P value (or Q value) of 0.05 implies that 5% of significant
tests will result in false positives. Removal of proviruses with zero
as the RPKM value resulted in 70 candidates that were differen-
tially modified by Tat (Fig. 1). Using a Q value cutoff of =0.05, we
determined that the expression levels of 38 proviruses were signif-
icantly different between Tat and vehicle treatments (Table 5). Tat
treatment induced the expression of 26 unique read-mapping
proviruses and caused the silencing of 12 unique proviruses com-
pared to vehicle treatment (Fig. 1). These results suggest that Tat
treatment, in addition to activating, also represses HERV-K
(HML-2) expression. Interestingly, of these activated proviruses,
K108 and K115 (considered among the most likely candidates to
remain replication competent in modern humans) (76-79) are
significantly activated by Tat treatment. K109 and K113, also
likely candidates for replication competence (76, 77, 79, 80), had
RPKM values below our limit of detection or were not able to be
analyzed in this study, respectively. K113 is the most recent germ
line integration known (10, 76), with an allele frequency of ~16%
in the population (10, 76); thus, it is not yet fixed in the human
population. As such, it is possible that K113 is not present in the
genome of the PBL donor.

qRT-PCR validation of specific HERV-K (HML-2) provirus
activation and silencing by HIV-1 Tat corroborates RNA-Seq
data analysis. RNA-Seq results were validated via two-step qRT-
PCR, using PBLs from six additional donors. First, we looked for
regions in the HERV-K (HML-2) proviruses with an RPKM of
=0.02 in the Tat treatment that had sufficient sequence diversity
to allow for the design of QRT-PCR primers specific to a given
provirus. Only 8 of the 35 proviruses fit this description: 3p12.3,
4q32.1, 5pl12, 6p11.2 (K23), 7q34 (KOLD/ERVK-15), 8qll.1
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(K70/K43),11q12.3 (KOLD), and 16p13.3 (KOLD). Among these
proviruses, five (3p12.3,4q32.1,7q34, 11q12.3,and 16p13.3) were
upregulated by Tat treatment as measured by RNA-Seq, while
three (5p12, 6p11.2,and 8q11.1) were downregulated or appeared
to be silenced by said treatment with Tat. We designed specific
primers to target these eight proviruses, validated their efficiency
for amplification through comparison of equivalency with refer-
ence gene primers (data not shown), and validated the provirus-
specific PCR amplification by direct sequencing. The quantitative
expression of these proviruses by two-step qRT-PCR from the
RNA (cDNA) used for RNA-Seq, as well as from the PBLs of six
additional healthy volunteers, showed similar patterns of expres-
sion overall: the HERV-K (HML-2) proviruses that were upregu-
lated by RNA-Seq also were upregulated as analyzed by QqRT-PCR
and vice versa (Fig. 2). In fact, fold increases were very similar to
those obtained by RNA-Seq (where it was able to be calculated;
fold values in parentheses in Fig. 2A correspond to fold values
obtained from RNA-Seq). The same held true for those proviruses
that were downregulated by Tat (Fig. 2B). PCR products were sent
for sequence verification and confirmed as the single provirus
product the primers were targeting. It is interesting that the RNA
sample from the PBLs used for the RNA-Seq experiment showed
almost the same fold activation when determined by two-step
qRT-PCR as that calculated from RNA-Seq differential expression
determination, and the proviruses 5p12, 6p11.2, and 8q11.1 were
undetectable (data not shown). Additional healthy volunteer PBL
RNA samples showed that proviruses 5p12, 6p11.2, and 8ql1.1
could indeed be detected by two-step qRT-PCR, although they
were clearly downregulated (Fig. 2B). As a control for Tat func-
tion, we also measured genes whose RNA expression has been
shown to be downregulated by Tat, class I major histocompatibil-
ity (MHC) molecules. We observed that in the PBLs from approx-
imately 50% of the donors, Tat treatment decreased expression of
HLA-A by about 1.5-fold, as measured by qPCR analysis (data not
shown). In PBLs from the other individuals, no significant differ-
ence was seen. The data obtained from RNA-Seq results from the
one subject also show diminished expression of HLA genes (1.20-
to 2.16-fold decreased after Tat treatment). In order to best deter-
mine whether the two transcript analysis methods (i.e., qRT-PCR
and RNA-Seq) are actually correlated, we performed a statistical
analysis. The Wilcoxon matched-pairs signed-rank test was not
sufficiently powered to be used accurately to compare the fold
values for each specific provirus tested in the PBL sample that was
originally used for RNA-Seq, as two of the proviruses measured
have no RPKM values in either the Tat or vehicle treatment
(8ql1.1and 4q32.1, respectively). However, using the Spearman’s
rank correlation test, which assesses how well the relationship be-
tween two variables can be described, we obtained a correlation
coefficient of 1 (n = 6). This means that we have a positive mono-
tonic relationship between the gqRT-PCR data and the RNA-Seq
data where, as the value of one variable increases, so does the value
of the other variable. As such, qRT-PCR and the RNA-Seq data are
positively correlated, and this correlation is significantly different
from zero (P < 0.0001).

While these results point to the fact that donor responsiveness
or sensitivity to Tat treatment might play a role with regard to
which proviruses or additional genes are activated or silenced after
Tat treatment, overall the QRT-PCR data again show strong agree-
ment with the data obtained by RNA-Seq.
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FIG 1 Heat map of the unique sequence HERV-K (HML-2) expression levels in Tat- and vehicle-treated samples (Tat Uniq RPKM and Veh Uniq RPKM),
respectively. Uniquely mapped log, RPKM values were clustered using average linkage hierarchical clustering with the Euclidean distance matrix, as shown in the
hierarchical tree. Proviruses with zero reads under both conditions were removed before clustering, resulting in 70 proviruses. The proviruses with the highest

levels of expression are in white or red.

DISCUSSION

Next-generation sequencing technology has allowed us to an-
alyze the transcriptome of HERV-K (HML-2) proviruses in
response to HIV-1 Tat in peripheral blood lymphocytes. Here,
we show a new strategy for analyzing transcript expression of
specific HERV-K (HML-2) proviruses through RNA-Seq, us-
ing a uniquely compiled list of specific sequences for each pro-
virus. This was performed by normalizing the number of reads
obtained to the size of the transcript fragment (RPKM method)
and then determining how many of the obtained reads aligned
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to a unique sequence in a single provirus at its specific chro-
mosomal location (and not to any other provirus in the ge-
nome). This removes the potential biases that can be obtained
by both the size of the transcripts and the high degree of simi-
larity that all HERV-K (HML-2) proviruses inherently have.
Additionally, we validated the RNA-Seq findings, which were
based on a single donor, with two-step qRT-PCR technology
on several independent donors (seven samples total, including
the one used for RNA-Seq) by designing unique sets of primers
to quantitate the expression of particular proviruses. The pair-
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TABLE 5 Statistical significance of differential expression (either up or down) of proviruses between Tat treatment and vehicle treatment?

Pralue Significance

Chromosome Locus Name and alternate name(s) Unique Max rank Q value

7 7q34 K(OLDAC004979), ERVK-15 1.8742E—63 1.8742E—63 1 1.6868E—61
3 3ql2.3 K(I), ERVK-5 7.9669E—68 7.9669E—68 2 3.5851E—66
1 1q21.3 1q21.3 2.1190E—56 2.1190E—56 3 6.3569E—55
4 4pl16.1b K50c¢ 1.8560E—40 1.8560E—40 4 4.1759E—39
1 1q22 K102, K(C1b), K50a, ERVK-7 6.3468E—34 6.3468E—34 5 1.1424E—32
11 11p15.4 K7 8.2763E—25 8.2763E—25 6 1.2414E—23
11 11q12.3 K(OLDAC004127) 8.1670E—20 8.1670E—20 7 1.0500E—18
3 3pl2.3 3pl2.3 1.4842E—17 1.4842E—17 8 1.6697E—16
19 19q13.12b K50F 4.7480E—18 4.7480E—18 9 4.7480E—17
8 8q24.3b K29 1.0238E—14 1.0238E—14 10 9.2144E—14
1 1q23.3 K110, K18, K(Cla), ERVK-18 1.3727E—12 1.3727E—12 11 1.1231E—11
14 14q11.2 K(OLDAL136419), K71 6.7613E—11 6.7613E—11 12 5.0710E—10
9 9q34.11 K31 1.6819E—10 1.6819E—10 13 1.1644E—09
7 7q22.2 ERVK-14 2.1008E—10 2.1008E—10 14 1.3505E—09
8 8p23.1d KOLD130352 2.1788E—09 2.1788E—09 15 1.3073E—08
19 19q13.12a 19q13.12a 7.9436E—09 7.9436E—09 16 4.4683E—08
4 4q32.1 4q32.1 1.6633E—07 1.6633E—07 17 8.8058E—07
8 8p23.1c 8p23.1c 2.9556E—07 2.9556E—07 18 1.4778E—06
22 22ql11.21 K101, K(C22), ERVK-24 4.7333E—07 4.7333E—07 19 2.2421E—06
8 8qll.1 K70, K43 1.1955E—06 1.1955E—06 20 5.3795E—06
16 16p13.3 K(OLDAC004034) 1.6706E—06 1.6706E—06 21 7.1599E—06
6 6pl1.2 K23 2.9726E—06 2.9726E—06 22 1.2161E—05
5 5pl2 K8 7.1232E—06 7.1232E—06 23 2.7873E—05
22 22q11.23 K(OLDAP000345), KOLD345 1.0234E—05 1.0234E—05 24 3.8378E—05
10 10p14 K(Cl1a), K33, ERVK-16 3.9553E—07 3.9553E—07 25 1.4239E—06
8 8p23.1a K115, ERVK-8 1.8342E—05 1.8342E—05 26 6.3492E—05
17 17p13.1 17p13.1 2.0446E—04 2.0446E—04 27 6.8154E—04
21 21g21.1 K60, ERVK-23 6.0462E—04 6.0462E—04 28 1.9434E—03
19 19p12a K52 1.7990E—03 1.7990E—03 29 5.5831E—03
1 1p31.1 K4, K116, ERVK-1 2.2897E—03 2.2897E—03 30 6.8692E—03
X Xqll.1 Xqll.1 2.7634E—03 2.7634E—03 31 8.0228E—03
19 19q11 K(C19), ERVK-19 4.0119E—03 4.0119E—03 32 1.1283E—02
12 12q24.33 K42 6.4178E—03 6.4178E—03 33 1.7503E—02
7 7p22.1b K108R, ERVK-6, HERV-K (HML-2).HOM 7.1651E—03 7.1651E—03 34 1.8966E—02
6 6q25.1 6q25.1 1.0955E—02 1.0955E—02 35 2.8170E—02
19 19q13.41 19q13.41 1.4918E—02 1.4918E—02 36 3.7295E—02
2 2q21.1 2q21.1 5.9765E—03 5.9765E—03 37 1.4537E—02
19 19q13.42 LTR13 1.6717E—02 1.6717E—02 38 3.9593E—02

“ The different names shown represent alternative ways to refer to the same virus based on the literature. Tat or vehicle unique RPKM values are the reads that had a single unique
genomic alignment, mapping to a particular provirus, not shared with any other known provirus. P values were calculated after a proportions test (R function), taking total and
unique reads for each treatment. The maximum P value between those tests was selected and corrected for multiple testing using the false discovery rate, generating Q values.
Shown are proviruses with significant differential expression among treatments (Q < 0.05), ordered according to significance rank.

ing of these two techniques allowed us to better understand
which proviruses become activated by HIV-1 Tat treatment, as
well as the magnitude of activation. Of the 91 annotated
HERV-K (HML-2) proviruses, we found that Tat treatment
significantly activates 26 and silences 12. Importantly, the RNA
expression levels detected by RNA-Seq were validated with
high correlation in fold changes by amplification through two-
step QRT-PCR of RNA isolated from 6 additional healthy vol-
unteers, as well as from the same sample used for RNA-Seq
analysis (7 samples total). Our analysis is consistent with the
dual nature of the effect of HIV-1 Tat on cellular genes, as it can
be both an activator and a suppressor protein (81-84). How-
ever, it should be noted that although the expression of a num-
ber of proviruses was downregulated by Tat treatment, the
magnitude of the effect was not as marked as that seen with
activated proviruses, consistent with our earlier observations
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that Tat treatment increases HERV-K (HML-2) expression on
a global level (46). Additionally, it is worth noting that we did
not look in detail for genetic variations, such as SNPs (single-
nucleotide polymorphisms) or any other transcript polymor-
phisms, in the RNA-Seq data. If present in splice sites, for ex-
ample, these modifications to a transcript sequence could affect
the expression level of a transcript and, as such, the RPKM
values a standard transcript sequence receives. As our use of a
Tophat MQ score of 255 implied only unique mapping and not
perfect mapping, it is possible that our expression results are
both higher or lower than presented here if we were to finely
analyze the parameters of inclusion of polymorphism in the
data.

As we know from our previous observations about Tat treatment
of PBLs (46), it is important to note that during HIV-1 infection, Tat
may not be the sole contributor to HERV-K (HML-2) activation, as
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FIG 2 Validation of RNA-Seq data for HERV-K(HML-2)-specific proviruses and HLA-A. Total cellular RNA was isolated from primary cells (PBLs) that were
treated with recombinant Tat protein or vehicle alone for 12 h. RNA was DNase treated, and cDNA was synthesized and amplified by SYBR green two-step
qRT-PCR. Data are expressed as fold increase in RNA (Tat treatment over vehicle alone) (A) or fold decrease in RNA (Tat treatment over vehicle alone) (B), with
the fold written on top of the bar. Numbers in parentheses indicate the fold activation as measured by RNA-Seq for ease of comparison for those proviruses whose
RPKM was not zero in either treatment. (C) Expression of HLA-A RNA in PBLs treated with Tat or vehicle using two groups of PBLs (3 replicates each). PBLs
1 to 3 had a 1.5-fold decrease in RNA expression (2.16-fold decreased by RNA-Seq), and PBLs 4 to 6 had a 0.28-fold increase in HLA-A RNA expression. All
qRT-PCR results were normalized to those for the GAPDH reference gene after analysis using the 2~ 2T method, and relative expression is plotted. Error bars
indicate standard errors of the means for results from the PBLs of seven individual volunteers (except for panel C, which represents three individual samples

each). Significance was calculated by comparing Tat treatment to vehicle treatment using a Student’s t test. Significant results are indicated (*, P < 0.05).

Vifand potential immune responses to the infection may also induce
provirus expression. Tat effects most likely are mediated by cellular
transcription factors, such as NF-kB and NF-AT, and alterations in
chromatin structure (46, 85).

Interestingly, upon examination of proviruses that are acti-
vated by Tat treatment, we observed that some do not contain
viable 5'-LTR promoter regions (i.e., the promoters have large
regions missing or are truncated or mutated). It is known that
proviruses and solo LTRs can be transcribed as part of other cel-
lular transcription units if they are integrated into them (52, 86);
thus, HERV sequences may arise from the sense strand, the anti-
sense strand, or both depending on where active promoters are
present. However, while cellular promoters close to sequences up-
stream of these proviruses might mediate their activation, we do
not have any evidence for that, and further analyses to test this are
being assessed. Meanwhile, several possibilities should be consid-
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ered explanations for the activation of those proviruses lacking a
promoter. First, as stated above, cellular gene promoters (proxi-
mal or distal) could be mediating proviral gene activation, as the
ENCODE gene mapping results have shown for multiple genes
(87, 88). Second, some activation may be due to nearby HERV-K
(HML-2) proviruses. This could be the case for K52 (19q13.12a),
for example. This provirus lacks both 5'- and 3'-LTRs, yet its
expression is detected during HIV-1 Tat treatment. As K52 is
flanked by K(C19) (19q11, which has an intact 3’-LTR) and
KOLD12309 (19q13.12b, which has both LTRs), activation could
be mediated by these proviruses in cis. Lastly, expression could be
mediated by intact 3'-LTRs, by LTRs from retrotransposons, or by
solo LTRs.

Our data, originating from analyses of the HERV-K (HML-2)
Tat-induced transcriptome, make it clear that there is a broad and
complex array of mechanisms at play in the regulation of HERV-K
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(HML-2) expression by HIV-1. We demonstrate that in spite of
the extraordinary degree of sequence similarity between different
HERV-K (HML-2) proviruses, we can accurately use next-gener-
ation sequencing to determine which specific proviruses are mod-
ulated under particular biological conditions. This should prove
helpful for future investigations of the roles of HERV-K (HML-2)
in health and disease.
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