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ABSTRACT

LTR retrotransposons are repetitive DNA elements
comprising ~10% of the human genome. However,
LTR sequences are disproportionately present in hu-
man long, non-coding RNAs (IncRNAs). Whether and
how the LTR IncRNAs serve biological functions are
largely unknown. Here we show that in primary hu-
man erythroblasts, IncRNAs transcribed from the
LTR retrotransposons of ERV-9 human endogenous
retrovirus activated transcription of key erythroid
genes and modulated ex vivo erythropoiesis. To dis-
sect the functional mechanism of ERV-9 IncRNAs, we
performed genome-wide RNA and ChIRP analyses
before and after global knockdown or locus-specific
deletion of ERV-9 IncRNAs in human erythroblasts
carrying ~4000 copies of the ERV-9 LTRs and in
transgenic mouse erythroblasts carrying a single
copy of the primate-specific ERV-9 LTR in the 100
kb human -globin gene locus. We found that ERV-9
IncRNAs acted in cis to stabilize assembly of the ERV-
9 LTR enhancer complex and facilitate long-range
LTR enhancer function in activating transcription of
downstream, cis-linked globin genes. Our findings
suggested that LTR IncRNAs transcribed from many
of the 4000 copies of ERV-9 LTR retrotransposons
acted by a similar cis mechanism to modulate LTR en-
hancer function in activating transcription of down-
stream genes critical to cellular processes including
erythropoiesis.

INTRODUCTION

Retrotransposons including Alus, L1s and solitary long ter-
minal repeats (LTRs) of human endogenous retroviruses
(HERVs) comprise over 40% of the human genome (1-3).
Retrotransposons are transcriptional regulators capable of
initiating RNA synthesis, as the Alus contain RNA poly-
merase 11l promoters, the L1s RNA polymerase II (pol II)
promoters and the solitary LTRs both pol II promoters and
enhancers (1). Indeed, a recent survey of long, intergenic,
noncoding IncRNAs (aka lincRNAs) finds that over 80%
of human IncRNAs contain retrotransposon sequences (4).
Although the solitary LTRs comprise ~10% of the hu-
man genome and thus a minor portion of the retrotrans-
posons, LTR sequences are disproportionally represented
in the IncRNAs (4), likely due to presence of both promot-
ers and enhancers in the LTRs (1,5). Whether and how the
LTR IncRNAs perform biological functions are largely un-
known.

The solitary ERV-9 LTR (aka LTR12 or pTRYS) retro-
transposons, derived from the ERV-9 HERYV, are present
in the human genome at ~4000 copies distributed across
all human chromosomes (2,6). The ERV-9 LTR contains
the U3, R and U5 regions characteristic of retroviral LTRs
but no retroviral genes (7). The U3 regions of ERV-9 LTRs
span the retroviral enhancer and promoter, which contain
high densities of CCAAT and GATA motifs that bind re-
spectively NF-Y and GATA-1 and -2 to assemble an LTR
enhancer-pol II complex (8). The LTR enhancer complex is
active in erythroid progenitor cells (9); it initiates synthesis
of ERV-9 IncRNAs from the 5’ end of the R region through
the U5 region into the downstream genomic DNA (10-12)
and activates transcription of downstream cis-linked genes
by a long-range tracking and transcription (T&T) mecha-
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nism (13-14). The function, if any, of the ERV-9 IncRNAs
was unknown.

To investigate the functional significance of ERV-9
IncRNAs, we depleted them globally by shRNAs in hu-
man erythroblasts cultured from peripheral blood CD34*
stem/progenitor cells. We found that global depletion of
ERV-9 IncRNAs inhibited ex vivo erythropoiesis. ERV-9
IncRNAs could act in cis to regulate transcription of cis-
linked, key erythroid genes and/or they could act in trans
by diffusing from their LTR templates to regulate tran-
scription of target genes located on separate chromosomes.
To dissect the cis versus trans mechanisms in the complex
transcription network of erythropoiesis, we took advantage
of a simpler BAC Tg mouse model (14), carrying a sin-
gle copy of the primate-specific ERV-9 LTR (12,15) in the
human B-globin gene locus (see Figure 1A). In both Tg
mice and human erythroblasts, depletion of ERV-9 IncR-
NAs destabilized assembly of the ERV-9 LTR enhancer-pol
II complex and decreased the looping/interaction frequen-
cies of the LTR enhancer complex with the downstream lo-
cus, thereby suppressing transcription of the entire globin
gene locus. Consistent with this cis mechanism of ERV-
9 IncRNA function, locus-specific deletion of the ERV-9
LTR/IncRNAs from the 3-globin gene locus by CRISPR-
cas9 in erythroleukemia K562 cell line suppressed transcrip-
tion of downstream, cis-linked globin genes. Our findings
indicated that ERV-9 IncRNAs transcribed from many of
the 4000 copies of the ERV-9 LTR retrotransposons could
act in cis to facilitate long-range LTR enhancer function in
activating transcription of downstream, key erythroid genes
to coordinate the transcription network of erythropoiesis.

MATERIALS AND METHODS

For isolation and culture of human CD34+ cells and mouse
fetal liver (FL) erythroblasts, construction of lentiviral
vectors expressing shRNAs and transduction to deplete
ERV-9 IncRNAs, analyses of total cellular RNAs by qRT-
PCR, RNA-seq and microarrays, bioinformatics analysis
of RNA-seq data, ChIP and 3C assays, see Supplementary
Methods.

Homozygous deletion of locus-specific ERV-9 LTR in K562
cells by CRISPR-Cas9

For locus-specific deletion of the ERV-9 LTR, thus syn-
thesis of locus-specific ERV-9 IncRNAs, from the 3-globin
gene locus in K562 cells by CRISPR-Cas9 (16), we de-
signed two guide sgRNAs of 20 nucleotides (nt) targeting
the 5’ and 3’ flanking DNAs of the ERV-9 LTR (sgRNAT:
STGGTAGTCTTTTTGCACTCCAGG3; sgRNA2:
5STAGAAGGGCACTCTGCCTTA-GGG3'), using an
online CRISPR Design Tool (crispr.mit.edu). The DNA
templates for the sgRNAs were separately inserted into
the Bbsl site immediately 5’ of the DNA encoding Cas9
binding, scaffold RNA in pSpCas9-2A-Puro (Addgene
plasmid #62987). To delete the ERV-9 LTR by homology-
directed repair (HDR), we synthesized by polymerase
chain reaction (PCR) a donor DNA template of 1.2 kb that
spanning DNAs immediately 5" and 3’ of the ERV-9 LTR,
without the ERV-9 LTR, in place of which was a single

LoxP site of 34 bp (14). The pSpCas9-2A-Puro plasmids
expressing respectively the 5 and 3’ sgRNAs (0.5 g each)
were mixed with 100 ng of the repair DNA and transfected
into 2 x 10° K562 cells in 12-well plates using Lipofec-
tamine 2000. The transfected K562 cells were selected and
expanded in culture medium containing puromycin (1.5
wg/ml) for 4 days. For homozygous deletion of the ERV-9
LTR, transfection of sgRNAs and donor template was
repeated. Clonal lines were grown from single cells and
harvested after ~3 weeks’ of culture for DNA analysis by
PCR and Sanger sequencing to determine LTR deletion
and RNA analysis by qRT-PCR and microarrays. Potential
off-target sites (OTS’s) for the sgRNAs were identified
using CRISPR Design Tool. DNA fragments spanning
OTS’s were amplified by PCR from the DNA of the clonal
lines and sequenced (McLab). No DNA deletions were
detected at the top-ranked five potential OTS’s (Hu ez al.,
in preparation).

ChIRP

The ChIRP assays utilizing a split probes strategy were
carried out as described (17). Briefly, 4 x 107 Day 8
Tg mouse FL, 108 Day 5 Tg mouse spleen and 10’
Day 13 human erythroblasts were cross-linked with 1%
glutataldehyde; chromatin was extracted and fragmented
by sonication (Misonic 3000) to 300-500 bp. Two sepa-
rate pools of the sonicated chromatin were hybridized re-
spectively to two separate pools of biotinylated oligonu-
cleotide probes, the odd and even probes (synthesized by
Integrated DNA Technologies). The chromatin containing
ERV-9 IncRNA that hybridized to the probes were pulled
down using streptavidin-conjugated magnetic beads. The
pulled-down chromatin was eluted from the beads and
used for RNA and DNA isolation and subsequent analy-
ses by qRT-PCR, ChIRP-qPCR and ChIRP-seq. Sequences
of Odd and Even probes: 1. AAAGCTTCCA-CAGT
GTGGAA; 3. CAGTGTAGACCCAAACAGTG; 5. TG
GCTTCAAGAGTGAAGCTG; 7. TGAACGTTCCAG
CTCT-TAAG; 9. TCGAGTTCTTCCTTCTGATG; 11.
TAAAGGCTGCGTGTGTGGAG; 13. TTCAAGAATG
AAGCCGGGGA; 2. CAGCAGCAAGATTTATTGCA;
4. GTGAGCGTTACAGCTCATAA; 6. TCTGGAGTTG
TTCGTTCCTC; 8. TCAGGAGTGAAGCTGCAGAC;
10. GTTCGTTCTGATGTTTGGAT; 12. TCGTGGTG
AGTGTTACAGTT; 14. AATTGGTGGGTTCTTGGT
TT. For ChIRP-seq, chromatin DNAs pulled down by sep-
arate pools of odd and even probes were constructed into
two separate DNA libraries. The four DNA libraries, two
each from Tg mouse and human erythroblasts that passed
the quality checks were sequenced with Illumina HiSeq
platform by Integrated Genomics Core on campus, with
100 base paired-end reads, 50 million reads per sample. For
bioinformatics analysis of ChIRP-seq data, see Supplemen-
tary Methods.
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Figure 1. Depletion of ERV-9 IncRNAs suppressed transcription of key erythroid genes and impaired ex vivo erythropoiesis. (A) Top: map of the human
B-globin gene locus. Hatched box: ERV-9 LTR; angled arrows: direction of transcription of ERV-9 LTR IncRNAs, LCR (locus control region) and globin
genes. E: LTR enhancer; P: LTR promoter. Boxes 1, 2, 3 and 4: enhancer subunits 1-4 (see Supplementary Figure S1). (B) Culture scheme of D13 ery-
throblasts from human CD34+ stem/progenitor cells. (C) Images of Day 13 erythroblasts transduced in duplicates with scrambled, #10 and #5 shRNAs;
0, non-transduced D13 erythroblasts. (D) Day 13 cells transduced by scrambled and #10 shRNAs analyzed by FACS with early hematopoietic stem cell
markers CD34 and CD45 and erythroid markers, transferrin receptor (CD71) and glycophorin A (CD235a). (E) qRT-PCR. LTRs (genome): genome-wide
ERV-9 LTR RNAs; LTR (B-locus): B-globin ERV-9 IncRNAs. #5/Sc and #10/Sc: RNA levels of genes in D13 cells transduced with #5 or #10 shRNAs
relative to those of the genes in cells transduced with scrambled shRNA, which were set at 1, as marked by the dotted horizontal line. Relative RNA levels
were mean = SEM of three RNA samples isolated from three independently transduced Day 13 cells.

RESULTS

Depletion of ERV-9 IncRNAs in human erythroblasts sup-
pressed transcription of key erythroid genes and inhibited ex-
vivo erythropoiesis

To investigate the functional significance of ERV-9 IncR-
NAs, we utilized RNA interference (18) to knock down
ERV-9 IncRNAs. Among 11 recombinant lentiviruses ex-
pressing shRNAs targeting different R-U5 sub-regions in
ERV-9 IncRNA, #5 and #10 shRNAs (see Supplementary
Figure S1 for locations and sequences) were most effec-

tive in depleting ERV-9 IncRNA in pilot experiments (not
shown). Therefore, these two shRNAs and a scrambled con-
trol shRNA were separately transduced into human ery-
throblasts (Figure 1B). This knockdown (KD) strategy of
utilizing multiple shRNAs (19) was employed to distinguish
the specific KD effect of ERV-9 IncRNAs generated by per-
fect alignment of #5 and #10 shRNAs with ERV-9 IncR-
NAs from the off-target effects potentially generated by par-
tial alignment of the shRNAs with heterologous RNAs,
since only the specific KD of ERV-9 IncRNA-—the common
target of #5 and #10 shRNAs—would generate the same
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genotype and phenotype in cells transduced separately by
the two shRNAs.

Indeed, KD of ERV-9 IncRNAs by #5 and #10 shRNAs
generated the same phenotype: the Dayl3 erythroblasts
transduced by both shRNAs did not turn red as the Day
13 cells transduced by the scrambled shRNA (Figure 1C).
This phenotype indicated that KD of ERV-9 IncRNAs sup-
pressed expression of globin genes, thus the hemoglobins
that impart the red color to erythroid cells. (F)luorescence
activated cell sorting (FACS) analysis showed that cells
transduced with #10 shRNAs (and #5 shRNA) expressed
early hematopoietic stem cell markers CD34 and CD45
at higher levels but erythroid markers, transferrin recep-
tor (CD71) and glycophorin A (CD235a) at lower levels,
as opposed to cells transduced with the scrambled shRNA,
which expressed high levels of both CD71 and CD235a
(Figure 1D), indicating that KD of ERV-9 IncRNAs im-
paired erythropoiesis. RNA analysis by qRT-PCR con-
firmed that KD of ERV-9 IncRNAs suppressed transcrip-
tion of globin genes but also of key transcription factor (TF)
genes GATA-1, NF-Y, KLF1 that regulate erythropoiesis
and transcription of globin genes (Figure 1E).

Whole genome RNA-seq of transduced Day 13 cells
showed that #5 and #10 shRNAs reduced by >2-fold the
levels of ERV-9 IncRNAs transcribed from ~500 ERV-9
LTRs (Figure 2A, first panel). This appeared reasonable
since BLAST alignment showed that #10 shRNA (and
#5shRNA) perfectly aligned with 1300 of the 4000 ERV-9
LTRs. Among these 1300 LTRs, some were associated with
inactive genomic loci and did not transcribe ERV-9 IncR-
NAs and some were embedded in kilobase stretches of con-
tiguous LTRs, Alu’s and L1s, without any unique sequence
tags for unambiguously mapping their chromosomal loca-
tions and were removed from bioinformatics analysis. Para-
doxically, the shRNAs designed to KD ERV-9 LTR IncR-
NAs also increased the LTR IncRNAs transcribed from
~700 ERV-9 LTRs (Figure 2A, first panel). One explana-
tion could be that the upregulated ERV-9 IncRNAs were
transcribed from ERV-9 LTRs located in indirectly respon-
sive gene loci, whose transcription and that of the cis-linked
ERV-9 LTRs were up-regulated by the downregulation of
the directly responsive genes (see below).

KD of ERV-9 IncRNAs also respectively down- and up-
regulated ~6000 genes by >2x: among them, 600 genes
were down- and 750 genes upregulated by >2-fold with
P<0.05 (Figure 2A, second and third panels), indicat-
ing that ERV-9 IncRNAs could act as transcriptional
activators or repressors for different subsets of genes.
Among the 600 downregulated genes were 60 key ery-
throid genes including the «- and B-globin and many
TF genes; among the 750 upregulated genes were ~20
early hematopoietic and 9 erythroid genes (Supplementary
File S1: erv9rnaseq_EryGene_xIsx). Over 90% of these ery-
throid and hematopoietic genes were similarly down- or up-
regulated by both #5 and #10 shRNAs, thus by specific
KD of ERV-9 IncRNAs (Figure 2A, fourth panel, lower
left and upper right quadrants). Since ERV-9 IncRNAs
acted predominantly as transcriptional activators for these
key erythroid genes, KD of ERV-9 IncRNAs suppressed
transcription of these genes and inhibited ex vivo erythro-
poiesis. Inhibition of erythropoiesis caused the erythrob-

lasts to remain in more immature state (Figure 1D) and ex-
press higher levels of early hematopoietic genes. Thus, up-
regulation of these genes could result from indirect effect
of ERV-9 IncRNA KD. In this study, we focused on the key
erythroid genes that were down-regulated directly by ERV-9
IncRNA KD.

In the B-globin gene locus, KD of ERV-9 IncRNAs sup-
pressed transcription of y- and B-globin genes and inter-
genic regions including the locus control region (LCR) far
upstream and the DNAs far downstream of the globin
genes (Figure 2B). However, e-globin gene, expressed at 30—
1000-fold lower levels than y- and B-globin genes, was ac-
tivated (Figure 2B and C), possibly due to global changes
in the levels of TFs specific to e-promoter that overcame
the direct, suppressive effect of ERV-9 IncRNA KD on e-
globin gene. Indeed, suppression of e-globin gene was ob-
served in the human globin transgenic locus in Tg mose ery-
throblasts, in which ERV-9 IncRNA KD did not globally
change the TF levels (see Figure 3B and D). This locus-
wide transcriptional suppression could result from ERV-9
IncRNAs transcribed from the B-globin locus ERV-9 LTR
acting in cis or the ERV-9 IncRNAs transcribed from many
other among the 4000 copies of ERV-9 LTRs acting in trans
to regulate transcription of the B-globin locus. Moreover,
GATA-1,KLF1 and NFYA genes also have cis-linked ERV-
9 LTRs (Supplementary Figure S2) and were downregu-
lated by ERV-9 IncRNAs KD (Figure 2C); these downreg-
ulated TFs could in turn cause transcriptional suppression
of the B-globin locus.

In erythroblasts of Tg mice, depletion of ERV-9 IncRNAs
suppressed transcription of the human [3-globin gene locus but
not mouse gene loci without cis-linked ERV-9 LTR

To dissect the complex transcriptional network of erythro-
poiesis coordinated by ERV-9 IncRNAs, we first investi-
gated the cis- versus the trans-mechanism of ERV-9 IncR-
NAs, utilizing a Tg mice model carrying the 100 kb human
B-globin locus with a single copy of cis-linked ERV-9 LTR
(14). Tg FL erythroblasts were transduced with #5, #10
and scrambled shRNAs and cultured to Day 8 for analysis.
Like Day 13 human erythroblasts, Day 8 Tg FL erythrob-
lasts expressed the adult globin gene program (Supplemen-
tary Figure S3A). As in human erythroid cells (12), ERV-
9 IncRNAs in Day 8 Tg erythroblasts were transcribed as
long (>200 nt), non-coding, polyadenylated, nuclear RNAs
(Supplementary Figure S4). Although the ERV-9 IncRNAs
were located predominantly in the nucleus (Supplementary
Figure S4C), the RISC complex was able to process the #5
and 10 shRNAs transcribed from the integrated lentiviral
DNA to target the nuclear ERV-9 IncRNAs, as shown pre-
viously (18).

The Day 8 erythroblast populations transduced sepa-
rately by #5 and #10 shRNAs exhibited similar degree of
hemoglobinization (Figure 3A). qRT-PCR showed that de-
pletion of ERV-9 IncRNAs by either #5 or #10 shRNA sim-
ilarly reduced transcription of the human B-globin trans-
genic locus, without significantly affecting transcription of
mouse globin genes and TF genes NFYA, GATA-1, -2 and
KLF1 (Figure 3B). The same KD effects were observed
also with a second line of Tg mouse (Supplementary Figure
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Figure 2. Transcriptome analysis of transduced Day 13 erythroblasts by whole genome RNA-seq. (A) first panel: scatter-plot: number of ERV-9 LTRs
whose RNA levels were up- (in green) or downregulated (in red) by >2-fold due to ERV-9 IncRNA KD by #10 shRNA. FPKM: fragments per kilobase per
million reads. Row of dots at bottom: ERV-9 IncRNAs, whose FPKMs were reduced to 0 by shRNA KD. Second panel: scatter-plot: Genes whose RNA
levels were up- (in green) or downregulated (in red) by >2x due to #10 shRNA. Third panel: volcano plot of data in second panel. Genes to the left and
right of the double vertical lines were respectively down- and upregulated by >2x. Genes above the horizontal line had >2x changes with P-values <0.05.
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thousands and millions respectively. P-values shown above the boxes were from paired, one tailed z-tests; for the other boxes: P-values were <2e-4 and not
shown.
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S3B). Thus, the KD phenotype and genotype in Tg mouse
erythroblasts were generated by specific KD of ERV-9 IncR-
NAs.

To further confirm that transcriptional suppression of
the human B-globin transgenic locus resulted not from off-
target effects of #5 and #10 shRNAs, lentiviruses express-
ing #5 and #10 shRNAs were also transduced separately
into FL erythroblasts of ALTR Tg mice. The ALTR Tg
mouse was derived from the parental BAC Tg mouse, in
which the ERV-9 LTR was deleted by cre-loxP mediated
in situ recombination (14). In the transduced erythroblasts
of ALTR Tg mice-in the absence of the ERV-9 LTR DNA
template and therefore synthesis of ERV-9 IncRNAs, nei-
ther #5 nor #10 shRNA suppressed transcription of the -
globin transgenic locus (Figure 3C). Thus, specific KD of
ERV-9 IncRNAs suppressed transcription of the cis-linked
human B-globin gene locus but exerted no transcriptional
effects in trans on mouse genes.

Genome-wide RNA analysis by microarrays confirmed
the cis-mechanism of ERV-9 IncRNA function: KD of ERV-
9 IncRNAs by #5 or #10 shRNAs did not commonly
change the RNA levels of mouse genes including key mouse
erythroid genes by >2x (Figure 3D). While changes in
RNA levels of <1.5-fold could be background noise and
insignificant, 6 and 8 mouse genes were respectively up-
and downregulated by 1.5-1.9-fold by both #5 and #10
shRNAs (Supplementary Figure S5). Changes in these 14
genes, comprising 0.05% of the 26 000 mouse genes on the
microarray, could result from chance events and not from
specific KD by #5 and #10 shRNAs (Supplementary Ta-
ble S1). These 14 genes did not affect transcription of the
mouse globin genes (Supplementary Figure S5) or the hu-
man globin transgenes, as their protein products were not
shown to do so (Supplementary Table S1). Thus, microar-
ray data confirmed that in Tg mouse erythroblasts ERV-9
IncRNAs acted solely in cis to regulate transcription of the
cis-linked human B-globin transgenic locus.

In Tg mouse erythroblasts, ERV-9 IncRNAs associated
strongly in cis with the ERV-9 LTR and spread through the
downstream locus to regulate transcription of cis-linked hu-
man globin genes; ERV-9 IncRNAs associated in trans with
mouse genes exhibited no transcriptional activity

A cis-mechanism of ERV-9 IncRNA action suggested that
ERV-9 IncRNAs activated transcription of the globin gene
locus by co-localizing with the cis-linked globin genes and
intergenic DNAs but not in trans with the mouse gene loci.
To examine this possibility, we used ChIRP assays with a
split probe strategy (17) to pull down the chromatin associ-
ated with ERV-9 IncRNAs in Day 8 Tg FL erythroblasts.
As the two pools of odd and even probes contained dif-
ferent sequences (Figure 4A; ‘Materials and Methods’ sec-
tion), the two respective pools of chromatin DNAs pulled
down by off-target hybridization would be different. Only
the chromatin DNA associated with ERV-9 IncRNAs would
be commonly pulled down by both the odd and even probes.

The two pools of chromatin pulled down respectively by
the odd and even probes were subsequently used for RNA
and DNA isolation. RNA analysis by qRT-PCR showed
that both pools of probes pulled down >50% of ERV-9
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IncRNAs in the Day 8 erythroblasts (Figure 4B). ChIRP-
gPCR showed that both pools of probes commonly pulled
down ERV-9 LTR and the LCR and lower levels of globin
genes and intergenic DNAs (Figure 4C).

To examine the global association patterns of the ERV-
9 IncRNAs, we carried out ChIRP-seq with spleen ery-
throid cells of Tg mice (14), since the spleen erythrob-
lasts expressed the same globin gene program as Day 8
FL erythroblasts (Supplementary Figure S3C and D) and
were available in large cell numbers required in ChIRP-seq
to produce sufficient sequence reads by deep sequencing.
ChIRP-seq results showed that ERV-9 IncRNAs associated
at a very high level with the 100 kb human B-globin locus,
at log2_fold enrichment (fe) = 3.9 and 1.9, including or ex-
cluding the ERV-9 LTR respectively (Figure 4D). In con-
trast, the log2_fe of ERV-9 IncRNAs with Tg mouse DNAs,
analyzed in 1 kb tiling of 100 kb DNA segments, were signif-
icantly lower and showed a normal Gaussian distribution,
indicating potentially random trans-associations of ERV-9
IncRNAs with the mouse DNAs at significantly lower levels
(Figure 4D). ERV-9 IncRNA occupancy profile of the hu-
man B-globin transgenic locus viewed with UCSC Genome
Browser showed that ERV-9 IncRNAs associated at an ex-
tremely high level with the ERV-9 LTR, potentially through
RNA/DNA sequence complementarity in the R-US5 region,
and at much lower levels with LCR HS3 and HS2 sites, the
intergenic DNAs and globin genes, but did not associate sig-
nificantly with the mouse B-globin gene locus (Figure 4E).
This finding was consistent with earlier results that KD of
ERV-9 IncRNA suppressed transcription of the human but
not the mosue globin genes (Figure 3B and D). Thus, ERV-
9 IncRNAs associated strongly with the ERV-9 LTR and
acted in cis to activate transcription of downstream human
the globin genes but did not act in trans to regulate tran-
scription of the mouse globin gene.

In human erythroblasts, ERV-9 IncRNAs associated strongly
with ERV-9 LTRs and spread in cis to regulate transcription
of downstream genes; these direct-responsive genes in turn
regulated transcription of indirect-responsive genes without
nearby, cis-linked ERV-9 LTRs

In D13 human erythroblasts, ChIRP-seq showed that the
ERV-9 IncRNA occupancy profile at the B-globin locus was
nearly identical to that of B-globin locus in Tg mouse ery-
throblasts containing only a single copy of the ERV-9 LTR
(compare Figure 4E and F, left panels). Thus, in human ery-
throblasts, ERV-9 IncRNAs also associated at an extremely
high level with the LTR DNA and spread in cis to asso-
ciate at lower levels with multiple sites in the downstream
globin locus, without apparent interference from ERV-9
IncRNAs transcribed and diffused from many of the 4000
ERV-9 LTRs. In the NFYA gene locus, where the near-
est ERV-9 LTRs were megabases from the gene (Supple-
mentary Figure S2D), ERV-9 IncRNAs did not associate
at significant levels comparable to those of the B-globin
gene locus (Figure 4F; Supplementary Figure S6A, com-
pare log2 _fe of B-globin and NFYA loci). This indicated
that ERV-9 IncRNAs did not directly associate and regu-
late transcription of NFYA gene, although KD of ERV-
9 IncRNAs significantly reduced transcription of the gene
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Figure 4. Occupancy profiles of ERV-9 IncRNAs in Tg mouse and human erythroblasts. (A) Locations of ChIRP probes and of primer pairs for ChIRP-
qPCRs. —3.5: DNA site at 3.5 kb 5 of the ERV-9 LTR. (B) Yield of ERV-9 IncRNA pulled down by ChIRP in Day 8 Tg FL erythroblasts. Amount
of ERV-9 IncRNAs in input chromatin was set at 100%. Results were averages of two independent assays. (C) ChIRP-qPCR of pulled down chromatin
DNA in Day 8 Tg FL erythroblasts. Level of PCR product from input DNA was set at 100. Values were mean+SEM of three independent assays. (D)
Levels of ERV-9 IncRNA occupancies throughout the mouse genome and the human B-globin transgenic locus in 1 kb tiling of 100 kb DNA segments
in Tg spleen erythroblasts (line #7). Log2_fold enrichment (fe) = log2 FPKM of DNA pulled down by the merged Odd and Even probes/FPKM of the
same DNA segment in Input DNA. Vertical lines: log2_fe of human B-globin and mouse a- and B-globin gene loci. (E and F) ERV-9 IncRNA occupancy
profiles at the human and mouse B-globin loci locus in Tg spleen erythroblasts and at human B-globin and NFYA locus in D13 human erythroblasts. Y
axis: Normalized sequence reads of chromatin DNAs pulled down by the merged Odd and Even probes. (see http://ccc.gru.edu/tuan/erv9.chirpseq; ID:

dorothytuan; password: tuanchoihu).

(Figure 2C). Thus, NFYA was likely an indirect-responsive
gene down-regulated by genes that were down-regulated di-
rectly by ERV-9 IncRNA KD. Genome-wide, there were
many potentially direct-responsive gene loci, which, like the
B-globin gene locus, have cis-linked ERV-9 LTRs within
300 kb from the genes and locus-wide association of ERV-
9 IncRNAs and whose transcription was suppressed by

>2x due to ERV-9 IncRNA KD (File S2). These potential,
direct-responsive genes included TF genes encoding TFs
such as KLF1 and CCNDBP1 (Supplementary Figure S6
B and C). Each of these TFs could in turn regulate tran-
scription of multiple target genes without cis-linked ERV-9
LTRs, like the indirect-responsive NFYA gene.
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Locus-specific deletion of ERV-9 LTR and IncRNAs by
CRISPR-cas9 from p-globin gene locus suppressed tran-
scription of cis-linked globin genes and a few unlinked genes

To further examine a cis mechanism of ERV-9 IncRNA
function shown above in Tg mouse and human erythrob-
lasts by global KD of ERV-9 IncRNAs with the shRNAs,
we used CRISPR-cas9 to delete the ERV-9 LTR, thus syn-
thesis of locus-specific ERV-9 IncRNAs, from the 3-globin
gene locus in erythroleukemia K562 cells (Figure 5A and
B). Immortalized K562 cells were chosen for the study,
since primary human erythroblasts derived from CD34+
cells could be cultured robustly for only up to 2 weeks,
which precluded selection and expansion of clonal lines car-
rying homozygous deletion of the ERV-9 LTR /IncRNAs.
In three clonal, homozygous ALTR lines #2, 6 and 8,
gRT-PCR and microarrays showed that deletion of the
ERV-9 LTR /IncRNAs from the B-globin gene locus com-
monly suppressed transcription of downstream €-, y- and
eB—globin genes by >2x (Figure 5C, D and F), except
for B—globin gene, which was not suppressed, since it was
expressed at a very low level ~2-5% that of the e— and
v—globin genes (Figure 5D) and could exist in an in-
accessible chromatin structure resistant to editing by the
CRISPR-cas9 plasmids. The results confirmed that the
ERV-9 LTR /IncRNAs acted in a cis mechanism to regulate
transcription of downstream, cis-linked globin genes.
However, 11 and 8 non-globin genes were respectively,
commonly down- and upregulated by >2x in the three
clonal lines (Figure 5E) and none of them were OTSs pre-
dicted for the sgRNAs (‘Materials and Methods’ section).
Transcriptional dis-regulation of these 19 genes did not ap-
pear to result from the down-regulation of globin genes
since globin genes, unlike TF genes, do not regulate tran-
scription of other genes, nor from CRISPR-cas9 mediated
deletion of the ERV-9 LTR enhancer and promoter, both of
which are cis-regulatory elements that do not regulate tran-
scription of unlinked and un-coordinately expressed genes.
Thus, ERV-9 IncRNAs transcribed from the B-globin ERV-
9 LTR appeared to associate with and regulate in trans the
transcription of these 19 genes, comprising 0.08% of the 27
000 genes on the microarray, potentially through chance en-
counter between the ERV-9 IncRNAs and the unlinkd gene
loci. However, among the 11 commonly down-regulated
non-globin genes, 7 gene loci contained ERV-9 LTRs within
300 kb from the genes (Supplementary Table S2). This in-
dicated that the ERV-9 IncRNAs dissociated from the -
globin ERV-9 LTR could form RNA/DNA duplex with
the R-US regions in the ERV-9 LTRs of these 7 gene loci
to activate transcription of the cis-linked genes by a sim-
ilar cis mechanism as in the B-globin gene locus. Consis-
tent with this interpretation, human KLF1 gene with a cis-
linked ERV-9 LTR at 300 kb from the gene (Supplemen-
tary Figures S2E and S6C) was commonly suppressed by
~1.7x in the three LTR deletion clonal lines (Figure 5F). In
contrast, mouse KLF1 gene without cis-linked ERV-9 LTR
was not suppressed by ERV-9 IncRNA KD in Tg mouse
erythroblasts (Figure 3B and D). As 4 among the 11 non-
globin genes commonly downregulated >2x had no nearby
cis-linked ERV-9 LTRs, ERV-9 IncRNAs transcribed from
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the globin locus ERV-9 LTR appeared to associate and reg-
ulate in trans these four genes.

An alternative interpretation of the results appeared un-
likely that ERV-9 IncRNAs transcribed from the globin lo-
cus ERV-9 LTR associated with and acted exclusively by a
trans mechanism even for the globin genes: the IncRNAs
dissociated from the LTR template and diffused through
the nucleoplasm to associate with and activate transcription
of the globin genes. In the contrary, we found that forced
expression of ERV-9 IncRNAs from integrated LTR-GFP
plasmid in K562 cells (Supplementary Figure S4B) and
ALTR clonal line #2 acted in cis to activate transcription
of the linked GFP gene (Supplementary Figure S7B and C,
middle panels) but did not reach and activate in trans tran-
scription of the endogenous globin genes, which were tran-
scribed at similar levels in control cells transfected by the
GFP plasmid not expressing ERV-9 IncRNAs (Supplemen-
tary Figure S7D). This result was consistent with an earlier
finding that forced expression of LCR HS2 enhancer IncR-
NAs (eRNAs) from transfected HS2-CAT reporter plas-
mids activated in cis the transcription of the linked CAT
gene but did not act in trans to affect transcriptional ac-
tivity of the endogenous e-globin promoter (20). Together,
the results indicated that ERV-9 IncRNAs transcribed from
the globin ERV-9 LTR bound to and activated transcrip-
tion of globin genes by a cis-mechanism; the ERV-9 IncR-
NAs through chance encounter also bound in trans to 19
unlinked gene loci to regulate either in cis or in trans tran-
scription of these 19 genes.

ERV-9 IncRNAs stabilized looping of ERV-9 LTR with down-
stream LCR, globin genes and intergenic DNAs

To assess the functional significance of the strong asso-
ciation of ERV-9 IncRNAs with the ERV-9 LTR shown
by ChIRP-seq (Figure 4) and the cis-mechanism of ERV-
9 IncRNA function, we used chromosome conformation
capture (3C) (21) to determine if depleting ERV-9 IncR-
NAs impaired the interaction/looping of the LTR with the
downstream globin gene locus in Day 8§ Tg FL and Day
13 human erythroblasts. The 3C results showed that KD
of ERV-9 IncRNAs significantly lowered the co-localization
frequencies of the ERV-9 LTR with the LCR, globin genes
and intergenic DNAs (Figure 6A and B). Cloning and
sequencing of the 3C junction fragments confirmed co-
localization/looping of the ERV-9 LTR with downstream
globin genes and intergenic DNAs (Supplementary Figure
S8). Thus, the ERV-9 IncRNAs tightly bound to the ERV-9
LTR stabilized interaction/looping of the LTR DNA with
downstream DNA sites throughout the locus.

ERV-9 IncRNAs stabilized assembly of the ERV-9 LTR
enhancer—pol II complex and the interaction of the LTR en-
hancer complex with the downstream gene locus

To further assess the functional significance of ERV-9 IncR-
NAs, we next used chromatin immunoprecipitation (ChIP)
to determine the effects of ERV-9 IncRNA KD on assem-
bly of the ERV-9 LTR enhancer complex in Day 8 Tg
erythroblasts. The ChIP-qPCR results showed that ERV-
9 LTR bound very high levels of NF-YA, GATA-1, pol
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Figure 5. Locus-specific deletion of ERV-9 LTR /IncRNAs: ERV-9 IncRNAs transcribed from B-globin ERV-9 LTR associated and regulated in cis the
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‘Materials and Methods’ section). (B) Confirmation of ALTR clonal lines containing homozygous deletion of the ERV-9 LTR from B-globin gene locus
by Sanger sequencing of PCR amplified DNA fragments spanning the ERV-9 LTR in Wt and ALTR clonal lines aligned with the sequence of the donor
template. (C) qRT-PCR analysis of total cellular RNAs isolated from ALTR clonal lines #2, 6 and 8. Dotted line: RNA levels in Wt K562 cells serving as
reference and set at 1. Values were mean of triplicate RT-PCR reactions. (D) Genome-wide RNA analysis by microarrays: Scatter plots of genes up- and
downregulated by deletion of ERV-9 LTR and IncRNAs from B-globin locus: (clone #8, not shown). Dotted horizontal lines: Log2 fold change of +1 or
—1, marking up- or downregulation by 2x. Colored dots: key erythroid genes. Other designations: same as Figure 3D. (E) Venn diagrams of commonly
up- and downregulated genes in the 3 ALTR clones: 2 of 8 commonly upregulated genes and 10 of 14 commonly downregulated genes—3 globin genes
and 7 other genes—have cis-linked ERV-9 LTRs within 300 kb of the genes (Supplementary Table S2). (F) Microarrays analysis of key erythroid genes in
the 3 ALTR clones: Y axis: mean RNA levels of #2, 6 and 8 LTR deletion clones relative to those of Wt K562 cells, which were set at 1 as marked by the
dotted horizontal line.
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ERV-9 IncRNA KD reduced occupancies of TFs on the ERV-9 LTR and the LCR and globin genes in Day 8 Tg erythroblasts (line #7). Bars under map:
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II and the WDRS5/MLL2 co-activator complex to assem-
ble the LTR-pol II enhancer complex (Figure 6C). Deplet-
ing ERV-9 IncRNAss significantly reduced the in vivo occu-
pancies of these TFs, co-factors and pol II at the ERV-9
LTR and multiple downstream sites and diminished the ac-
tive chromatin mark H3K4me3 at these sites (Figure 6C).
Thus, ERV-9 IncRNAs strengthened the interaction of the
TFs and co-factors with the ERV-9 LTR enhancer and the
downstream globin gene locus. Similarly in D13 erythrob-
lasts, ChIP-qPCR showed that ERV-9 IncRNA KD reduced
the in vivo occupancies of the TFs and pol II at the ERV-9
LTR enhancer and multiple downstream sites (Supplemen-
tary Figure S9A). In agreement, ChIP-seq showed that the
ERV-9 LTR in the B-globin gene locus binds GATA-1, NF-
Y and pol IT and enhancer markers H3K4Mel and p300 to
assemble an active ERV-9 LTR enhancer complex in human
erythroblasts and K562 cells (Supplementary Figure S9B).
Thus, in both Tg mouse and human erythroblasts, ERV-
9 IncRNAss stabilized assembly of the LTR enhancer/NF-
Y /GATA-1/pol 11 complex and facilitated co-localization
of enhancer-associated TFs and co-factors with the down-
stream globin gene locus.

Together, ChIRP, 3C and ChIP assays demonstrated that
in the B-globin gene locus of Tg mouse and human ery-
throblasts, ERV-9 IncRNAs associated strongly and pre-
dominantly with their LTR template to stabilize assembly
of the LTR enhancer/NF-Y, GATA-1, -2/pol II complex
and strengthen looping of the LTR complex with multi-
ple, downstream DNA sites to facilitate a cis T& T mech-
anism of the LTR enhancer complex through the intergenic
DNASs to ultimately loop with and activate transcription of
the globin genes (Figure 6D). Thus, ERV-9 IncRNA KD by
shRNAs or its elimination by CRISPR-cas9 destabilized as-
sembly of the ERV-9 LTR enhancer complex and weakened
the cis T&T mechanism of the LTR complex in activating
transcription of the downstream globin genes (Figures 1—
3, 5). Consistent with the cis-mechanism of ERV-9 IncRNA
function, forced expression of ERV-9 IncRNAs from trans-
fected LTR-GFP plasmid did not rescue the transcriptional
suppression of the globin genes in ALTR clonal cells (Sup-
plementary Figure S7).

DISCUSSION

In this study, we showed that ERV-9 IncRNAs transcribed
from ERV-9 LTR retrotranspsons served biological func-
tion in modulating ex vivo human erythropoiesis by regu-
lating in cis the transcription of key erythroid genes such
as the globin genes and master TF genes including KLF1
and CCNDBP1 genes (Figure 1, Supplementary Figures
S2 and 6; Supplementary File S2). Global KD of ERV-9
IncRNAs in human erythroblasts directly suppressed tran-
scription of these key erythroid genes with nearby ERV-
9 LTRs, at <300 kb from the respective genes—the direct-
responsive genes, and indirectly dis-regulated target genes
without nearby ERV-9 LTRs, the indirect-responsive genes,
to disrupt the transcription network of erythropoiesis and
inhibit ex vivo erythropoiesis (Figures 1, 2 and 6D).

In support of a cis-mechanism of ERV-9 IncRNA func-
tion, ChIRP-seq showed that ERV-9 IncRNAs associated
strongly with the LTR DNA template and weakly through-

out the downstream globin gene locus in Tg mouse and
human erythroblasts (Figure 4). Combination of RNA-
seq and ChIRP-seq showed that genome-wide there were
over 60 human gene loci, which contained cis-linked ERV-
9 LTRs within 300 kb from the respective genes, associ-
ated with ERV-9 IncRNAs locus-wide and were transcribed
locus-wide in the intergenic DNAs and the genes and whose
transcription and that of the cis-linked ERV-9 LTRs were
suppressed >2x by ERV-9 IncRNA KD (Supplementary
Figure S6 and File S2). In these gene loci, as in the B-globin
gene locus, the ERV-9 IncRNAs transcribed from their re-
spective ERV-9 LTR templates could likewise regulate tran-
scription of the downstream genes by a similar cis mecha-
nism.

An established model of a cis-mechanism of IncRNA
function is Xist IncRNA. It is transcribed from the Xist lo-
cus on X-chromosome and spread in cis to coat and inac-
tivate the entire allelic X chromosome to achieve X chro-
mosome dosage compensation in female cells (22,23). In
addition, HOTTIP IncRNA synthesized from the HOXA
gene locus acts also in cis to remodel chromatin structure
and activate transcription of the linked HOXA genes (24).
Whether the HOTTIP IncRNA acts through a T&T mech-
anism of long-range enhancer function is not known. In
contrast, IncRNAs can act also in trans: The HOTAIR
IncRNA transcribed from the HOXC locus diffuses through
the nucleoplasm to associate with over 800 chromosomal
sites with GA-rich sequences to trimethylate histone 3 ly-
sine 27 and suppress the target gene domains (17). These
examples demonstrate that whether acting in cis or in trans,
the IncRNAs need to physically associate with their tar-
get gene loci. In the NFYA gene locus without nearby
ERV-9 LTRs (Supplementary Figure S2D), ERV-9 IncR-
NAs were not found to physically associate at a significant
level with the gene locus (Figure 4F and Supplementary
Figure S6A). Thus, ERV-9 IncRNAs did not appear to di-
rectly regulate in cis or in trans the transcription of NFYA
gene, even though KD of ERV-9 IncRNAs significantly re-
duced transcription of the gene (Figure 2C), The NFYA
gene and many other human gene loci without nearby ERV-
9 LTRs and without significant occupancy by the ERV-
9 IncRNAs but were down-regulated by >2x were likely
indirect-responsive genes whose transcription was regulated
not by the ERV-9 IncRNAs but by the direct-responsive
genes of ERV-9 IncRNAs (Figure 6D).

The cis-mechanism of ERV-9 IncRNA function was most
clearly demonstrated In Tg mouse erythroblasts carrying a
single copy of the primate-specific ERV-9 LTR of the human
B-globin locus in the absence of the ERV-9 IncRNAs tran-
scribed from other copies of the ERV-9 LTRs. In this sim-
plified model system, ERV-9 IncRNA KD suppressed tran-
scription of the cis-linked human globin genes but did not
affect transcription of unlinked mouse globin and TF genes
nor inhibited mouse erythropoiesis (Figure 3). The lack of
trans regulation of mouse genes by ERV-9 IncRNAs could
be due to species difference in that the mouse genome does
not contain the primate specific ERV-9 LTRs, so the ERV-
9 IncRNAs transcribed from the human globin transgenic
locus were unable to form RNA/DNA duplex through se-
quence complementary with mouse gene loci to facilitate as-
sembly of the LTR enhancer complex and a cis T&T mecha-
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nism of enhancer function. Thus, the issue of species differ-
ence did not necessarily provide support in favor of a trans
mechanism of ERV-9 IncRNA functiion. In support of this
interpretation, in mice, the LTR IncRNAs transcribed from
the murine IAP LTR retrotransposons have been shown to
act in cis to regulate expression of the cis-linked Agouti
and Axin genes (25,26). Thus, in both mouse and human
genomes, LTR retrotransposons/IncRNAs could act in cis
to regulate transcrirption of linked genes.

Taken together, our findings indicated that by acting in
cis to directly regulate transcription of the direct-responsive,
key erythroid genes with nearby ERV-9 LTRs and by act-
ing indirectly and in trans through the RNA and protein
products of the direct-responsive genes to regulate indirect-
responsive genes without nearby ERV-9 LTRs, ERV-9 LTR
IncRNAs modulated the complex transcription network
of erythropoiesis (Figure 6D). LncRNAs play significant
roles in cellular differentiation and development and dis-
regulation of IncRNAs causes cancers and leukemia (27—
31). Indeed, LTR IncRNAs have been reported to regu-
late the transcription network and maintain pluripotency
in human ES cells and early embryos (32-35). However, the
molecular mechanisms by which the LTR IncRNAs exert
such regulatory activities are largely unknown. Our findings
here indicate that LTR IncRNAs including ERV-9 IncRNAs
transcribed from many of the 4000 copies of the ERV-9
LTRs may act in cis to stabilize assembly of the LTR en-
hancer complex and modulate a cis mechanism of long-
range LTR enhancer function in activating transcription
of downstream genes critical to cellular processes including
embryogenesis, erythropoiesis and carcinogenesis.
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