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Background: Long terminal repeats (LTRs) of endogenous retroviruses contain promoters active in cells.

Results: An ancient human LTR is an alternative promoter for the IL2RB gene in placental trophoblast.

Conclusion: The cytoplasmic signaling domain of IL2RB is present in placenta due to LTR activity.

Significance: These findings implicate functions for IL2RB in the trophoblast and reveal an example of LTR exaptation to drive

tissue-specific expression.

The long terminal repeat (LTR) sequences of endogenous ret-
roviruses and retroelements contain promoter elements and are
known to form chimeric transcripts with nearby cellular genes.
Here we show that an LTR of the THE1D retroelement family
has been domesticated as an alternative promoter of human
IL2RB, the gene encoding the 8 subunit of the IL-2 receptor. The
LTR promoter confers expression specifically in the placental
trophoblast as opposed to its native transcription in the hema-
topoietic system. Rather than sequence-specific determinants,
DNA methylation was found to regulate transcription initiation
and splicing efficiency in a tissue-specific manner. Furthermore,
we detected the cytoplasmic signaling domain of the IL-2Rf3
protein in the placenta, suggesting that IL-2Rf3 undergoes pref-
erential proteolytic cleavage in this tissue. These findings impli-
cate novel functions for this cytokine receptor subunit in the
villous trophoblast and reveal an intriguing example of ancient
LTR exaptation to drive tissue-specific gene expression.

Sequences derived from transposable elements make up
nearly 50% of the human genome (1). Endogenous retrovirus-
related elements (ERVs),” one type of transposable element
family, are the ancient descendants of exogenous retroviruses,
whose life cycle involved a retrotransposition step and integra-
tion of the viral DNA into the host genome (2). Transcription of
ERV protein-coding genes is regulated by the long terminal
repeats (LTRs), regions flanking the ERV genes that contain
promoter elements and polyadenylation sites, but genetic
recombination events often lead to the formation of solitary
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LTRs (3). LTRs are sometimes exapted (domesticated) as alter-
native promoters of nearby cellular genes, a process that may
simply serve to augment transcription from the native pro-
moter with little functional impact, but that can have drastic
effect on gene transcription patterns (4).

At least 50% of human genes employ alternative promoters,
which are known to contribute to the diversity of gene expres-
sion patterns (5, 6). Regulation of transcription factor activity
and/or binding site accessibility by epigenetic modifications is
known to influence tissue-specific expression from alternative
promoters and can result in the production of identical or dif-
ferent proteins depending on the position of the translation
start site (7). These characteristics are also true for those LTRs
that have been exapted as alternative gene promoters. Exam-
ples include the placenta-specific LTR-driven transcription of
EDNRB by tissue-specific transcription factors (8) and dem-
ethylation of an LTR resulting in up-regulation of CSFIR in
Hodgkin lymphoma (9).

Numerous studies have found that the placenta is generally
permissive to transcription initiating from LTRs, and some
ERV copies are expressed at higher levels in placenta than other
tissues (4, 10, 11). In fact, ERVs may have been central in the
evolution of placental mammals, and domestication of ERV
proteins has led to their serving important functions in this
tissue (12—14). For example, the syncytin proteins, derived
from ERV envelope genes, confer the ability of placental tro-
phoblast cells to form multinucleate syncytia through cell
fusion (14-16).

IL2RB encodes the 8 subunit of the interleukin-2 receptor
(IL-2RPB) and is primarily expressed in the hematopoietic sys-
tem, where it is involved in the activation of T and NK cell
subsets (17). The IL-2RB chain can exist in one of two hetero-
trimeric complexes to form a functional cytokine receptor that
responds to either interleukin-2 (IL-2) or interleukin-15 (IL-15)
(17, 18). Roles for cytokine signaling at the maternal-fetal inter-
face have been described, with IL-2 and IL-15 both required for
differentiation and proliferation of decidual NK cells (19, 20).
Here we demonstrate that the human /L2RB gene has an LTR
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alternative promoter that drives expression specifically in the
placenta. We found that the tissue specificity is predominantly
regulated by alterations in DNA methylation of the LTR and
that splicing from the LTR into the downstream exon of IL2RB
may be more efficient in placenta. We have shown transcription
of IL2RB mRNA in the fetal trophoblast rather than the mater-
nal decidua and found that the IL-2RfB protein undergoes a
post-translational cleavage. Our data outline novel transcrip-
tional mechanisms by which this may occur.

EXPERIMENTAL PROCEDURES

Primary Tissue Samples—A panel of normal human RNAs
was obtained from Ambion. Anonymous placental samples
(whole chorionic villi with surface membranes removed) from
normal term delivery (n = 12), first trimester terminations (n =
2), and second trimester terminations or premature births (n =
2) were obtained from the British Columbia Women’s Hospital
and Health Centre. Normal peripheral blood mononuclear cell
(PBMC) samples were obtained from the Stem Cell Assay ser-
vice at the Terry Fox Laboratory by Ficoll density separation.
All samples were obtained with appropriate ethical approval
from the University of British Columbia. Placenta RNA samples
were obtained from sampling the villous tree in several areas
and were stored in RN Alater (Ambion) until required. Decidua
was dissected by manual visualization, and trophoblast and
mesenchyme were separated by an enzymatic digestion method
as described previously (21). Trophoblast and mesenchyme
purity was typically found to be 85-90% as determined using a
pyrosequencing assay for CpG methylation of genes that are
known to be specifically methylated or unmethylated in each
tissue (data not shown).

RNA Extraction, Reverse Transcription, and Quantitative
PCR—Expression levels of IL2RB were measured by qRT-PCR.
RNA extraction was performed with the RNeasy kit (Qiagen)
and reversed-transcribed with SuperScript III (Invitrogen).
Quantitative PCR was performed with the Applied Biosystems
Fast SYBR master mix on an ABI7500 Fast system with normal
cycling parameters. Primer sequences are given in supplemen-
tal Table S1, and relative positions are indicated in Fig. 14. The
two splice donor sites within the LTR were used equally (data
not shown) so that the transcript level from each is summed and
presented as total LTR expression. When primers were used to
detect unspliced mRNA, a no RT control was performed to
ensure measurement of mRNA and not genomic DNA. Expres-
sion levels were normalized to a control gene, succinate dehy-
drogenase complex subunit A (SDHA), by the AAC, method.
Promoter use was determined as a percentage of total IL2RB
expression.

Bisulfite Sequencing Analysis—DNA extraction was per-
formed using DNAzol (Invitrogen). Bisulfite conversion was
performed as described previously (22). Converted DNA was
used as a template for 40 cycles of PCR with AmpliTaq Gold
DNA polymerase (Applied Biosystems) using the primers given
in supplemental Table S1. Two independent PCRs were per-
formed for each primer pair to eliminate amplification bias of
methylated or unmethylated sequences. PCR products were
gel-purified (Invitrogen PureLink kit) and cloned using the
TOPO TA cloning vector (Invitrogen). Plasmid preparation

35544 JOURNAL OF BIOLOGICAL CHEMISTRY

and DNA sequencing were performed by McGill University
and the Genome Québec Innovation Centre Sequencing plat-
form. At least eight independent clones were obtained for each
region of interest. Data analysis was performed using the
QUMA analysis program from RIKEN.

Cell Culture, Reporter Assays, and Drug Treatments—]JEG-3
(human choriocarcinoma, placental epithelial origin) and
U87-MG (human glioblastoma-astrocytoma, brain epithelial
origin) cell lines were cultured in DMEM supplemented with
10% fetal bovine serum, 100 units/ml penicillin, and 100
units/ml streptomycin. Promoter regions of interest were PCR-
amplified with primers given in supplemental Table S1, some of
which inserted restriction sites. PCR products were cloned into
the TOPO TA cloning vector (Invitrogen), and reporter con-
structs were generated by subcloning into the pGL4-1.0 vector
(Promega). pGL4-spl1-AdSA was generated by additionally
subcloning a region encoding the adenovirus splice acceptor
site (AdSA) between the promoter sequence and luciferase
gene. Point mutations were generated using the QuikChange II
site-directed mutagenesis kit (Stratagene). In vitro methylation
(or mock control) was performed with SssI methylase (Invitro-
gen), after which the LTR region was excised by digestion with
Nsil/Bglll, gel-purified, and religated into an unmethylated
vector prior to transfection.

JEG-3 and U87-MG cells at 50,000 cells/well in 24-well plates
were co-transfected with 1 ug of pGL4 construct and 100 ng of
pRL-TK (Promega) using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. After 24 h, lucif-
erase activity was measured using the Dual-Luciferase assay
reporter system (Promega) according to the manufacturer’s
instructions. Firefly luciferase activity was normalized relative
to Renilla luciferase activity for each transfection and calcu-
lated as -fold increase over a promoterless control vector,
pGL4.10-BASIC (pGL4B), or a stuffer construct with a random
sequence of the appropriate length.

JEG-3 and U87-MG cells were treated with 5-azacytidine and
trichostatin A (TSA), inhibitors of DNA methylation and his-
tone deacetylase activity, respectively. A wide range of drug
concentrations was tested to establish a range in which cytotox-
icity was not too great but a biological effect was seen. Cells
were plated at 10° cells/well in 6-well plates overnight. 5-Aza-
cytidine was added at 24, 48, and 72 h, and cells were assayed at
96 h. TSA was added after 24 h, and cells were assayed at 96 h.
Expression from the LTR was determined by qRT-PCR as
above.

Western Blotting—Cell lysates were made in radioimmuno-
precipitation buffer with protease inhibitors. The positive con-
trol used in this assay is a human IL2RB-transfected 293T lysate
from Santa Cruz Biotechnology (sc-114166). Placental villi
were separated by dissection and washed to remove contami-
nating blood cells prior to protein extraction, and these samples
were homogenized in a Dounce homogenizer to achieve cell
separation. Protein concentration was determined with a Qubit
fluorometer (Qiagen). Proteins were separated by denaturing
SDS-PAGE and transferred to PVDF membrane in 25 mwm Tris-
HCI, pH 8, 192 mwm glycine. Primary antibodies used were anti-
IL2RB (intracellular domain) ab61195 (Abcam) with sc-672
(Santa Cruz Biotechnology), anti-GRB2 (Santa Cruz Biotech-
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nology), or anti-actin (Sigma A5441), as loading controls. Sec-
ondary antibodies were HRP-conjugated anti-rabbit IgG
(Sigma) and HRP-conjugated anti-mouse IgG (Sigma). Proteins
were detected with ECL detection reagent (GE Healthcare) on
x-ray film. Supplemental Fig. S5 shows three different and inde-
pendent Western blots, with the 293T-positive control protein
extract blotted with both anti-IL2RB antibodies (supplemental
Fig. S5, A and B) and also the placenta samples blotted with the
Abcam antibody (supplemental Fig. S5C). To verify the speci-
ficity of the observed truncated IL2RB in the placentas, we per-
formed a competition assay using the anti-IL2RB from Santa
Cruz Biotechnology and the blocking peptide from the same
manufacturer (sc-672 P) (see Fig. 5E). The competition assay
and Western blot were done in parallel. Two gels were loaded
equally with the placenta protein extracts and the positive con-
trol. After transfer, one membrane was blotted with a preincu-
bated anti-IL2RB antibody with peptide, and the other was
blotted with anti-IL2RB only. The bands present in both mem-
branes are nonspecific, whereas bands present solely in the
IL2RB-only blot are specific. Note that the amount of 293T
protein extract loaded into the competition assay gels was very
low to avoid well-to-well competition. For this reason, no actin
is observed in the competition blots, but supplemental Fig. S5
shows a higher concentration of the 293T protein extract and
the presence of the actin and IL2RB proteins.

Determination of CpG Content in THE1D LTRs—To obtain
the genomic distribution of the number of CpGs within each
THE1D LTR, the DNA sequences of all THEID LTRs anno-
tated by RepeatMasker in the human genome were downloaded
from the University of California, Santa Cruz (UCSC) Genome
Browser. The total number of CpG dinucleotides present in
each THE1D fragment with a size ranging from 320 to 420 bp
was counted. A histogram distribution of the CpG count is
shown in supplemental Fig. S1.

Statistical Analysis—Gene expression levels, promoter activ-
ities, and DNA methylation were analyzed by one-way analysis
of variance or Student’s ¢ test using GraphPad Prism version 5
as indicated in the figure legends.

RESULTS

Identification of an LTR Element Upstream of IL2RB with
Potential Promoter Activity—LTR elements contain promoter
sequences and thus have the capability to become alternative
promoters of nearby cellular genes (4). We and others have
previously identified such promoters by computational meth-
ods to search for LTR sequences that overlap with the 5’ end of
RefSeq genes or expressed sequence tags (ESTs) (4, 23, 24). The
case of IL2RB was particularly striking because over 50 EST
sequences appear to initiate withina THE1D LTR element ~25
kb upstream of the native promoter and splice into a common
downstream exon of the gene (Fig. 14). IL2RB ESTs initiating
from within this LTR utilize one of two splice donor (SD) sites
within the LTR, and the resulting fusion transcript is predicted
to produce the same protein as that from the native promoter
because the ATG is in a common downstream exon (Fig. 14,
exon 2). Notably, all of the ESTs initiating within the LTR are
from placenta, suggesting that activity of the LTR promoter
may be placenta-specific. THE1D elements were actively retro-

OCTOBER 14,2011 +VOLUME 286+-NUMBER 41

Placental Expression of IL2RB from an ERV Promoter

transposing 40 —50 million years ago and comprise one subfam-
ily of the larger THE1 retroelement family (25). This particular
LTR (hereafter designated the IL2RB LTR) became fixed before
the New World-Old World primate divergence because it is
present in the genomes of Old World primates and the New
World monkey marmoset as evident from genomic sequence
alignments (data not shown).

The LTR Is a Placenta-specific Alternative Promoter of
IL2RB—To validate the bioinformatics evidence that the
IL2RB LTR confers placenta-specific gene expression, we
performed qRT-PCR with promoter-specific primer pairs on
a panel of commercial normal human RNA samples. Spleen,
a positive control rich in hematopoietic cells, and placenta
both expressed high levels of IL2RB RNA when compared
with other tissues, and the LTR promoter was indeed only
active in placenta (Fig. 1B). We corroborated these findings
by testing IL2RB expression in several primary human
PBMC and term placenta samples (Fig. 1C). Transcription in
PBMC arises predominantly from the native promoter (85%
of transcripts), whereas in the placenta samples, the LTR
promoter was more active (88% of transcripts). There was a
much higher variability in the levels of IL2RB transcripts in
the placenta than in the PBMC (Fig. 1C), which is consistent
with previous studies that have identified widely variable
expression and DNA methylation levels as mechanisms that
enable the placenta to adapt to its surroundings (26). From
these results, it appears that the IL2RB LTR does indeed
confer placenta-specific transcription.

Promoter Activity in Cell Lines Does Not Reflect Actual
Expression Levels—To test the IL2RB LTR promoter activity
and tissue specificity in vitro, we generated a reporter construct
in which the sequence encoding the 260 bp of the LTR 5’ to the
first splice donor site was inserted upstream of a luciferase gene
(pGL4-LTR). The LTR promoter did exhibit considerable pro-
moter activity in JEG-3 cells (Fig. 2A4), a choriocarcinoma cell
line commonly used as a placenta model (27). To facilitate our
search for potential DNA-binding motifs that may confer the
tissue specificity of the LTR promoter observed in placenta, we
generated a series of deletion constructs from 1 kb upstream of
the promoter to the transcription start site (Fig. 24). Significant
loss of promoter activity occurred only upon deletion of a
TATA box located at positions 170—174 in the LTR and 24 bp
5' to the probable major transcriptional start site as judged by
the number of ESTs initiating at this site. A survey of this core
regulatory region using transcription factor databases failed to
identify any placenta-specific transcription factor-binding sites
(data not shown). Not surprisingly, given this information, the
full-length construct as well as the deletion series exhibited
comparable activity in U87-MG cells (Fig. 2B and data not
shown), a glioblastoma-astrocytoma cell line that does not
express IL2RB (Fig. 2C). These findings indicate that there is no
sequence within the LTR or 1 kb upstream that is directly
responsible for the tissue specificity of the promoter and point
to some other mechanism of regulating the IL2RB LTR.

DNA Methylation Determines Tissue Specificity of the LTR
Promoter—Having found that there were no placenta-specific
enhancer sequences within or upstream of the /L2RB LTR, we
decided to probe the chromatin surrounding the LTR in pla-
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FIGURE 1. Expression and promoter usage of IL2RB. A, schematic representation (not to scale) of human /L2RB, with the THE1D LTR ~25 kb upstream
(chr22:37570916-37571292, human reference sequence GRCh37/hg19). Three predicted mRNAs are shown, one from the native promoter and two from the
LTR (SD1 and SD2) that utilize different splice donor sites. Bent arrows indicate transcription start sites, numbered boxes are exons, thick black arrow is the LTR,
and dotted lines represent splicing events. B, total IL2RB expression (left panel) and promoter use (right panel) determined by gqRT-PCR in a panel of normal
tissues: Sp., spleen; PI., placenta; L., liver; Sm., small intestine; St., stomach; C., colon; Pr., prostate. Error bars represent the S.E. of three independent experiments.
Black bars represent native promoter use; hatched bars indicate LTR promoter use. Only transcription of the first LTR splice form (SD1) is shown; hence, the total
expression in placenta is not 100%. C, IL2RB promoter use in normal PBMC (n = 10) and placenta (n = 12) samples. Each dot represents an individual biological

Placenta

replicate, and error bars represent the S.E. Statistical significance determined by Student's t test is indicated as follows: **, p < 0.01; ***, p < 0.001.

centa and PBMC for epigenetic modifications. Most transpos-
able elements are thought to be silenced in differentiated tis-
sues by DNA methylation at CpG dinucleotides, most likely a
host defense mechanism to curb transpositional activity (28).
Specifically, the THE family of LTR elements is generally heav-
ily methylated in normal human somatic tissues (29). Methy-
lated cytosines are preferentially mutated to thymidine, leading
to an increased evolutionary rate of CpG to TpG mutation
within transposable elements (30). Therefore, it was surprising
to find that nine CpG sites have been retained within the LTR
upstream of IL2RB, whereas other THEID LTRs contain an
average of only two CpGs (supplemental Fig. S1). Accordingly,
we concluded that the JL2RB LTR is likely to have been rela-
tively protected from methylation during evolution and postu-
lated a role of DNA methylation in regulating its promoter
activity.

We determined the DNA methylation status of nine CpG
sites within the LTR and five CpG sites in the 320 bp immedi-
ately downstream of the LTR in four PBMC samples and six
placenta samples by bisulfite sequencing (Fig. 34). Overall lev-
els of methylation within the LTR were significantly lower in
the placenta (55%) than in the PBMC (88%) (Fig. 34). When
individual CpG residues were considered, seven sites had sig-
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nificantly lower methylation in the placenta, including one CpG
(site 2) that overlies one of the splice donor sites. There was a
significant inverse correlation between the CpG methylation of
individual residues and the log expression level at five sites
(supplemental Fig. S2). Both sample types displayed a hetero-
geneous pattern of methylation, which could be an inherent
stochastic variability or due to the mix of cell types within the
samples (26). Taken together, these data demonstrate that
DNA methylation of the LTR is significantly different between
the placenta and PBMC and indicate a probable regulatory role
for DNA methylation in conferring tissue specificity of the
IL2RB LTR promoter.

To investigate whether DNA methylation influences LTR
promoter activity, we performed in vitro methylation of the
IL2RB LTR in the pGL4-LTR construct used above. We found
that DNA methylation inhibits the LTR promoter activity, indi-
cating that this modification is sufficient to repress transcrip-
tion initiation (Fig. 3B). Additionally, we treated JEG-3 cells
with 5-azacytidine, an inhibitor of DNA methylation, and then
measured transcription from the LTR promoter. There was a
modest dose-dependent increase in expression from the LTR
up to 1 uM 5-azacytidine, but higher concentrations were toxic
to the treated cells (Fig. 3C). The increased expression is prob-
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total IL2RB expression in JEG-3 and U87-MG cell lines measured by gRT-PCR as
in Fig. 1.**, p < 0.01.

ably a direct effect of the drug treatment because the LTR is
indeed demethylated after 5-azacytidine exposure (supplemen-
tal Fig. S3). We also detected an increase in expression when
U87-MG cells were treated with 5-azacytidine, but this was
probably an indirect effect because the LTR was mostly
unmethylated in this cell line, a finding that suggests that other
epigenetic factors play a role in transcriptional regulation of the
IL2RBLTR promoter in these cells (supplemental Fig. S3). Nev-
ertheless, these experiments showed that DNA methylation is a
key regulatory mechanism by which placenta specificity of
IL2RB expression is achieved.

Histone H3 Acetylation Is No Different between Placenta and
Brain Cell Lines—Histone modifications are another class of
epigenetic mechanisms that regulate transcription and deter-
mine tissue specificity (31). Acetylation of histone H3 is associ-
ated with actively transcribing genes and can be increased by
treating cells with TSA, an inhibitor of histone deacetylases
(32). TSA treatment modestly increased IL2RB transcription
from the LTR promoter in JEG-3 cells, but a more striking effect
was seen in U87-MG cells, where levels of transcription were
up-regulated 400-fold, comparable with expression levels in
JEG-3 cells (Fig. 3D). This led us to postulate that the IL2RB
LTR may already be marked by H3 acetylation in JEG-3 cells,
but induction of this mark in the U87-MG cells was sufficient to
promote transcription from the IL2RB LTR. We therefore
measured the level of histone acetylation in JEG-3 and U87-MG
cells using chromatin immunoprecipitation but found no
enrichment of H3Ac at the LTR in either cell line (data not
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shown). Therefore, the increased expression of IL2RB in
U87-MG cells upon TSA treatment is an indirect effect, possi-
bly due to activation of a secondary transcription factor or to
the activation of a nearby cis-regulatory element.

LTR-initiating Transcripts Are Spliced More Efficiently in a
Placenta Cell Line—In integrated retroviruses, transcription
initiates within the LTR in a similar manner to that seen for the
IL2RB LTR. The retroviral splice donor site for the splicing
event required to produce functional env transcripts may occur
within the LTR itself or downstream, between the LTR and the
gag ORF (33, 34). We noticed that the two splice donor sites in
the IL2RB LTR are conserved in the THE1D LTR consensus
sequence from Repbase (ATT|GTAAG and ACT|GTGAG,
where | indicates the splicing event) and wondered whether this
characteristic might contribute to the tissue specificity of the
LTR promoter. Primer sequences located in the LTR and
immediately downstream in the genomic DNA were used to
amplify a putative unspliced mRNA initiating within the LTR
and proceeding into downstream flanking sequences. The lev-
els of unspliced transcripts were compared with the total levels
of transcripts initiating in the LTR. For PBMC samples, not
only was the overall level of LTR-initiated transcripts much
lower than in placenta, but a much higher fraction of these
transcripts was unspliced and presumably non-functional (Fig.
4A). In contrast, except for one sample, nearly all the LTR-
initiated transcripts in placenta were spliced.

To investigate this phenomenon further, a splicing reporter
construct was generated (pGL4-spl1-AdSA), consisting of the
entire IL2RB LTR, 1 kb of the downstream intron, and a known
adenovirus splice acceptor site proximal to the luciferase gene
(Fig. 4C). When transfected into the JEG-3 and U87-MG cell
lines, the wild-type (WT) construct showed considerable
reporter activity when compared with a promoterless vector,
but a construct bearing mutations in the splice donor sites
(pGLA4-spl1-AdSA-SDmut) showed a significant reduction in
promoter activity (Fig. 4B). This result suggests that a splicing
defect may be responsible for the inability to produce correctly
processed transcripts in non-placental tissue. To clarify this
issue, we performed RT-PCR on mRNA extracted from the
transfected cells (Fig. 4D). A 250-bp band corresponding to the
spliced form was seen in both JEG-3 and U87-MG@ cells trans-
fected with the WT but not the mutant construct, confirming
that mutation of the SD site inhibits splicing. (The full-length
band of 1 kb was observed in most lanes due to plasmid con-
tamination.) These results are consistent with our finding that
tissue specificity of the LTR promoter activity is lost when the
sequence is ectopically introduced in a reporter construct.
Therefore, although we do see differences in splicing efficiency
between the PBMC and placenta samples, the LTR sequence
alone does not contain all the regulatory components necessary
to confer this specificity. It is possible that epigenetic factors
such as DNA methylation affect efficient splicing and forma-
tion of the LTR-IL2RB fusion transcript.

IL2RB Is Predominantly Expressed in Placental Trophoblast—
Because IL2RB is normally expressed in the hematopoietic sys-
tem, we sought to determine its functional role in the placenta.
We first investigated which placental cell type expresses IL2RB
given that the placenta is a heterogeneous organ. Placental
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FIGURE 3. Effect of chromatin context on tissue specificity of expression. A, DNA methylation of the LTR promoter and region immediately downstream in
PBMC and placenta samples as determined by bisulfite sequencing. Upper panel, black circles show methylated CpGs, and white circles show unmethylated
CpGs. Columns represent individual CpG sites, and rows represent individual sequence clones. Results from individual PBMC (left) and placenta (right) samples
are shown, with the percentage of methylation in the LTR (arrow) or downstream region (line) indicated for the average of four PBMC and six placenta samples.
Two PCRs were required to amplify the whole region, as represented by the individual blocks. Lower panel, combined results from PBMC (n = 4) and placenta
(n = 6) samples. The portion of black for each circle represents the percentage of methylation at that site for all samples combined. Asterisks indicate statistically
significant differences in DNA methylation between the two groups at individual CpGs (Fisher’s exact test). Arrows indicate CpG residues for which the DNA
methylation correlated significantly with the expression level (supplemental Fig. S2). CpG sites within the LTR are numbered 1-9. B, luciferase reporter activity
of pGL4-LTR with the LTR sequence either in vitro methylated (M) or in vitro unmethylated (U). Error bars represent the S.E. from four independent experiments.
There was no significant difference between activities of the methylated and unmethylated promoters due to the high variability of the assay. C, expression
from the IL2RB LTR promoter in JEG-3 cells determined as in Fig. 1 following 5-azacytidine ([5azaC]) treatment. D, expression from the IL2RB LTR promoter in
JEG-3 and U87-MG cells determined as in Fig. 1 following TSA treatment. Statistical significance determined by one-way analysis of variance is indicated as

follows: *, p < 0.05; **, p < 0.01.

decidua and villi were dissected, and populations of trophoblast
and mesenchyme were obtained by enzymatic digestion of the
villi (see “Experimental Procedures”). The overall level of IL2RB
expression was slightly higher in trophoblast than in mesen-
chyme samples, and the LTR promoter was predominantly
used in the trophoblast (Fig. 54). Nevertheless, these differ-
ences were not statistically significant and were likely due to
variability between the biological samples tested (compare also
Fig. 1C). However, average DNA methylation was significantly
different between three trophoblast samples and three mesen-
chyme samples, 40.1% versus 66.9%, respectively (Fig. 5B). Fur-
thermore, DNA methylation levels were inversely correlated
with expression level, leading us to conclude that the tropho-
blast is the predominant tissue in which IL2RB is expressed
(Fig. 5B). The trend of lower DNA methylation in trophoblast
was also true for first and second trimester samples (supple-
mental Fig. S4). A statistical analysis showed that differential
methylation occurs specifically at CpG residues 1, 2, 4, and 7
(Fig. 5B). Although no RNA samples were available for the
maternal decidua, this tissue was almost completely methylated
and is therefore unlikely to be a significant source of IL2RB

35548 JOURNAL OF BIOLOGICAL CHEMISTRY

expression (Fig. 5B). Taken together, these results demonstrate
that IL2RB is expressed primarily in placental trophoblast cells
from the LTR promoter and that its expression is regulated by
DNA methylation.

Transcription of Other Members of the IL-2 and IL-15 Recep-
tor Complexes in Placenta—In the hematopoietic system, the
IL-2 receptor B subunit forms a functional heterotrimeric
receptor in complex with the common 7y chain (encoded by
IL2RG) and either the IL-2 receptor « chain or the IL-15 recep-
tor a chain (encoded by IL2RA and IL15RA, respectively) as
shown schematically in Fig. 5C (17). We analyzed the transcript
levels of these other receptor subunits in the placenta to deter-
mine whether or not a functional receptor could be formed in
this tissue. Among IL15RA, IL2RA, and IL2RG, transcripts were
detectable for all three genes in placenta, with ILI5RA being
significantly higher than the other two (data not shown). We
subsequently tested the expression of ILI5RA and ILI15 in the
purified trophoblast and mesenchyme. Interestingly, the
IL15RA subunit was expressed more highly in the mesen-
chyme cells (Fig. 5D), perhaps indicating a mode of trans-
presentation with the o subunit present on the mesenchyme
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FIGURE 4. Determination of splicing efficiency between the LTR and
IL2RB exon 2. A, fractions of unspliced and spliced mRNA from the LTR pro-
moter measured by qRT-PCR expressed as a percentage of total transcription
initiation from the LTR (using data from Fig. 1). Each dot represents an indi-
vidual biological replicate, and error bars represent the S.E. ***, p < 0.001. B,
luciferase reporter activity of pGL4-spl1-AdSA (WT) and pGL4-spl1-AdSA-SD-
mut (SDmut) constructs in JEG-3 and U87-MG cells. Asterisks indicate statisti-
cal significance (¥, p < 0.05) as determined by Student’s t test. C, schematic of
pGL4-spl1-AdSA and pGL4-spl1-AdSA-SDmut constructs (not to scale). Bent
arrows indicate the transcription start site, AdSA is the adenovirus splice
acceptor site, and lucis the luciferase gene. D, RT-PCR to detect splicing of the
MRNA from pGL4-spl1-AdSA (lanes T and 3) and pGL4-spl1-AdSA-SDmut
(lanes 2 and 4) in JEG-3 cells (lanes 1 and 2) and U87-MG cells (lanes 3 and 4).
Lanes 5-8 are as lanes 1-4 but with no enzyme in the RT reaction, and lane 9is
a no template control. The 1-kb and 250-bp bands corresponding to the
unspliced and spliced forms are indicated. GAPDH was used as a control.

and the 3 subunit present on the trophoblast. /L15 mRNA
but not /L2 mRNA was detectable in both trophoblast and
mesenchyme (Fig. 5D and data not shown). These data indi-
cate that the IL-15 signaling pathway is more likely to be
active in the placental villi.

Expression and Efficient Cleavage of the IL-2Rf Protein in
Placenta—We next analyzed the protein product of the LTR-
driven IL2RB mRNA by Western blot on protein extracts
from four placental villi (Fig. 5E and supplemental Fig. S5).
The membrane was probed with an antibody directed
toward the C-terminal signaling domain of IL-2Rj, and a
very strong band at 37 kDa was seen in the placenta samples,
not the expected 75-kDa full-length form observed in our
positive control. A competition assay using the same anti-
body preincubated with a peptide shows the 37-kDa protein
to be specific (Fig. 5E). Furthermore, we have tested another
C-terminal specific antibody and have obtained similar
results (supplemental Fig. S5). IL-2Rf has been shown to
undergo cleavage by a matrix metalloprotease (MMP) in leu-
kemic cell lines, resulting in the formation of a 50-kDa frag-
ment corresponding to the extracellular domain and a
37-kDa fragment encompassing the C-terminal domain (35,
36). Thus, although we cannot rule out that the isoform
detected in placenta is produced by alternative splicing, the
band size corresponds precisely to the intracellular domain
that would result from proteolytic cleavage of IL-2R3. More-
over, matrix metalloproteases are known to be expressed in
the villous trophoblast (37). The presence of the 37-kDa iso-
form and a demonstrable absence of the full-length protein
indicate that IL-2RB is preferentially cleaved in placenta.
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DISCUSSION

Here we have described a new instance of an LTR promoter
that confers tissue-specific expression of IL2RB in the placenta.
When introduced into a reporter construct, the LTR demon-
strated nonspecific promoter activity, indicating that chroma-
tin context regulates its tissue specificity. Indeed, we found that
DNA methylation is a key determinant of the expression pat-
tern, but histone acetylation near the LTR itself did not seem to
play a major role. The fusion transcript between the LTR and
downstream /L2RB exons requires efficient splicing from the
LTR-derived SD sites, which occurs preferentially in the pla-
centa and also appears to be regulated by epigenetic factors. We
identified the trophoblast as the subpopulation of placental
cells in which the majority of LTR-derived /L2RB transcription
occurs and found that the IL-2RB protein undergoes post-
translational cleavage to produce a membrane-bound signaling
domain.

Several other examples are known in which an LTR confers
placenta-specific gene expression, although in at least some of
these cases, there are sequence determinants within the LTR
itself that confer the tissue-specific effects (8, 38). For example,
the LTR upstream of EDNRB was shown to have promoter
activity in a reporter assay specifically in JEG-3 cells, quite in
contrast to the findings here, and serial deletions identified two
enhancers within the LTR that probably bind placenta-specific
transcription factors (8). The LTR promoter of syncytin, how-
ever, has core promoter activity, but the placental specificity of
transcription is conferred by binding of Gem1, a placenta-spe-
cific transcription factor, to DNA upstream of the LTR (39, 40).
In this case, the genomic position of the LTR insertion has
serendipitously resulted in tissue-specific expression and the
subsequent domestication of the env ORF.

DNA methylation is an epigenetic modification normally
associated with gene silencing, which may have evolved as a
host-defense mechanism to prevent potentially detrimental
transposition events of transposable elements (28, 41). Most
CpG dinucleotides in the genome are normally methylated in
somatic tissues, with the exception of those located within CpG
islands, regions of high CpG density that escape the global DNA
methylation that occurs during early development (41). There-
fore, LTR elements that are unmethylated can be considered to
be specifically derepressed. Some studies have shown that the
placenta is globally hypomethylated when compared with other
somatic tissues (42), and it is possible that this hypomethylation
is at least partly responsible for the high expression of ERVs in
the placenta. Several examples of LTR elements that act as
alternative promoters in the placenta have been shown to be
unmethylated (22, 43), but this effect may be secondary to the
LTR or closely linked sequence determinants in terms of caus-
ing tissue specificity. In contrast, we have shown here that dem-
ethylation of the IL2RB LTR promoter is a primary mechanism
by which tissue-specific transcription is achieved. These find-
ings support previous work from our laboratory showing that
demethylation of LTR promoters in placenta is specific and not
merely a consequence of global placental hypomethylation (22).

The ability of a solitary LTR to exhibit promoter activity and
form a productive fusion transcript with a downstream gene
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FIGURE 5. Regulation of IL2RB and associated proteins in placental tissues. A, total IL2RB expression (left) and promoter use (right) in paired trophoblast (T)
and mesenchyme (M) samples (n = 5). Each dot represents an individual biological replicate, and error bars represent the S.E. GAPDH was used as a control. B,
DNA methylation of the IL2RB LTR in trophoblast, mesenchyme, and decidua from one individual (upper) and average of multiple samples (n = 3) (lower)
determined by DNA methylation as represented in Fig. 3. Percentages shown are the average methylation of all samples. C, schematic representation of the IL-2
or IL-15 receptor with «, B, and vy chains represented by solid lines and the bound cytokine represented as a circle. The plasma membrane is indicated by the
parallel lines. D, expression of ILT15RA (left) and IL15 (right) in trophoblast (T) and mesenchyme (M) samples (n = 5). Each dot represents an individual biological
replicate, and error bars represent the S.E. Asterisks indicate statistical significance (¥, p < 0.05) as determined by Student's t test. E, Western blot on protein
extracts from four placental samples and a positive control (293T transfected cells) detected with anti-IL2RB (left panel) and anti-IL2RB preincubated with a
competing peptide (right panel) and anti-actin loading control (lower panels). Bands present only in the left panel are specific IL2RB proteins, whereas the strong
~52-KDa band in placenta is nonspecific. Please note that the amount of 293T protein extract is low, and therefore, no actin is observed. For a Western blot
containing more protein extract, see supplemental Fig. S5A. The same results were obtained with another anti-IL2RB antibody and can be seen on supple-

mental Fig. S5, Band C. Placentas 1, 2, 3, and 4 correspond to samples 114, 144, 133, and 132.

depends upon the presence of a splice donor site in the genomic
DNA flanking the LTR (44) or within the LTR itself (45), as is
the case here. The two splice donor sites used in the IL2RBLTR
are present in the consensus sequence for the THE1D family of
ERVs. This might result in THE1D LTRs more frequently being
exapted as LTR promoters as they are not dependent on nearby
splice donor sites to form fusion transcripts with nearby exons.
Although no such genome-wide study has been performed,
another intriguing example of a THE1 LTR promoter was
recently described (9). These authors found thata THE1B LTR
was exapted as an alternative promoter of CSFIR in Hodgkin
lymphoma and that this gene expression contributed to tumor
cell survival. Using degenerate PCR, they demonstrated that
other THE1B copies are expressed in these cells and probably
do form fusion transcripts with cellular genes. The CSFIR LTR
promoter was found to be derepressed by DNA demethylation
in a number of lymphoma cell lines whe