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ABSTRACT

All retroviruses package cellular RNAs into virions. Studies of murine leukemia virus (MLV) revealed that the major host cell RNAs
encapsidated by this simple retrovirus were LTR retrotransposons and noncoding RNAs (ncRNAs). Several classes of ncRNAs
appeared to be packaged by MLV shortly after synthesis, as precursors to tRNAs, small nuclear RNAs, and small nucleolar
RNAs were all enriched in virions. To determine the extent to which the human immunodeficiency virus (HIV-1) packages
similar RNAs, we used high-throughput sequencing to characterize the RNAs within infectious HIV-1 virions produced in
CEM-SS T lymphoblastoid cells. We report that the most abundant cellular RNAs in HIV-1 virions are 7SL RNA and transcripts
from numerous divergent and truncated members of the long interspersed element (LINE) and short interspersed element
(SINE) families of retrotransposons. We also detected precursors to several tRNAs and small nuclear RNAs as well as
transcripts derived from the ribosomal DNA (rDNA) intergenic spacers. We show that packaging of a pre-tRNA requires the
nuclear export receptor Exportin 5, indicating that HIV-1 recruits at least some newly made ncRNAs in the cytoplasm.
Together, our work identifies the set of RNAs packaged by HIV-1 and reveals that early steps in HIV-1 assembly intersect with
host cell ncRNA biogenesis pathways.
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INTRODUCTION et al. 2009; Eckwahl et al. 2015). Many other ncRNAs, such
as the spliceosomal U2 and U6 snRNAs, are packaged in sub-
stoichiometric amounts (Onafuwa-Nuga et al. 2005; Garcia
etal. 2009; Eckwahl et al. 2015). For HIV-1, tRNA profiling re-
vealed that specific nonprimer tRNAs are enriched in virions
(Pavon-Eternod et al. 2010), while deep sequencing of short
(<40 nucleotides [nt]) RNAs revealed that some miRNAs are
selectively packaged (Schopman et al. 2012). Several other
ncRNAs, including 5S rRNA, U6 snRNA, and Y RNAs, have
also been detected in HIV-1 virions (Houzet et al. 2007; Tian
et al. 2007). However, a comprehensive analysis of the RNAs
packaged by HIV-1 has not been reported.

Although the need for a specific packaged tRNA to prime
reverse transcription was identified more than 40 yr ago
(Dahlberg et al. 1974; Faras et al. 1974), the roles of other

All retroviruses package specific host cell RNAs. These RNAs
can account for up to 50% of the virion RNA by mass
(Berkowitz et al. 1996). A cellular RNA packaged by all exam-
ined retroviruses is 7SL, anoncoding RNA (ncRNA) that func-
tions in the cytoplasm as part of a signal recognition particle
(SRP) (Bishop et al. 1970; Erikson et al. 1973; Onafuwa-
Nuga et al. 2005, 2006; Eckwahl et al. 2016). All retroviruses
also package the specific host tRNA needed to prime reverse
transcription of their genomic RNA (gRNA) (Cen et al. 2002).
For MLV, a combination of probing for candidate RNAs
and deep sequencing revealed that the cellular RNAs in viri-
ons consist mostly of ncRNAs and endogenous retrovirus
transcripts (Onafuwa-Nuga et al. 2005; Garcia et al. 2009;
Eckwahl et al. 2015). In addition to 7SL, two classes of
ncRNAs, called Y and vault RNAs, are encapsidated in one or

more copies per virion (Onafuwa-Nuga et al. 2005; Garcia ~ © 2016 Eckwahl et al. This article is distributed exclusively by the RNA
Society for the first 12 months after the full-issue publication date (see
http:/rnajournal.cshlp.org/site/misc/terms.xhtml). After 12 months, it is

Corresponding author: sandra.wolin@yale.edu available under a Creative Commons License (Attribution-NonCommercial
Article published online ahead of print. Article and publication date are at 4.0 International), as described at http:/creativecommons.org/licenses/
http://www.rnajournal.org/cgi/doi/10.1261/rna.057299.116. by-nc/4.0/.

1228 RNA 22:1228-1238; Published by Cold Spring Harbor Laboratory Press for the RNA Society


mailto:sandra.wolin@yale.edu
mailto:sandra.wolin@yale.edu
mailto:sandra.wolin@yale.edu
http://www.rnajournal.org/cgi/doi/10.1261/rna.057299.116
http://www.rnajournal.org/cgi/doi/10.1261/rna.057299.116
http://www.rnajournal.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.rnajournal.org/site/misc/terms.xhtml

RNAs packaged by HIV-1

encapsidated RNAs are not well understood. One role could
be to promote Gag oligomerization, an early step in virus
assembly that occurs in cytosol, before arrival of Gag at the
plasma membrane (Kutluay and Bieniasz 2010; Hendrix
et al. 2015). Although oligomerization is enhanced by RNA
(Campbell and Vogt 1995; Rein et al. 2011; O’Carroll et al.
2012; Sundquist and Krausslich 2012), virus-like particle
(VLP) formation remains efficient when gRNA is absent
or its packaging is prevented (Levin et al. 1974; Mann et al.
1983). Consistent with a role for cellular RNAs in nucleating
virus assembly, in vivo crosslinking revealed that HIV-1 Gag
associates primarily with host cell RNAs in cytosol (Kutluay
et al. 2014). For some retroviruses, cellular RNA may con-
tribute to scaffolding interactions between Gag molecules,
since ribonuclease treatment disrupts MLV, but not HIV-1
cores (Campbell et al. 2001; Muriaux et al. 2001). Whether
specific cellular RNAs normally fulfill these roles, or whether
many packaged RNAs contribute, remains unknown.

Many ncRNAs appear to be recruited for packaging soon
after synthesis, before binding their usual protein partners.
For example, although 7SL is estimated to be present in 14
copies per HIV-1 virion, the SRP54 subunit is below the de-
tection limit (Onafuwa-Nuga et al. 2006). Similarly, although
7SL, Y RNAs, and vault RNAs are all highly enriched in MLV
virions, their protein partners (SRP19, Ro60, and TEP1, re-
spectively) were not detected (Garcia et al. 2009; Eckwahl
et al. 2015). Packaging of 7SL may occur before SRP19 bind-
ing, since overexpressing SRP19, the subunit that stabilizes a
7SL structure required for SRP54 association, significantly re-
duces 7SL packaging by HIV-1 (Wang et al. 2007; Bach et al.
2008; Apolonia et al. 2015). Moreover, although Y RNAs are
unstable in cells lacking Ro60, Y RNA packaging by MLV re-
mains efficient in these cells (Garcia et al. 2009), suggesting
MLV recruits these RNAs prior to Ro60 binding. For MLV,
high-throughput sequencing of virion RNA provided direct
evidence that newly made ncRNAs were selectively encapsi-
dated (Eckwahl et al. 2015). Specifically, 5 and/or 3’ extend-
ed precursors to specific tRNAs, small nuclear RNAs (snRNAs)
and small nucleolar RNAs (snoRNAs) were all strikingly en-
riched in virions, compared with the mature forms of these
RNAs (Eckwahl et al. 2015).

Although many packaged RNAs, including 7SL, U6 snRNA,
and pre-tRNAs, undergo ribonucleoprotein (RNP) assembly
and/or RNA end maturation within nuclei (Hopper 2006),
MLV recruits at least some of these RNAs in cytoplasm.
Experiments in which siRNAs were used to deplete specific
nuclear transport receptors revealed that packaging of pre-
tRNAs and U6 snRNA by MLV required the export receptor
Exportin-5 (XPO5) (Eckwahl et al. 2015). Moreover, deplet-
ing the cytoplasmic exoribonuclease DIS3L2 together with
the nuclease complex known as the RNA exosome caused ab-
errant forms of several ncRNAs to accumulate in cells and
virions, suggesting MLV recruits these RNAs from a pathway
in which excess and/or aberrant newly made ncRNAs are
exported to the cytoplasm for degradation (Eckwahl et al.

2015). For precursors to U2 spliceosomal snRNAs, which un-
dergo nuclear export and re-import as part of their normal
biogenesis (Matera and Wang 2014), virion packaging
decreased when the snRNA-specific export adaptor PHAX
was depleted and increased when snurportin, which adapts
the immature snRNPs for nuclear re-import, was depleted
(Eckwahl et al. 2015). Together, these studies indicated that
MLV packages at least some newly made ncRNAs from
the cytoplasm, in competition with their normal biogenesis,
RNP assembly, and decay pathways.

To determine the extent to which the findings with MLV
can be generalized to a complex retrovirus, we carried out
high-throughput sequencing of RNA isolated from HIV-1 vi-
rions generated in an infected T cell line. Although 7SL RNA
is the most abundant packaged host RNA, HIV-1 also pack-
ages large numbers of transcripts derived from truncated and
divergent repeat elements and intronic sequences. Consistent
with selective packaging of newly made RNAs, several precur-
sors to specific tRNAs and spliceosomal snRNAs are enriched
in virions, as are transcripts from ribosomal DNA (rDNA)
intergenic spacer (IGS) regions. Since depleting the export
receptor XPO5 decreases packaging of an intron-contain-
ing pre-tRNA, HIV-1 also packages at least some nascent
ncRNAs from the cytoplasm. Our characterization of the
HIV-1 “RNA packageome” confirms that retroviruses pack-
age newly made RNAs and sets the stage for elucidating the
functional relevance of these RNAs to the HIV-1 lifecycle.

RESULTS

Characterizing the HIV-1 RNA packageome

To examine virion RNAs, we purified full-length infectious
HIV-1 and used a cDNA synthesis strategy that captures
a wide variety of RNAs in a single library (Eckwahl et al.
2015). To this end, HEK293T cells were transfected with
the full-length molecular clone pNL4-3 (Adachi et al. 1986)
and the resulting virus-containing media used to infect
CEM-SS cells, a T lymphoblastoid cell line that has long been
used to study HIV-1 replication (Nara et al. 1987). After
chronic infection was established, virus was harvested from
CEM-SS culture media and purified on iodixanol gradients.
Virus-containing gradient fractions were identified by the
presence of HIV-1 genomic RNA (gRNA) and 7SL RNA
(Fig. 1A). To allow recovery of a broad range of RNAs,
including mRNAs and ncRNAs with end modifications that
prevent linker ligation, we fragmented the RNA before
reverse transcription (Eckwahl et al. 2015). Although this
cDNA strategy does not recover short (<50 nt) RNAs,
an analysis of miRNA packaging by HIV-1 was reported
(Schopman et al. 2012). As a control, we prepared cDNA
from uninfected media that was harvested and fractionated
in parallel (Fig. 1A).

Bioinformatic analyses of the virion data set revealed that
~51% of reads mapped to the HIV-1 genome while ~35%
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7SL is the major host cell RNA
in virions

To identify the most abundant RNAs in
our data set, we used transcripts per mil-
lion (TPM) to normalize for RNA length
(Li et al. 2010; Patro et al. 2014). Using
this metric, 7SL was the most abundant
packaged RNA, with a TPM that was
sixfold higher than that of HIV gRNA
(Supplemental Table S1), consistent with
the estimate that 7SL is packaged in sev-
enfold molar excess of gRNA (Onafuwa-
Nuga et al. 2006). In addition to 7SL, we
detected other host RNAs reported to
be packaged, including 5S rRNA (Tian
et al. 2007), Ul snRNA (Khan et al.
2007), U6 snRNA (Houzet et al. 2007),
and Y RNAs (Khan et al. 2007; Tian
et al. 2007). We also detected RNAs
not reported previously, including Alu
RNAs, LINEs, the vtRNAI-1 RNA
subunit of cytoplasmic vault RNPs
(Kickhoefer et al. 1998), and the pri-

18,864,104
total reads

5,377,686
reads aligned to human genome

FIGURE 1. Characterizing the RNAs packaged by HIV-1. (A) After harvesting and concentrating
by sedimentation, virions from HIV-infected (left panel) and control uninfected (right) CEM-SS
cells were fractionated in iodixanol gradients. HIV-1-containing fractions were identified using
RNase protection to detect HIV gRNA and 7SL RNA. Asterisks represent fractions used to prepare
cDNA for RNA-seq. (B) Sequencing reads in the HIV-1 data set were aligned sequentially to
the HIV-1 and human (hgl9) genomes. The fraction of reads in each category is shown.
(C) Overview of the alignment of reads from the HIV-1 data set to the human genome. RNAs
in the “others” category include pseudogene transcripts and mitochondrial rRNA.
(D) Alignment of reads from the uninfected control data set to the HIV and human genomes.
(E) Overview of the alignment of reads from the control data set to the human genome.

mapped to the human genome (Fig. 1B). Of the reads that
mapped to the human genome, the largest categories were
repeat element-derived RNAs (such as long interspersed ele-
ments [LINEs] and short interspersed elements [SINEs]),
rRNAs, ncRNAs, and RNAs from intronic regions (Fig.
1C). Consistent with reports that mRNAs are minor virion
components (Onafuwa-Nuga et al. 2006; Rulli et al. 2007),
only 3% of reads derived from mRNA exons (Fig. 1C).
Blasting of some of the virion-derived reads that failed to
align to either the human or HIV-1 genome revealed that
they mostly consisted of HIV-1 or human sequence con-
taining more than the allowed number of nucleotide mis-
matches. In contrast, 71% of reads from the control library
failed to align to either HIV-1 or human genomes and
were largely bacterial in origin. Moreover, those reads from
the control library that aligned to the human genome
were largely derived from rRNA, a common contaminant
(Fig. 1D,E).
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mate-specific snaR-A  RNA (Parrott
et al. 2011). All these RNAs appeared to
be packaged in far lower amounts than
7SL RNA (Supplemental Table S1). A bi-
ological replicate of the HIV-1 library
yielded similar results (Supplemental
Table S1). However, although the primer
tRNA-Lys3/UUU is present in eight cop-
ies per virion (Huang et al. 1994), it was
not abundant in our cDNA. This is con-
sistent with reports that tRNAs, which
are highly structured and contain modifi-
cations that can block reverse transcrip-
tion, are poorly represented in most cDNA (Zheng et al.
2015). Short RNAs (such as tRNAs) may also be underrepre-
sented in our protocol, since they are more likely to be frag-
mented to <50 nt.

To both confirm the RNA-seq data and determine the ex-
tent to which specific RNAs are selectively encapsidated, we
performed Northern blotting. We compared the level of
each RNA in virions with its level in an arbitrary amount
of total cellular RNA. To allow comparisons between dif-
ferent RNAs, the enrichment in virions was normalized to
7SL RNA (Onafuwa-Nuga et al. 2005; Eckwahl et al. 2015).
In contrast to MLV, where several host ncRNAs, such as Y
RNAs and the mouse vault RNA, are similar to 7SL in virion
enrichment (Onafuwa-Nuga et al. 2005; Eckwahl et al. 2015),
all examined RNAs were far less enriched than either 7SL or
the primer tRNA™". For example, although 58 rRNA and
the Ul and U6 spliceosomal snRNAs are all abundant in cells,
these RNAs were only detected in virions on long exposures
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of the blots and were at least 100-fold less enriched as 7SL
(Fig. 2A,B and not shown). Similarly, although we could con-
firm the presence of vtRNAI-1 and snaR-A in virions by
Northern blotting, these RNAs were at least 10-fold less en-
riched than 7SL (Fig. 2B). The four human Y RNAs were
also poorly recruited, as hY1 and hY5 were not detected
in virions and hY3 and hY5 were not enriched over their
levels in uninfected cell media (Fig. 2C). Thus, although Y
RNAs and vault RNA are both stoichiometric components
of MLV virions (Garcia et al. 2009; Eckwahl et al. 2015)
and U6 snRNA is present in 1 copy per RSV virion (Giles
etal. 2004), these ncRNAs do not appear to be major compo-
nents of our HIV-1 virions.

Because several of these ncRNAs were detected previously
in HIV-1 virions produced by transfecting HEK293T cells
with proviral clones (Houzet et al. 2007; Khan et al. 2007;
Tian et al. 2007; Bach et al. 2008; Apolonia et al. 2015), we
determined whether encapsidation of the RNAs increased
under these conditions. After transfecting HEK293T cells
with pNL4-3 and purifying the resulting virus, Northern
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FIGURE 2. Most host cell ncRNAs are less enriched in virions than 7SL
RNA. (A-D) Northern blotting was used to compare the levels of spe-
cific ncRNAs in virions (lane 4) with their levels in an arbitrary amount
of cellular RNA (lane 2). As controls, we examined RNA from uninfect-
ed cells (lane 1) and from the culture media of these cells (lane 3). To
facilitate comparisons between RNAs, the enrichment of each RNA
was normalized to that of 7SL RNA. (A-C) Analyses of virus produced
in infected and uninfected CEM-SS cells. (D) Analyses of virus produced
by transfecting HEK293T cells with pNL4-3.

blotting revealed that vtRNA1l-1 and snaR-A were both
more selectively packaged in these virions than in CEM-SS
cell-derived virions (Fig. 2D). However, all other examined
ncRNAs, including U1, U6, and 5S and the four Y RNAs, re-
mained far less virion-enriched than 7SL. Thus, although the
selectivity with which specific ncRNAs are encapsidated
can vary when HIV-1 assembles in different cell types, 7SL
RNA is the only examined ncRNA that is highly enriched
in virions from both cell lines.

HIV-1 encapsidates transcripts from divergent
and truncated repeat elements

Since reads derived from repeat element transcripts were
abundant in our library (Fig. 1C), we determined which clas-
ses of elements were most represented. The largest number
of reads derived from long interspersed elements (LINEs);
however, other classes such as short interspersed elements
(SINEs), long terminal repeat (LTR) retrotransposons, satel-
lites, and DNA transposon transcripts were also present (Fig.
3A). Using TPM to normalize for RNA length (Supplemental
Table S1), the major repeat RNAs were transcripts of Alu
and LINE-1 (L1) elements. Human genomes contain more
than 1 million Alu and 0.5 million L1 elements; however,
most are not active in retrotransposition (Roy-Engel 2012).
Although the two oldest Alu subfamilies (Alu ] and AluS)
can be active transcriptionally, only members of the youngest
subfamily (AluY) are associated with insertions that cause
human disease (Roy-Engel 2012). In the case of L1s, most
genomic copies are truncated and/or contain inactivating
mutations, and only 80-100 elements are capable of retro-
transposition (Hancks and Kazazian 2012).

Since our data set contained many reads derived from
AluY elements and the youngest L1 elements, the human-
specific L1s (L1Hs) (Supplemental Table S1), we determined
if full-length, potentially active RNAs could be encapsidated
selectively. First, to establish if reads covering the entire
length of these elements were present, we mapped reads to the
human genome using conditions where each read can align
to all complementary sites (“multimapping”; see Materials
and Methods). This revealed that our sequencing reads cov-
ered the full 6 kb of an active L1Hs element (Dombroski et al.
1993), while others mapped throughout a consensus AluY
element (Fig. 3B,C). However, compared to the ~1.8 million
reads mapping to the two 7SL genes (Fig. 3D), relatively few
reads mapped to these potentially active repeat elements, sug-
gesting that full-length L1Hs and AluY RNAs were not abun-
dant in virions. Instead, most LINE- and Alu-derived reads
mapped to discrete sites on thousands of divergent and often
truncated LINE and Alu elements (e.g., Fig. 3E,F).

We used reverse transcription followed by quantitative
PCR (RT-qPCR) to determine whether L1 and Alu tran-
scripts were encapsidated selectively. Both L1 and AluY tran-
scripts were only slightly more enriched in virions than actin
mRNA, which is encapsidated nonselectively (Onafuwa-
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HIV-1 packages pre-snRNAs,
transcripts from rDNA intergenic G
spacers, and pre-tRNAs

Similar to MLV (Eckwahl et al. 2015),
some reads in our HIV-1 data set were de-
rived from ncRNA precursors that are
usually rare in cells. For example, some
reads originated from 3" extended forms
of the spliceosomal Ul snRNA. Human
Ul snRNAs are encoded by a multicopy
gene family located on the short arm of
chromosome 1, while some pseudogenes
and variant genes cluster on the long arm
at 1q12-21 (Lindgren et al. 1985; O’Reilly
et al. 2013). Our data set contained reads
derived from both “wild-type” Ul genes
(RNUI1-1) and a variant locus (RNvU6-
8) (Fig. 4A). Interestingly, both the wild-
type and variant Ul RNAs appeared to
be packaged as 3’ extended pre-snRNAs. Normally, following
RNA polymerase II termination, nascent Ul RNAs are cleaved
by the “integrator complex” to form precursors with ~10 ad-
ditional nt (Matera and Wang 2014). For both the wild-type
and variant Ul transcripts, reads containing at least 30 nt
beyond the mature 3’ end were present in virions, indicating
they were derived from RNAs that had not undergone this
cleavage event. We also detected reads derived from the U6
splicecosomal snRNA, which is transcribed by RNA poly-
merase III (Mroczek and Dziembowski 2013), that extend
more than 60 nt past the termination site (arrow, Fig. 4B).
We also obtained evidence that HIV-1 packages nascent
transcripts from the rDNA locus. In humans, the ~400
rRNA genes are organized in tandem repeats that encode
45S pre-rRNA, a ~13 kb RNA polymerase I (Pol I) transcript

0.5

level normalized to 7SL

0.0
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FIGURE 3. Packaging of transcripts from repetitive elements. (A) Composition of repeat ele-
ment-derived reads in the HIV-1 data set. (B—D) Reads aligning to a full-length L1Hs (B;
chr8:73787793-73793823), to a consensus AluY (C; chr14:31943010-31943320) and to
RN7SLI, one of two genes encoding 7SL RNA (D; chr14:50,053,298-50,053,597) were visualized
with the University of California at Santa Cruz (UCSC) genome browser. Arrows, transcription
direction. Y-axis, read depth. (E,F) Reads aligning to a truncated and divergent LINE element (E;
chr17:70,697,347-70,697,477) and a divergent AluSc element (F; chr2:141,573,687-141,573,984)
were visualized using the UCSC genome browser. (G,H) RT-qPCR was used to determine the en-
richment of consensus L1Hs and AluY transcripts (G) and the divergent LINE (H) in virions,
compared to 7SL RNA. Virions were produced in CEM-SS cells. Actin, a nonselectively packaged
mRNA (Onafuwa-Nuga et al. 2006), was a negative control.

that is matured to become 18S, 5.8S, and 28S rRNAs,
followed by a ~30-kb intergenic spacer (IGS) (Fig. 4C;
Grummt et al. 1985). Although Pol I normally terminates
several hundred bp downstream from the 28S rRNA 3’ end,
read-through transcripts extending through the IGS become
prominent during heat shock and several other forms of
stress (Labhart and Reeder 1987; Parker and Bond 1989;
Audas et al. 2012). Remarkably, in addition to many reads
mapping to mature rRNAs, reads mapping throughout the
IGS were detected in our virion data set but not in media
from uninfected cells (Fig. 4D).

To determine whether the 3’ extended U snRNAs and
rDNA IGS transcripts were selectively encapsidated, we per-
formed RT-qPCR. Although mature Ul and U6 snRNAs
were not enriched in virions (Fig. 2A), the 3’-extended
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A RNUI-1 U1 3 end

TTGTGGTAGTGGGGGACTGCGTTCGCGCTTTCCCCTGACTTTCTGGAGTTTCAAAAACAGACTGTACGCCAAGGGTCA
TCGCGCTTTCCCCTGACTTTCTGGAGTTTCAAAAACAGACTGTAT (18)

RNVU1-6 U1 3’ end
\

* * *
TTGTGGCAGTGGTAGACTGCATTCGCGCTTTCCCCTGTATTTTTGTCGTTTTAAAAATAGGTTTTGTTTGCTGCAGAA
TTGTGGCAGTGGTAGACTGCATTCGCGCTTTCCCCTGTATTTTTGTCGTT (30)
GCATTCGCGCTTTCCCCTGTATTTTTGTCGTTTTAAAAATAGGTTTTGTT (13)
CGCGCTTTCCCCTGTATTTTTGTCGTTTTAAAAATAGGTTTTGTTTGCTG (27)

B RNU6-8 U3 end
\

GTTCCATATTTTGCGCAGTCTGTCAAGATCATTTCAGTATCTGCTAATTAGTACTAAGGAAACAGTGTGAATCTAAGC
CATATTTTGCGCAGTCTGTCAAGATCATTTCAGTATCTGCTAATTAGTAC (29)
CTGTCAAGATCATTTCAGTATCTGCTAATTAGTACTAAGGAAACAGTGTG
ATCATTTCAGTATCTGCTAATTAGTACTAAGGAAACAGTGTGAATCTAAG (5)
TCATTTCAGTATCTGCTAATTAGTACTAAGGAAACAGTGTGAATCTAAGC (8)
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FIGURE 4. HIV-1 selectively encapsidates pre-snRNAs and rDNA IGS transcripts. (A) Reads
derived from transcription of the major U1l snRNA genes (RNU1-1; fop group) and a variant lo-
cus (RNVU1-6; bottom group). The RNU1-1 and RNVU1-6 gene sequences are in bold type, with
the mature Ul 3’ end indicated by an arrow. Parentheses, number of identical reads. Asterisks
represent nucleotides that differ from the wild-type Ul snRNA. Reads mapping to the RNU1-
1 locus contain a nontemplated T at the 3’ end (underline). The extra T could derive from
oligouridylation of pre-Ul snRNAs by terminal U transferases or could reflect the fact that
only a fraction of the tandemly repeated U1 loci are part of the current human genome assembly.
(B) Reads aligning to the U6 locus at chrl4: 32,672,370-32,672,475. The RNU6-8 genomic
sequence is on top (bold type). The arrow indicates the mature 3’ end. (C) Reads aligned to
rDNA (chrUn_gl000220:105,424-157,100). The positions of two 45S rRNA precursors are indi-
cated. The boxed region is shown in more detail in D. (D) Reads mapping to the rDNA IGS.
To visualize the IGS transcripts, the read depth from the mature rRNAs was truncated. (E-G)
RT-qPCR was used to determine the enrichment of 3’-extended U1 and U6 snRNAs (E), mature
rRNAs (F), and IGS transcripts in virions produced in CEM-SS cells (G). All values were normal-
ized to 7SL RNA. Actin, a randomly encapsidated mRNA.

form of the variant U1 snRNA was nearly 3.5-fold more en-
riched than 7SL RNA, while 3’ extended U6 snRNAs were
nearly as enriched as 7SL RNA (Fig. 4E). Similarly, although
mature 18S, 5.8S, and 28S rRNA are not enriched in virions
(Fig. 4F), IGS transcripts are comparable to 7SL RNA in their
virion enrichment (Fig. 4G). Notably, the levels of IGS tran-

scripts were not significantly different be-
tween infected and uninfected cells,
indicating these transcripts do not in-
crease during HIV-1 infection (Fig. 4G).

HIV also selectively packages speci-
fic pre-tRNAs. As described for MLV
(Eckwahl et al. 2015), some tRNA-de-
rived reads in our data set contained 5’
or 3’ extensions and/or introns. Using
Northern blotting, we demonstrated that
the precursor form of tRNA-Ser-UGA
(containing 5" and 3’ extensions) was ap-
proximately one-third as enriched as 7SL
RNA and far more enriched in virions
than the mature tRNA (Fig. 5A). We also
detected several intron-containing pre-
tRNAs in virions produced by transfect-
ing HEK293T cells with a HIV expression
plasmid in which env was replaced by
a puromycin cassette (pHIV-GPP; Fig.
5B-D). Although the pre-tRNAs are far
less abundant in cellular RNA than the
mature tRNAs, the primary transcripts
(containing introns and 5" and 3’ exten-
sions) encoding tRNA-Ile-UAU, tRNA-
Tyr-GUA, and Leu-CAA were all more
selectively packaged than their respective
mature versions (Fig. 5B-D). Consistent
with encapsidation shortly after synthesis,
the primary transcripts of tRNA-Tyr-
GUA and tRNA-Leu-CAA were also pack-
aged more selectively than processing
intermediates that had undergone splic-
ing but not end maturation (Fig. 5C,D).
Additionally, although the cleaved tRNA-
Leu-CAA 3’ half was below the level of
detection in cellular RNA, it was present
in virions (Fig. 5D).

Together with reports that 7SL is pack-
aged by HIV-1 without SRP54 (Onafuwa-
Nuga et al. 2006), and that overexpres-
sion of SRP19 prevents 7SL encapsida-
tion (Wang et al. 2007; Bach et al. 2008;
Apolonia et al. 2015), our finding that
HIV-1 selectively packages pre-snRNAs,
nascent rDNA transcripts, and pre-
tRNAs indicates that HIV-1, similar to
MLV (Eckwahl et al. 2015), preferentially
encapsidates newly made ncRNAs.

HIV packages some pre-tRNAs following nuclear export

Although HIV-1 assembly initiates in the cytoplasm and takes
place largely at the plasma membrane (Kutluay and Bieniasz
2010), many packaged RNAs, including U6, nascent rDNA
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FIGURE 5. HIV-1 packages pre-tRNAs. (A) To determine whether
specific pre-tRNAs were encapsidated selectively, Northern blotting
was used to compare the levels of the precursor and mature forms of
tRNA-Ser-UGA in RNA from HIV-infected CEM-SS cells (lane 2)
and virions (lane 4). As controls, RNA from uninfected cells (lane 1)
and culture media (lane 3) was examined. The probe detects sequences
present in both the mature tRNA and its precursor. Virion enrichment
was normalized to 7SL RNA. (B-D) Northern blotting was used to
determine the levels of precursor and mature forms of tRNA-Ile-UAU
(B), tRNA-Tyr-GUA (C), and tRNA-Leu-CAA (D) in cells (lane 2)
and virions (lane 4) produced in HEK293T cells after transfection
with a proviral plasmid lacking env. RNA from mock-transfected cells
(lane 1) and media (lane 3) was also examined. Intron-containing forms
of pre-tRNA-Ile-UAU (B) and pre-tRNA-Leu-CAA (D) were detected
with oligonucleotides complementary to their intervening sequences
(middle panels), while spliced forms were detected with oligonucleotides
complementary to the spliced anticodon stem—loop (bottom panels). As
the tRNA-Tyr-GUA probe is complementary to 3’ exon sequences, it de-
tects both unspliced and spliced tRNAs. Consistent with a report that
mature tRNA-Ile-UAU is highly enriched in HIV virions relative to its
cellular concentration (Pavon-Eternod et al. 2010), we found that
tRNA-Ile-UAU was more selectively incorporated into virions than
the other mature tRNAs examined.

transcripts, and pre-tRNAs, normally reside in mammalian
nuclei (Hopper 2006). Since MLV packages pre-tRNAs and
U6 from a pathway in which newly made ncRNAs are export-
ed to the cytoplasm for degradation (Eckwahl et al. 2015), we
determined whether nuclear export was required for encapsi-
dation of these same RNAs by HIV-1. Using siRNAs, we de-
pleted HEK293T cells of Exportin-5 (XPO5), which
functions as an export receptor for pre-miRNAs and other
ncRNAs with a short 3" overhang (Lee et al. 2011), and is re-
quired for packaging of pre-tRNAs and U6 snRNAs by MLV
(Eckwahl et al. 2015). As a control, we depleted Exportin-T,
the major export receptor for mature tRNA (Hopper 2006).
After confirming that mRNA depletion was effective, we
transfected the cells with the proviral plasmid lacking env,
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harvested the resulting virions and used Northern blotting
and RT-qPCR to detect specific RNAs (Fig. 6A,B).

Similar to the results with MLV (Eckwahl et al. 2015), the
ratio of 7SL RNA to gRNA in HIV-1 virions was unchanged
upon depleting XPO5 or XPOT (Fig. 6A,B). Northern
blotting revealed that packaging of the most easily detected
pre-tRNA, pre-tRNA-Ile-UAU, decreased 2.2-fold when
XPOS5 was depleted (Fig. 6A,C). Attempts to determine if other
pre-tRNAs decreased in virions were hampered by their low
abundance. Surprisingly, while the amount of U6 snRNA
packaged by MLV decreased twofold when XPO5 was de-
pleted from infected mouse cells (Eckwahl et al. 2015), U6
snRNA packaging by HIV-1 was unaffected (Fig. 6A,C).
Thus, either U6 snRNA utilizes different and/or redundant
export factors in human cells, or HIV-1 acquires this RNA
in nuclei. Nonetheless, our result that pre-tRNA-Ile-UAU
packaging is reduced when XPO5 is depleted reveals that pack-
aging of at least some pre-tRNAs occurs after nuclear export.

DISCUSSION

In this study, we used high-throughput sequencing to obtain a
more complete description of the RNAs packaged by HIV-1.
Using this approach, the major cellular RNAs in virions con-
sist of 7SL and transcripts from repeat elements. Additionally,
several RNA species that are rare in cells, such as pre-tRNAs
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FIGURE 6. Packaging of some pre-tRNAs requires nuclear export.
(A) HEK293T cells were transfected with siRNAs targeting XPOT,
XPO5, or with control nontargeting (NT) RNAs. The following day,
cells were transfected with pHIV-GPP and virions harvested 24-48 h
afterward. RNA extracted from cells (lanes 1-4) and virus (lanes 5-8)
was subjected to Northern blotting to detect the indicated RNAs.
(B) The levels of 7SL RNA in virions were determined by RT-qPCR.
Normalization was to HIVgRNA. Data are mean values from three bio-
logical replicates £ SEM. (C) Quantitation of A. Data are mean values
from three biological replicates + SEM. Loading was normalized to
7SL RNA. (*) P < 0.05, (**) P<0.01, (***) P<0.001 (Student’s #-test).
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and pre-snRNAs, were highly enriched in virions. Together
with reports that 7SL RNA is recruited by both MLV and
HIV-1 before assembling into mature SRP (Onafuwa-Nuga
et al. 2006; Wang et al. 2007; Bach et al. 2008; Apolonia
et al. 2015; Eckwahl et al. 2015) and that many nascent
ncRNAs are enriched in MLV virions (Garcia et al. 2009; Eck-
wahl et al. 2015), our data suggest that the encapsidation of
newly made RNAs may be a general property of retroviruses.

One theme that emerges from these studies is that forms
of RNAs that are rare and difficult to detect in cells are strik-
ingly enriched in virions. Some RNAs, such as Ul snRNAs
that have not undergone 3’ cleavage, have only been detected
previously when snRNP assembly was blocked with protein
synthesis inhibitors (Yong et al. 2010) or the catalytic subunit
of the integrator complex was depleted (Baillat et al. 2005).
Other RNAs, such as transcripts from the rDNA IGS, have pri-
marily been detected in response to environmental stressors
such as heat-shock and acidosis (Labhart and Reeder 1987;
Parker and Bond 1989; Audas et al. 2012). Our finding that
these unusual RNAs do not increase in virus-infected cells
(Fig. 4) underscores the selectivity of their virion packaging.
Moreover, if 7SL RNA is indeed recruited into virions before
assembling with most core SRP proteins (Onafuwa-Nuga et al.
2006; Wang et al. 2007; Bach et al. 2008; Apolonia et al. 2015;
Eckwahl etal. 2015), retroviruses encapsidate a SRP biogenesis
intermediate that has not otherwise been detected in cells.

Why might retroviruses package these very rare RNAs?
There is much evidence that RNA binding promotes Gag
oligomerization (Campbell and Vogt 1995; Rein et al. 2011;
Hendrix et al. 2015); however, the identities of the responsi-
ble RNAs remain unknown. As noted previously (Eckwahl
et al. 2015; Eckwahl et al. 2016), newly synthesized RNAs
that have not bound their usual protein partners may be
more likely than components of mature RNPs to have the
15-16 nt of protein-free RNA that is needed for Gag multi-
merization in vitro (Campbell and Rein 1999; Ma and Vogt
2002). In support of this idea, crosslinking experiments per-
formed in living cells revealed that the major Gag-interacting
RNAs in cytosol are host ncRNAs, particularly tRNAs and
7SL RNA (Kutluay et al. 2014). Although the tRNA crosslinks
were largely dependent on Matrix, a Gag domain dispensable
for forming oligomers, crosslinks to most other host RNAs
were strongly reduced by mutations in nucleocapsid (NC),
a domain important for oligomer formation (Kutluay et al.
2014; Hendrix et al. 2015).

The packaged RNAs could also have other roles. Encap-
sidation of the host cell restriction factors APOBEC3F and
APOBEC3G into HIV-1 virions requires RNA, and it was
shown recently that many cellular RNAs are capable of
mediating packaging (Apolonia et al. 2015). Since, in vitro,
APOBEC3G requires at least 10 nt of G-rich single-stranded
RNA to form ternary complexes with NC (Bogerd and Cullen
2008), newly made ncRNAs could be the RNAs that have suf-
ficient stretches of protein-free single-stranded RNA to con-
fer packaging of APOBEC3 proteins in vivo. Packaging of

newly synthesized RNAs could also potentially impact infec-
tivity. For example, if, as we showed for MLV (Eckwahl et al.
2015), many host RNAs are recruited from a cytoplasmic
decay pathway, these RNAs may have the accessible, pro-
tein-free 3’ ends that allow degradation by 3’ to 5" exoribonu-
cleases (Wolin et al. 2012). In this case, nascent RNAs could
potentially function as decoys to prevent cytosolic exoribo-
nucleases from degrading incoming gRNA. Finally, packaged
RNAs that are RNA polymerase III transcripts, such as 7SL
and pre-tRNAs, should contain 5’ triphosphates and thus
could theoretically interact with cytosolic innate immune
sensors such as RIG-I.

Remarkably, about half the cellular RNA packaged by
HIV-1 derived from repeat sequences, particularly LINEs
and SINEs. In contrast, although MLV packaged a similar
fraction of repeat-derived RNAs (Eckwahl et al. 2015), most
transcripts were members of the VL30 family of LTR retro-
transposons, a class of endogenous retroviruses long known
to be packaged by type C retroviruses (French and Norton
1997), and LINEs were not prominent. As there are con-
siderable differences in the expression of repeat element tran-
scripts between mice and humans, and also between different
human tissues and cell types (Faulkner et al. 2009), we do not
know if the observed variations in encapsidated RNAs result
from differences in retrotransposon expression between the
various producer cells or are inherent to the viruses studied.
Because of difficulties in unambiguously detecting transcripts
from divergent and truncated Alu and LINE elements, we
also do not know the extent to which these transcripts are se-
lectively recruited into virions, rather than nonselectively
encapsidated. However, if transcripts from divergent retro-
transposons resemble newly synthesized host ncRNAs in hav-
ing stretches of accessible protein-free single-stranded RNA,
they could function similarly to assist Gag multimerization.

Although some pre-tRNAs are packaged after nuclear
export, we do not yet know where HIV-1 encounters other
RNAs. SRP normally assembles with five of the six SRP sub-
units in nucleoli, after which this partly assembled complex
is exported to the cytoplasm by CRM1 in yeast and by XPO5
in vertebrates (Politz et al. 2000; Grosshans et al. 2001;
Takeiwa et al. 2015). As XPO5 depletion did not affect 7SL
packaging (Fig. 6), one possibility is that HIV-1 encounters
7SL and other nascent RNAs in nuclei to form RNPs that are
exported independently of XPO5. Possibly consistent with
this idea, HIV-1 Gag has been detected in nuclei under
some conditions, although whether HIV-1 Gag normally tra-
verses the nucleus remains controversial (Stake et al. 2013).
Importantly, 7SL RNA packaging into HIV-1 VLPs remains
efficient when gRNA is absent (Onafuwa-Nuga et al. 2006),
ruling out mechanisms in which the newly made RNA access-
es the cytoplasm by base-pairing with gRNA. A final possi-
bility is that 7SL, U6, and other newly made RNAs access
the cytoplasm using an export receptor we have not yet tested
and/or that they can utilize multiple receptors with overlap-
ping specificities.
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Lastly, our findings that 7SL is both the most abundantly
packaged host RNA and is highly enriched relative to its
cellular concentration raises the question as to whether the
packaged 7SL confers some advantage during HIV-1 replica-
tion. Consistent with a functional role, 7SL encapsidation
by HIV-1 involves specific RNA structural features and is
also saturable, since truncated 7SL RNAs containing only
the “Alu domain” compete with the endogenous full-length
RNA for packaging (Keene and Telesnitsky 2012). Although
7SL packaging can be reduced by ~90% without affecting
virus production or infectivity, these studies involved virus
produced in HEK293T cells and infectivity assays performed
in HelLa cell lines (Wang et al. 2007; Apolonia et al. 2015).
Thus, it remains possible that the packaged RNA contributes
to HIV-1 replication in more physiologically relevant cell
types or confers an advantage during some types of envi-
ronmental stress. Moreover, our finding that several other
host ncRNAs, such as vault RNA and snaR-A, are nearly as
enriched as 7SL in virions produced in HEK293T cells raises
the question as to whether these RNAs have specific roles
when HIV-1 replicates in some cell types. Our identification
of the RNAs packaged by HIV-1 lays the groundwork for
experiments that address these questions.

MATERIALS AND METHODS

Cells and viruses

HEK293T cells were maintained in Dulbecco’s modified Eagle’s me-
dium (Invitrogen) containing 10% fetal bovine serum, 100 U/mL
penicillin-streptomycin and 2 mM L-glutamine. CEM-SS cells
(Nara et al. 1987) were grown in Roswell Park Memorial Institute
1640 medium (Invitrogen) supplemented with 10% fetal bovine se-
rum and 50 pg/mL gentamicin. After harvesting, media was passed
through 0.2-pm filters and stored at —80°C until use.

To produce virus for infecting CEM-SS cells, HEK293T cells were
cultured to 70% confluency in 10 cm” dishes and transfected with
3 ug pNL4-3 DNA (Adachi et al. 1986) and polyethylenimine (PEIL,
PolySciences) as previously described (Keene et al. 2010). Virus-
containing supernatant was harvested after 48 h. Virus was quan-
titated using a qQPCR-based reverse transcriptase (RT) assay (Ver-
meire et al. 2012), using HIV-1-containing media with known
concentrations of CA-p24 as standards. Afterward, virus equivalent
to 1 ng CA-p24 was used to infect 2 x 10° CEM-SS cells. Establish-
ment of chronically infected cultures was monitored using the
qPCR-based RT assay. After virus concentrations plateaued, virus
and cells were harvested. Filtered culture media were concentrated
by centrifugation through a sucrose cushion and purified on a con-
tinuous gradient of 8%—22% iodixanol (Optiprep; Sigma-Aldrich)
as previously described (Eckwahl et al. 2015).

To generate full-length infectious virus from HEK293T cells,
these cells were transfected with either pNL4-3 or empty vector
pCR3.1 (Invitrogen) using PEI and harvested 48 h later. Viral super-
natants were concentrated and gradient-purified as above. To
produce noninfectious virus in HEK293T cells under BSL-2 condi-
tions, the plasmid pHIV-GPP (called HIV-1 NL4-3 helper construct
in Lu et al. [2011]), an HIV-1 proviral clone in which env was re-
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placed by a puromycin resistance cassette, was transfected using
PEI as previously described (Keene et al. 2010). Virions were har-
vested between 24 and 48 h after transfection with pHIV-GPP, while
cells were harvested after 48 h.

Library preparation and RNA-seq

After adding ERCC (External RNA Controls Consortium) RNA
Spike-In Mix (Ambion, Life Technologies), RNA was fragmented
and ¢cDNA prepared as previously described (Eckwahl et al. 2015).
Libraries were amplified with 20 PCR cycles and purified using the
Nucleospin gel purification kit (Machery-Nagel). Samples were
quantitated using the KAPA library quantification kit (Kapa Biosys-
tems), spiked with 20% PhiX Sequencing Control (Invitrogen), and
sequenced for 75 bases on an Illumina HiSeq 2500 at the Yale Center
for Genome Analysis. After demultiplexing libraries based on the in-
dex sequences, adapters were removed (FASTX-toolkit) and reads
aligned using the Burroughs-Wheeler Alignment (BWA) tool (Li
and Durbin 2009). After filtering reads that mapped to PhiX and
ERCC controls, the remaining reads were mapped to the HIV-1 ge-
nome (AF324493.2) and then to the human hgl9 assembly.
BEDTools (Quinlan and Hall 2010) was used to assign reads to geno-
mic features, while Sailfish (Patro et al. 2014) was used to determine
transcripts per million (TPM) (Li et al. 2010). To examine the extent
to which full-length repeat transcripts could be present, reads were
multimapped using Bowtie (Langmead et al. 2009), allowing <3
mismatches.

RNase protection, Northern analysis, and RT-qPCR

After extracting RNA in iodixanol gradient fractions using TRIzol
(Invitrogen), RNase protection was carried out to identify HIV-con-
taining fractions. To generate riboprobes to detect HIV-1 gRNA and
7SL RNA, plasmids pSKh72a and pSKh78 were linearized with
BamH]1 and transcribed with T7 polymerase (Promega) in the pres-
ence of [a->*P]rCTP. The resulting riboprobes are complementary
to 201 nt of HIV-1 gag (CA/sp/NC) and nts C116—-C217 in the S
domain of 7SL RNA. RNase protection was carried out as previously
described (Garcia et al. 2009).

For Northern analyses of RNAs present in infectious HIV-1 viri-
ons, RNA was prepared from iodixanol gradient fractions as
described above. For experiments analyzing RNAs packaged by non-
infectious HIV-1 produced in HEK293T cells, virus was concentrated
by sedimenting the filtered media through a sucrose cushion as pre-
viously described (Eckwahl et al. 2015). Afterward, RNA was extract-
ed from the viral pellets using TRIzol. Total RNA was prepared from
~85% confluent cells using TRIzol. Afterward, RNAs were separated
in 6% polyacrylamide-8.3 M urea gels and transferred to Hybond-N
(Amersham) as previously described (Eckwahl etal. 2015). Blots were
hybridized with [**P]-labeled oligonucleotides as previously de-
scribed (Tarnetal. 1995). Probes are listed in Supplemental Table S2.

For experiments examining ncRNA levels by RT-qPCR, RNA was
treated with DNase I (Roche), primed with random hexamers
(Promega) and reverse-transcribed using SuperScript III with an
annealing temperature of 65°C. To measure mRNA levels after
siRNA-depletions, DNase-treated RNA was reverse-transcribed us-
ing the iScript cDNA synthesis kit (Bio-Rad). qPCR was carried out
using a SYBR Green real-time PCR master mix (Bio-Rad). Primers
for RT-qPCR are listed in Supplemental Table S2. The primers used
to detect consensus L1Hs were described (Wissing et al. 2012). The
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primers used to detect AluY sequences were modified from previ-
ously described primers (Macia et al. 2011).

siRNA transfections

Smartpool siRNAs for XPOT, XPOS5, and nontargeting control
siRNA #3 were from Dharmacon. siRNA transfections were carried
out with Lipofectamine RNAIMAX (Invitrogen) and 20 nM siRNA
as previously described (Eckwahl et al. 2015). After 24 h, cells were
transfected with pHIV-GPP using PEI as previously described
(Keene et al. 2010). Virions were harvested between 24 and 48 h after
transfection with pHIV-GPP, while cells were harvested after 48 h.

DATA DEPOSITION

The sequencing data have been deposited in the NCBI Sequence
Read Archive (SRA) under accession number SRP074288.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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