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While early transposon (ETn) endogenous retrovirus (ERV)-like elements are known to be active insertional
mutagens in the mouse, little is known about their transcriptional regulation. ETns are transcribed during
early mouse embryogenesis in embryonic stem (ES) and embryonic carcinoma (EC) cell lines. Despite their
lack of coding potential, some ETns remain transposition competent through their use of reverse transcriptase
encoded by a related group of ERVs—MusD elements. In this study, we have confirmed high expression levels
of ETn and MusD elements in ES and EC cells and have demonstrated an increase in the copy number of ETnII
elements in the EC P19 cell line. Using transient transfections, we have shown that ETnll and MusD LTRs are
much more active as promoters in P19 cells than in NIH 3T3 cells, indicating that genomic context and
methylation are not the only factors determining endogenous transcriptional activity of ETns. Three sites in the
5’ part of the long terminal repeat (LTR) were demonstrated to bind Sp1 and Sp3 transcription factors and
were found to be important for high LTR promoter activity in P19 cells, suggesting that as yet unidentified Sp
binding partners are involved in the regulation of ETn activity in undifferentiated cells. Finally, we found
multiple transcription start sites within the ETn LTR and have shown that the LTR retains significant
promoter activity in the absence of its noncanonical TATA box. These findings lend insight into the transcrip-

tional regulation of this family of mobile mouse retrotransposons.

Endogenous retrovirus-like (ERV) sequences comprise ap-
proximately 10% of the mouse genome and 8% of human ge-
nomes (18, 19). While humans retain few, if any, ERVs capable of
retrotransposition, mouse ERVs are highly active, accounting for
10 to 15% of all spontaneous insertional mutations (19, 22) and
contributing to numerous cases of cancer (1, 10, 16).

One class of mouse ERVs is the early transposon (ETn)
elements, first identified as a family of middle repetitive se-
quences transcribed during early mouse embryogenesis, with
expression peaking between embryonic day 3.5 (E3.5) and E7.5
(8,9). ETn elements were originally divided into two groups—
ETnl and ETnll—which differ only in the 3’ one-third of the
long terminal repeat (LTR) and the 5’ end of the adjacent
internal region (20, 49, 51). The rest of the internal region
contains mainly nonretroviral, noncoding sequences of un-
known origin, with the exception of a short stretch of a retro-
viral pol gene (31). ETn RNA is highly transcribed in early
(E3.5 to E7.5) mouse embryos (8, 9), in developing tissues of
E7.5 to E13.5 embryos in a tissue- and stage-specific manner
(27), and in embryonic stem (ES) cell lines (4), embryonic
carcinoma (EC) lines (9), and several plasmocytoma cell lines
(48), as well as in primary acute myeloid leukemia cells (56).
However, primary cells of other tumor types, such as hepatoma
and lymphoma, do not possess elevated amounts of ETn RNA
(56). ETn expression is low or undetectable in the differenti-
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ated cell lines tested, including the embryonic fibroblast line
3T3 (9), and the level of ETn expression drops dramatically
upon differentiation of the teratocarcinoma cell line F9 (17).
ETns are flanked by LTRs and do not contain retroviral
open reading frames. However, some remain transposition
competent, inducing novel insertional mutations (for a review,
see reference 3). We have previously described a close relative
of ETn in the mouse genome, a mouse ERV, MusD, possess-
ing a full-length open reading frame, which has similarity to
the gag, pro, and pol genes of primate type D retroviruses, or
betaretroviruses (31). MusD and ETnlI LTRs are highly sim-
ilar (92 to 100% identical), as are the internal regions border-
ing the LTRs (4, 31) (see Fig. 1B). There are 80 to 100 MusD
and about 40 ETnlI copies in the C57BL/6 mouse genome
(2,4, 44), but both ETnll and MusD elements exhibit poly-
morphic sites of insertions (3), resulting in copy number dif-
ferences among different mouse strains (4). Despite the lack of
coding potential, ETnlI elements, but not ETnl or MusD el-
ements, account for most of the insertional mutations, with the
ETnlII-B subfamily being the most active (4). It was recently
shown that ETnlII elements utilize MusD-encoded proteins for
their retrotransposition (44) (our unpublished data), clarifying
the mechanism of integration of noncoding ETnII elements.
LTR sequences have a key role in controlling the expression
of retroviral elements and the tissue tropism of retroviruses
(28, 35, 43), employing a wide spectrum of cellular transcrip-
tion factors. Despite the fact that ETn elements are active
mouse mutagens, very little is known about the factors con-
trolling their expression or that of their coding-competent
MusD relatives. In this study, we have performed functional
analysis of ETnII LTRs to gain insight into the transcriptional
regulation of this intriguing family of retrotransposons.
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MATERIALS AND METHODS

Cell culture, transient transfections, and luciferase assays. Mouse embryonic
teratocarcinoma cell line P19 and mouse embryonic fibroblast cell line NTH 3T3
(ATCC) were maintained in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, penicillin, and streptomycin. Cells were seeded 24 h
prior to transfection into six-well plates at a density of 3 X 10° cells/well. Cells
grown in monolayers were transfected with 1 g of plasmid DNA and 100 ng of
the Renilla luciferase vector pRL-TK using Lipofectamine-2000 (Invitrogen)
according to the manufacturer’s instructions. Cells were harvested into 1X pas-
sive lysis buffer (Promega) 24 h after transfection, and firefly and Renilla lucif-
erase activities were measured using the dual-luciferase reporter assay system
(Promega) according to the manufacturer’s instructions. The data were stan-
dardized to the internal Renilla luciferase control and expressed with regard to
the promoter efficiency of the promoterless pGL3-Basic (pGL3B) vector. The
results are means and standard deviations from three separate experiments
performed in duplicate.

Plasmids and constructs. ETnII and MusD LTRs were cloned into the KpnI-
BglII cloning site of the pGL3B luciferase reporter vector (Promega). The
318-bp LTRs were amplified from C57BL/6 mouse genomic DNA by nested
PCR, except for LTR#3, which was amplified from a bacterial artificial chro-
mosome clone. All oligonucleotides used in plasmid construction are listed in Table
S1 in the supplemental material. The following forward primers, located in the
flanking sequence, were used for the first-round PCR: for LTR#1 (GenBank ac-
cession no. AC074208), primer wiz_2921as; for LTR#7 (AC079540), 540_1s; for
LTR#6 (AC090879), 879_1s; for LTR#13 (AC079497), 497_1s; for LTR#10
(AL589871), 871_1s; for LTR#8 (AC087263), 263_1s; and for LTR#9 (AF132039),
039_1s. The reverse primer MusD/ETnlII_361as was used in common for all first-
round PCRs. Nested-PCR primers were identical for all LTRs: forward primer
IM_LTR_1s and reverse primer IM_LTR_2as. Progressive 5’ deletion constructs of
the ETnIl LTR#6 were generated by PCR amplification with a common reverse
primer, IM_LTR_2as, and forward primers IM_ETnII_18s, IM_ETnII_29s,
IM_ETnII_43s, IM_ETnII_61s, IM_ETnII_61s-T, IM_ETnII_76s, IM_ETnII_140s,
and IM_ETnII_162s. 3" deletion constructs of the ETnII LTR#6 were generated by
PCR amplification with a common forward primer, IM_LTR _1s, and reverse prim-
ers IM_ETnII_84-as, IM_ETnlII_164-as, IM_ETnlI_197-as, IM_ETnlII_234-as, and
IM_ETnII_277-as. The resulting LTR fragments were cloned into the KpnI-BglII
site of the pGL3B reporter vector and sequenced.

To generate a mutation in the first Sp1 binding site, in vitro mutagenesis was
performed by amplification of ETnlI LTR#6 with primers IM_LTR_mSp1-s and
IM_LTR_2as. For the other two Sp1 binding site mutation constructs, the 3’ part
of the ETnll LTR#6 was first amplified with a common primer, IM_LTR_1s,
and the following mutating oligonucleotides: IM_mutSp1/32-as to generate a
mutation in the second Spl binding site and IM_mutSp1/61-as for mutation in
the third Sp1 binding site. Products of these first reactions were used as forward
primers for amplification of ETnII LTR#6 with a common reverse primer,
IM_LTR_2as. All PCRs were carried out under standard conditions using Pfu
DNA polymerase (Invitrogen). All insertions cloned into the pGL3B vector were
sequenced.

Preparation of RNA, Northern blotting, and 5’ rapid amplification of cDNA
ends (5'-RACE). P19 and NIH 3T3 cells grown to 90% confluence were lysed in
1 ml TRIzol (Invitrogen) per 10 cm?, and total RNA was extracted according to
the TRIzol protocol. Two samples of RNA from the ES cell line R1 were
generously provided by Lynn Mar and Laura Sly.

For Northern blotting, 10 ug of RNA for each lane was denatured, electro-
phoresed in a 1.2% agarose-3.7% formaldehyde gel in 1X morpholinepropane-
sulfonic acid (MOPS) buffer, transferred overnight to a Zeta-probe nylon mem-
brane (Bio-Rad), and UV cross-linked. Probes specific for ETnI and MusD
elements were synthesized by PCR using the following primers: for ETnl, for-
ward primer STD1 and reverse primer STD2; for MusD, forward primer
MusD_823s and reverse primer MusD_1192as. Amplified DNA fragments were
«-3?P labeled using a Random Primers DNA Labeling system (Invitrogen).
a-?P-end-labeled antisense oligonucleotide probes were used as probes for
ETnlII-B elements (ETnlIgrl_3636as) (4) and B-actin (3'actin). Membranes
were prehybridized in ExpressHyb (BD Biosciences) for 2 to 4 h at 68°C for
fragment probes and 54°C for oligonucleotide probes, hybridized overnight at
the same temperatures in fresh ExpressHyb, washed according to the manufac-
turer’s instructions, and exposed to film.

5'-RACE was carried out using the FirstChoice RLM-RACE kit (Ambion)
with 10 g of total RNA from the untreated cell line P19 or from P19 cells
transfected with expression constructs according to the manufacturer’s instruc-
tions. Two rounds of nested PCR were carried out with forward primers specific
for the 5" RNA adapter and reverse primers specific for an ETnII element.

J. VIROL.

Endogenously expressed ETnlI elements were cloned using ETnl/II_665as as
the reverse primer for the first-round PCR and IM_3as as the reverse primer
for the second-round PCR. Both primers were located downstream of the 5’
LTR, prohibiting amplification of solitary LTRs. Transfected full-length and
3’-deleted constructs were cloned using primers specific for the luciferase
gene: IM_Luc_208as as the reverse primer for the first-round PCR and GL-2 as
the reverse primer for the second-round PCR. Specific amplification products
were cloned into the pGEM-T vector (Promega). Several independent clones
derived from each PCR product were sequenced.

Preparation of genomic DNA and Southern blotting. P19 and NIH 3T3 cells
grown to 90% confluence were lysed in 750 I DNAzol (Invitrogen) per 10 cm?,
and genomic DNA was extracted according to the DNAzol protocol. Genomic
DNA from ES cell lines R1, EK.ECC, AB-1, and 671 was a gift from Lynn Mar;
genomic DNA from mouse strains 12981/Sv-+7 +%7-¢ Kitl5//+ (stock 000090),
129X1/SvJ (stock 000691), and C3H/HeJ (stock 000659) was obtained from the
Jackson Laboratory. One microgram of genomic DNA for each lane was digested
overnight, run overnight in a 0.8% 1X Tris-acetate-EDTA agarose gel, and
transferred overnight in 0.4 M NaOH to a Zeta-probe nylon membrane (Bio-
Rad). A probe specific for both ETnlI and MusD elements was amplified by PCR
from the plasmid containing an ETnII clone using forward primer IM_ETnII/
MusD_329s and reverse primer IM_ETnIl/MusD_624as and was a->>P labeled
using the Random Primers DNA Labeling system (Invitrogen). The membrane
was prehybridized in ExpressHyb (BD Biosciences) at 60°C for 3 to 4 h, hybrid-
ized overnight at the same temperature in fresh ExpressHyb, washed according
to the manufacturer’s instructions, and exposed to film.

Nuclear extraction and electrophoretic mobility shift assays (EMSA). Nuclear
extracts were prepared from P19 and NIH 3T3 cells as follows. Cells were washed
in phosphate-buffered saline, pelleted at 5,000 rpm for 5 min at 4°C, and resus-
pended in lysis buffer (10 mM Tris-HCI [pH 8.0], 60 mM KCI, 1 mM EDTA,
1 mM dithiothreitol, protease inhibitors, 0.1% NP-40). After incubation on ice
for 5 min, the lysates were spun at 2,500 rpm at 4°C for 4 min. The pelleted nuclei
were washed in lysis buffer without NP-40 and pelleted at 2,500 rpm for 4 min at
4°C. The nuclear pellet was resuspended in nuclear extraction buffer (20 mM
Tris-HCI [pH 8.0], 420 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, and 25%
glycerol). After incubation on ice for 20 min, the nuclei were briefly vortexed and
spun at 13,000 rpm for 6 min at 4°C. The supernatant was removed and used as
a nuclear extract. Protein concentrations were determined using the Bio-Rad
protein assay.

EMSA were performed with y->*P-labeled double-stranded oligonucleotides
identical to the three fragments of the ETnII LTR#6 containing putative Sp1/
Sp3 binding sites (I, II, and III). Nuclear extracts (5 pg) were preincubated with
20 pl of a reaction mixture containing 0.5 pg of poly(dI - dC) in 10 mM HEPES,
4 mM dithiothreitol, 0.2 mM EDTA, 0.1 mM NaCl, 0.1 mg/ml bovine serum
albumin, and 4% glycerol. Samples were incubated for 20 min on ice with either
a 200-fold excess of unlabeled competitor oligonucleotide or an antibody specific
for Sp1 or Sp3 (sc-59 X and sc-644 X; Santa Cruz Biotechnology) for supershift
assays. Double-stranded oligonucleotides were labeled using [y->’P]ATP and T4
polynucleotide kinase according to the manufacturer’s protocols (Invitrogen)
and purified on MicroSpin G-25 columns (Amersham Pharmacia Biotech). A
v-32P-labeled oligonucleotide probe was added to the reaction mixture, and the
incubation was continued on ice for another 30 min. Reaction products were
fractionated on a 5% polyacrylamide gel and run at 4°C in 0.5X Tris-borate-
EDTA buffer at 8 to 15 mA for 3 h. Gels were transferred onto a Whatman
paper, dried, and autoradiographed.

RESULTS AND DISCUSSION

Transcription of endogenous ETn and MusD in ES and EC
cell lines. We performed reverse transcription-PCR (data not
shown) and Northern blot analysis to estimate the amounts of
endogenous ETn and MusD transcripts in the EC cell line P19,
two samples of the ES cell line R1, and the differentiated
embryonic fibroblast cell line NIH 3T3 (Fig. 1A). For ETnlI,
an oligonucleotide probe specific for the most abundant sub-
type, ETnlII-B, was used. This probe spans a small deletion
found only in ETnII-B elements (Fig. 1B) (4). ETn and MusD
RNAs were abundant in P19 and R1 cells, with both groups of
elements expressed at higher levels in P19 cells. The NIH 3T3
cell line, as expected, did not express ETn or MusD elements.
Single major bands depicted by Northern blotting clearly indi-
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FIG. 1. ETn and MusD transcript abundance in undifferentiated and differentiated cell lines. (A) Northern blot. Ten micrograms of RNA
isolated from EC P19, ES R1, and fibroblast NIH 3T3 cells was hybridized with ETnI, ETnlI-B, MusD, or B-actin probes. ETnlI-g and MusD
probes produced single bands, and the ETnl probe produced a single major band of 5.6 kb and a minor band of 7.2 kb. The blot was initially
hybridized with an ETnlI-f oligonucleotide probe, then stripped and rehybridized in turn with the other indicated probes. (B) Structures of ETn

elements and locations of probes used in Northern blotting.

cate a preference for transcription of a group of elements of a
specific size, suggesting that other subtypes either are tran-
scriptionally inert or are transcribed at far lower levels. Similar
results were previously demonstrated for ETnl and ETnlII el-
ements combined (56). Thus, our analysis has confirmed pre-
viously reported high levels of ETn and MusD expression in
undifferentiated EC and ES cell lines (4, 9) and their absence
in the differentiated cell line NIH 3T3 (9).

Promoter activities of ETnll and MusD LTRs in the P19
and NIH 3T3 cell lines. Since ETnllI elements are most fre-
quently found at the sites of recent insertions and are more
highly transcribed than MusD elements (3, 4), we analyzed the
promoter efficiencies of ETnll and MusD LTRs in differenti-
ated versus undifferentiated cell lines. The 5’ LTRs of four
ETnlI and four MusD elements belonging to different subfam-
ilies were chosen for the study. These elements possess various
degrees of nucleotide identity between their 3" and 5’ LTRs,
with evolutionarily younger elements displaying 100% identity
(Table 1). The LTRs were cloned into the pGL3B luciferase
reporter vector, transfected into P19 and NIH 3T3 cells, and
analyzed for their promoter efficiencies by measuring lucif-

TABLE 1. Description of the LTRs used in this study

% 1dentity of 5'- and

Element no. 3’ I'TRs* Accession no.
ETnlIl

LTR#1 100 (317/317) AC074208

LTR#7 100 (317/317) AC079540

LTR#6 100 (318/318) AC090879

LTR#13 94 (301/318) AC079497 (13-bp deletion

in 5" LTR)

MusD

LTR#3 100 (319/319) AC084696

LTR#10 99 (316/319) ALS589871

LTR#8 96 (308/319) AC087263

LTR#9 97 (310/319) AF132039

“ Numbers in parentheses are number of identical nucleotides/total number of
nucleotides.

erase gene expression (Fig. 2). While the sample size is small,
we observed that the LTRs of younger elements had higher
promoter activities, suggesting degeneration of promoter-com-
petent LTRs with time due to accumulation of mutations ei-
ther by random genetic drift or by negative selection aimed at
the elimination of deleterious sequences.

CpG methylation is an important factor in suppression of
LTR-driven transcription, as shown for intracisternal A parti-
cle elements and other classes of mouse ERVs (6, 15, 37, 57).
A wave of global mammalian CpG methylation is known to
occur during cellular differentiation around the time of implan-
tation (58), correlating with the reduction in ETn transcription.
However, despite the lack of CpG methylation of the expres-
sion plasmids, transiently transfected LTR promoter con-
structs revealed 15-times-lower promoter activity in NIH 3T3
cells than in P19 cells (Fig. 2), suggesting an important role for
cell type-specific transcription factors. We propose that, in
addition to possible suppressing effects of methylation, ETn
transcription in NIH 3T3 cells may be restricted by the lack of

>3
=
o

oP9 |-
| = NIH3T3|

-
<o
=]

-
(=2
=]

S
[
o o

o o0
==

&

Relative luciferase activity
2

o 3

| | L O )
pGL3B #1  #7  #6  #13 __#3 #8  #9
ETnlIl LTRs

#10
MusD LTRs

FIG. 2. Promoter activities of ETnII and MusD LTRs in P19 and
NIH 3T3 cells. Four ETnlI and four MusD LTRs (see Table 1 for
accession numbers) cloned into a pGL3B luciferase reporter vector
were assayed for promoter efficiency by transient transfections into P19
and NIH 3T3 cells.
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FIG. 3. Promoter activities of 5'-deleted ETnII LTRs in P19 and NIH 3T3 cells. (A) Graphical representation of the promoter efficiencies of
5'-deleted LTR#6 constructs. Numbers indicate the span of the construct, with base pairs corresponding to those in LTR#6. The putative TATA
box and the transcription start site identified previously (20) are shown. Ovals represent possible Sp1 binding sites. The Sp1 binding site mutated
in the 61(T)-317 construct is crossed. (B) Promoter activities of the LTR deletion constructs in P19 and NIH 3T3 cells as percentages of the

promoter activities of full-length LTR#6.

certain activating transcription factors present in the P19 cell
line or by the presence of suppressor transcription factors in
the NIH 3T3 cell line. This is further supported by the recently
published evidence that CpG demethylation increases the level
of transcription initiating from human endogenous retrovi-
rus-K LTRs only in the context of the specific transcription
factor pool present in germ cell tumors (24). However, since
the absolute difference in LTR promoter activities between
P19 and NIH 3T3 cells is difficult to ascertain, our subsequent
experiments focus on the relative promoter activities within
each cell line of partially deleted or mutated LTRs.

Regions in the ETnlII LTR crucial for high promoter ability
in P19 cells. To identify regulatory regions in the ETn LTRs
responsible for their exceptionally high promoter activities in
P19 cells, we performed functional analysis of the ETnII
LTR#6 (GenBank accession no. AC090879), which displayed
the highest promoter activity among the LTRs tested (see
Fig. 2). The promoter activities of the 5" LTR deletion con-
structs were analyzed in P19 and NIH 3T3 cells. We identified
three regions in the ETnII LTR essential for high LTR pro-
moter efficiency in P19 cells. All were positioned within the
first 76 bp of the LTR, 190 to 120 bp upstream of the previously
mapped transcription start site (20) (Fig. 3A and B). Regions
overlapping nucleotides 1 to 18, 29 to 43, and 61 to 76 are
clearly responsible for P19-specific expression, since these de-
letions lead to a severe reduction of activity in P19 cells (down
to 5% of the wild-type level) but not in NIH 3T3 cells. All of
the three critical regions contain predicted recognition se-
quences for Sp1 and Sp3 transcription factors (Fig. 4). Notably,
a single-nucleotide C—T mutation positioned 72 bp from the
beginning of the LTR, abrogating the third Sp1 binding site, is
found in ETnll LTR#13 and MusD LTR#8 and LTR#9 and
may account for their lower promoter activities (see Fig. 2). A
5" deletion construct incorporating this mutation [61(T)-317]
demonstrates significantly reduced promoter activity in P19 cells

in comparison to the wild-type deletion construct (61-317). We
hypothesize that the second and third regions described above
are necessary for high P19-specific, and possibly embryo-
specific, expression of ETn elements.

The three ETnll LTR critical regions bind Spl and Sp3
transcription factors. To determine whether the three regions
critical for high ETnIl LTR promoter activity bind Sp tran-
scription factors, we performed EMSA with double-stranded
DNA oligonucleotides corresponding to each of the three re-
gions (Fig. 4). Supershift results demonstrate efficient binding
of Spl and Sp3 transcription factors from both P19 and NIH
3T3 nuclear extracts to all of the three candidate regions,
resulting in extremely similar band patterns. However, incuba-
tion of the first segment with an NIH 3T3 nuclear extract
produced an extra band, indicating the presence of additional

ETnll ACO90879 #6

60

iz0

ACCAGAGATTATTCGGCGGEAATCGGETCCCCTCOCCCTTCCTMEATAACTAGTGTCGCA 180

- +1 T i
< U3+ R = |US—+> TATA-box
TTTEAGCCTTGAT CAGAGTAACTGTCTTGGCTACATTCTTTCTTCCGCCCE 240
polyA

GTCTAGATTCCTCTCTTACAGC TCGAGCGGCCTTCTCAGTCGARCCGTTCACGTTGCGAG 300

Us+ ]
CTGCTGGCGECCGCAR 318

FIG. 4. Sequence of the ETnll LTR#6, with positions of deletion
constructs and EMSA oligonucleotides shown. The transcription start
site, as identified in reference 20, is indicated as +1. The predicted
TATA-like sequence and polyadenylation signals (20) are boxed, and
U3, R, and US regions are indicated. Oligonucleotides used as probes
in EMSA (I, II, and III) are underlined. Sp1/Sp3 recognition sequences
are highlighted in gray; core regions are specified in white letters on a gray
ground.
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FIG. 5. Binding of Spl and Sp3 transcription factors to the regions
crucial for high LTR promoter activity. y->*P-labeled oligonucleotides
identical in sequence to the regions essential for high LTR promoter
ability in P19 cells (I, II, and III) were incubated with nuclear extracts
from P19 and NIH 3T3 cells. Competition assays were performed with
a 200-fold excess of wild-type unlabeled oligonucleotide. Antibodies
against Spl and Sp3 supershifted specific bands.

complexes (Fig. 5), suggestive of repression. However, based
on the deletion analysis results described above and the mu-
tational analysis described in the next section, this hypothesis is
unlikely. The binding of Spl and Sp3 to these regions in both
P19 and NIH 3T3 cells suggests that Sp1-dependent transcrip-
tion may be mediated by cofactors that bind to Sp proteins.
This hypothesis is supported by numerous recent reports of
heterodimerization of various transcription factors with Spl,
resulting in transcriptional activation through Sp1 binding sites
(21, 40, 46).
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Mutational analysis of the ETnlII LTR. To assess the impor-
tance of the Sp1/Sp3 binding sites for the P19 cell-specific
promoter activity of ETnIl LTRs, we introduced mutations
abolishing Sp1/Sp3 binding sites into the ETnll LTR#6 and
assayed the promoter efficiencies of these constructs. Prior to
transfection experiments, we employed EMSA to demonstrate
that mutations identical to those introduced into the LTR
completely abolished the binding of proteins to these regions
(data not shown). Mutation of either the first or the third Sp
binding site did not lead to a significant reduction in promoter
activity, whereas mutation of the second Sp binding site led to
a twofold decrease in promoter efficiency. Notably, combined
mutation of sites 2 and 3 was almost as dramatic as the triple
mutation and reduced promoter activity in P19 cells to the
level of the wild-type LTR promoter activity observed in NIH
3T3 cells (Fig. 6A and B). The promoter activity of the triple
mutant was only 9% of the wild-type level in P19 cells, while
the same combination of mutations reduced promoter activity
in NIH 3T3 cells to a lesser degree. NIH 3T3 cells are clearly
less responsive to the abolition of Spl1/Sp3 recognition se-
quences than P19 cells, confirming the crucial role of these
regions in the transcriptional activation of ETnlII LTRs in the
P19 cell line and, presumably, in ES cells and embryonic tis-
sues. The results of these deletion and mutation analyses are
suggestive of activation of LTR promoter ability in P19 cells
versus its suppression in NIH 3T3 cells, since we registered no
increase in the promoter efficiency in NIH 3T3 cells upon the
mutation of putative transcriptional repressor binding sites.

Despite the high responsiveness of the LTR reporter con-
structs to the mutation of Sp1/Sp3 binding sites, cotransfection
of P19 and NIH 3T3 cell lines with expression plasmids encod-

Relative luciferase activity

B.
Sp1 binding % promoter activity
= site mutations | _relative to wild-type LTR
- in the LTR P19 NIH 3T3
Wild-type 100 100
}— Sp1-mut | 93 100
Sp1-mut I 45 75
Sp1-mut IlI 84 76
Sp1-mut I/l 4 67
o b Spt-mut Il 52 85
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spl-w/t I 5¢-TGTAGTCTCCCETCCCCCAGCCTGA
Spl-mut I 5 -TGTAGTCTCCCCTAaECCCCAGCCTGA
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5'-CTTGCTCAGGLaTGGAGCTTCCTGC

Spl-w/t

III 5/ ~-TCGTTCTGCCA CACTGCTGGA
Spl-mut ht

~TCGTTCTGCCACtaCCACTGCTGGA

FIG. 6. Promoter activities of Sp-binding site mutant LTRs in P19 and NIH 3T3 cells. (A) Graphical representation of the promoter efficiencies
of LTR#6 constructs mutated at Sp1/Sp3 recognition sites. The putative TATA box and the transcription start site identified previously (20) are
shown. Ovals represent possible Spl binding sites. Crossed ovals represent mutated Spl binding sites. The cores of the wild-type (w/t) Spl
recognition sequences are boxed, and the mutated nucleotides are lowercased. (B) Promoter activities of the mutated LTR constructs in P19 and
NIH 3T3 cells as percentages of the promoter activities of wild-type LTR#6.
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FIG. 7. Promoter activities of 3'-deleted ETnII LTRs in P19 and NIH 3T3 cells. (A) Graphical representation of the promoter efficiencies of
3’-deleted LTR#6 constructs. The putative TATA box and the transcription start site identified previously (20) are shown. Ovals represent possible
Sp1 binding sites. (B) Promoter activities of the LTR deletion constructs in P19 and NIH 3T3 cells as percentages of the promoter activities of

full-length LTR#6.

ing Spl and Sp3 proteins (kind gifts from Paul Gardner, Tom
Shenk, and Guntram Suske) together and separately in varying
proportions did not significantly alter the promoter efficiencies
of ETnll or MusD LTRs (data not shown). This result suggests
that ubiquitously expressed Spl and Sp3 are not limiting fac-
tors for LTR transcription efficiency and indicates possible
involvement of other tissue-specific coregulating factors. This
is confirmed by our unpublished data showing that Sp1 and Sp3
expression determined by reverse transcription-PCR is similar
in both cell lines. It is also possible that other transcription
factors which employ the same or overlapping binding sites as
the Sp family proteins are specifically expressed in undifferen-
tiated cells and are those responsible for transcriptional acti-
vation of ETn and MusD elements.

High promoter activity of the 3'-deleted ETnII LTR lacking
the putative TATA box. To determine whether LTR sequences
3’ to the previously reported transcription start site (56) play a
role in transcriptional activation, functional analysis of the
3’-deleted constructs of the ETnll LTR#6 was carried out.
The promoter activities of the LTR 3’ deletion constructs were
analyzed in P19 and NIH 3T3 cells. Deletions of the LTR from
the 3’ end caused a mild drop in the promoter efficiency of the
LTR in both the P19 and NIH 3T3 cell lines, suggesting a lack
of cell-specific regulatory sequences in the region (Fig. 7).
Notably, the construct spanning bp 1 to 164 of the LTR had
surprisingly high promoter activity in the P19 cell line, despite
the deletion of its 3" sequence including a previously predicted
noncanonical TATA box (20). This may be due to an alterna-
tive transcription start site 5’ to the weak TATA box, since
GC-rich sequences present in the 5” end of the LTR may serve
as a TATA-less promoter. Previous studies identified a single
site of transcription initiation at the border of the U3 and R
regions in the ETn LTR in primary acute myeloid leukemia
(56) and carcinoma (20) cells. However, the elements investi-
gated in those studies belong to the ETnl family and thus differ
significantly from the ETnll elements studied here in the 3’
ends of their LTRs and part of the downstream sequence
(4, 49). Although the presumed U3 region is nearly identical in
both families, highly divergent US and downstream sequences

may play a role in variable transcription initiation between
ETnl and ETnlI elements. Our data are suggestive of an al-
ternative transcription start site in ETnII LTRs that functions
in the P19 cell line.

Determination of ETnll transcription initiation sites. To
determine transcription start sites, we performed 5'-RACE of
full-length and 3’-deleted ETnll LTR constructs transfected
into P19 cells (Fig. 8A) and endogenous ETnlI elements in P19
cells (Fig. 8B). The 3’ deletion construct spanning bp 1 to 164
of the LTR appeared to possess multiple transcription start
sites upstream of the previously predicted nonconsensus
TATA-like sequence, explaining its high promoter activity in
the P19 cells. The transcription initiation sites of the bp-1-to-
164 construct largely overlap with those of the transfected
full-length LTR#6 and fall primarily into the region spanning
bp 149 to 161 of the LTR (Fig. 8B). It is therefore possible that
a band detected in an EMSA experiment by Tanaka and Ishi-
hara (56) with an oligonucleotide spanning bp 147 to 169 of the
LTR contains polymerase complexes involved in initiation of
transcription.

We have also observed multiple transcription initiation sites
within the LTRs of endogenously expressed ETnlIl elements
(Fig. 8B). This is a very common trait of promoters containing
a weak TATA box and a GC-rich upstream sequence; in fact,
as many as 85% of all human genes have been reported to
possess highly variable transcription start sites (54). The tran-
scription start site most frequently used by endogenous ETnII
elements in P19 cells does not exactly correspond to the sites
employed by the transfected full-length LTR#6 reporter con-
struct, though the overlap does exist. This may be due to the
fact that ETnII elements with LTRs other than LTR#6 ac-
count for the majority of transcripts in P19 cells, as seen from
the sequences of 5'-RACE clones. The sequence differences
between the LTRs may result in variable efficacies of transcrip-
tion initiation sites. It is also possible that the ETnlI sequence
downstream of the LTR, present in the endogenous ETnII
elements but not in the LTR reporter constructs, may affect
transcription initiation.

The majority of the transcription initiation sites of endoge-
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FIG. 8. Mapping of transcription initiation sites in ETnlI LTRs by 5'-RACE. (A) Transcription initiation sites of transfected full-length and
3'-deleted ETnIl LTR#6 in P19 cells. Symbols represent 5’ termini of individual RACE clones, and numbers indicate that certain clones were
found multiple times. The 3’-deleted construct (bp 1 to 164) is indicated by an arrow. The previously noted TATA-like element (20) is boxed, and
a second such motif is underlined. (B) Transcription initiation sites of endogenous ETnlI elements in P19 cells. Arrows represent 5’ termini of
RACE clones, and numbers indicate that certain clones were found multiple times. The LTR sequence is that of the new ETnlI insertion into the
Adcyl locus (25). The previously noted TATA-like element (20) is boxed, and a second such motif is underlined.

nous ETnlI elements in P19 cells are clustered in the region
TCACAACAAT (bp 176 to 185), with all three C_,A
dinucleotides in this sequence employed for initiation of tran-
scription (Fig. 8B). This sequence resembles a loose initiator
element consensus, YYA , N(T/A)YY, where Y is a pyrimi-
dine (for reviews, see references 26 and 50). In the absence of
a strong TATA box, initiator sequences are known to effec-
tively drive transcription in the presence of upstream activator
Sp1 binding sites (for a review, see reference 50). Thus, ETnII
elements appear to rely on Sp1/Sp3 recognition sequences in
the absence of a strict TATA box for transcription from mul-
tiple initiation sites. However, we have also noted another
potential TATA box at nucleotide positions 124 to 133 of the
LTR (underlined in Fig. 8) that may play a role in initiation of
some transcripts. Although the 5'-RACE procedure used is
designed to detect only transcripts with a 5’ cap (32), it is
possible that some of the transcription start sites downstream
of the site previously identified (20) may be due to failure of
PCR or reverse transcription during the RACE procedure.
However, we are confident that the majority of the transcrip-
tion start sites identified, especially those found more than
once and those mapping 5’ to the previously defined beginning
of the R region, are legitimate.

Most well-studied exogenous retroviruses have strong TATA
boxes and a single major transcriptional initiation site which
defines the beginning of the R region, though multiple tran-
scription start sites have been found to be functional in exog-
enous and endogenous retroviruses (13, 45, 52). In addition,
multiple transcription initiation sites in the ETnIl LTR were
found in the ES cell line R1 (data not shown), suggesting that
this may be a common feature of ETnlII elements in different
cell lines. It is possible that families of retroviral elements that
reside in the genome gradually assume more flexibility in tran-
scriptional control than their exogenous counterparts.

It is worth noting that, despite the multitude of copies of
ETnlI elements in the genome, the transcribed elements are

highly similar to one another, based on the sequences derived
from the 5'-RACE clones. Most of the transcripts in P19 cells
were identical to the newly retrotransposed ETnII- element
which caused a mutation in the Adcyl gene in an ICR mouse
(25) (GenBank accession no. AF108230), suggesting that they
belong to a small subfamily of the most active and evolution-
arily young retroviral elements. Since the P19 cell line is de-
rived from the C3H/HeJ mouse background, and ETn ele-
ments are highly polymorphic among mouse strains (3), it is
difficult to positively identify the ETn element responsible for
the majority of the transcripts based on the published C57BL/6
genome. The 5'-RACE sequences are most similar to an ETn
element on chromosome 13 at position Ch13:110665922
to -110671471 in the May 2005 draft of the mouse C57BL/6
genome. This is the same element we identified previously as
being identical to ETnll sequences highly transcribed in the
early embryo from different mouse strains, LM and SELH
(GenBank accession number AC079540) (4). However, using
genomic PCR analysis, we have found that this particular ele-
ment is polymorphic in different mouse strains (3) and is not
present in P19 cells or in the parental strain C3H/HeJ (data
not shown).

Apparent amplification of ETnII elements in the permissive
P19 cell line. To determine whether the high transcription rate
of ETnll and MusD elements resulted in copy number eleva-
tion in permissive cell lines, we performed genomic Southern
blotting to compare ETnIl and MusD copy numbers in the
DNAs of P19, R1, and NIH 3T3 cells and their respective
parental mouse strains. DNA from the NIH/Swiss parental
mouse strain of the NIH 3T3 cell line was not analyzed due to
unavailability. The approximate expected sizes of the frag-
ments, given the heterogeneous nature of ETns, were 1,400 bp
for the ETnlI elements and 2,100 to 2,350 bp for the MusD
elements (Fig. 9A). Southern blotting results (Fig. 9B) indicate
a significant increase in ETnlII copy number in the P19 cell line,
likely due to high levels of transcription (see Fig. 1) and re-
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FIG. 9. Amplification of ETnll elements in the P19 cell line. (A) Digestion scheme. One microgram of genomic DNA was digested with
restriction endonucleases Pstl and Xbal; Xbal cuts inside the LTR, and PstI cuts in the body of the element, resulting in different fragment lengths
for ETnlI (approximately 1.4 kb) and MusD (approximately 2.1 to 2.35 kb) elements. The probe used is specific for both the ETnIl and MusD
elements and is located in the common region just 3’ of the 5" LTR. (B) Genomic Southern blotting and hybridization. Genomic DNAs from the
parental mouse strain of the EC cell line P19, C3H/HeJ (lanel), the EC cell line P19 (lane 2), parental mouse strains of the ES cell lines, 129X1/SvJ
(lane 3) and 129S1/Sv-+7 + 57 Kit]"//+ (lane 4), the ES cell lines R1 (lane 5), EK.ECC (lane 6), AB-1 (lane 7), and 671 (lane 8), and the fibroblast
cell line NIH 3T3 (lane 9) were digested with Pstl and Xbal. The blot was hybridized to the probe specific for both the ETnII and MusD elements.

trotransposition. Though the majority of transcripts in the P19
cell line are very similar (see the preceding section), it is not
clear whether the new ETnll copies are the products of a
single, highly transcribed source element or are derived from
one or multiple proviruses that originated from this element.
No increase in ETnllI proviruses is evident in any of the ES cell
lines at this resolution. These data suggest, however, that com-
monly used ES cell lines may accumulate new ETn copies if
grown for many generations. Methods capable of detecting
new single ETn integrations are necessary to assess the fre-
quency of such events in ES cells.

One possible reason for amplification of ETnll elements in
P19 versus ES cells is an increased probability of retrotrans-
position due to a longer culturing period, given that P19 was
established in 1982 (33) whereas ES cell lines derived from the
129 mouse strain were established in the early 1990s (11, 34,
36) and are generally maintained in culture for very short
periods. Accumulation of ETnlI copies in P19 cells could also
be explained by expression of one or more specific coding-
competent MusD elements in this cell line. Only a small num-
ber of MusD elements are fully intact (2) and able to facilitate
ETn retrotransposition (44). The finding that ETnII elements
have amplified in preference to their MusD relatives is likely
due to the fact that ETnlI transcripts are generally much more
abundant than MusD transcripts (4), making the former more
likely to retrotranspose.

Finally, it is possible that the observed ETnlI amplification is
due to inherent genomic instability of the teratocarcinoma cell
line P19, which may have led to DNA amplifications via seg-
mental duplications or other rearrangements. In this case, it is
expected that MusD elements would also be amplified, since
both ETnll and MusD elements are distributed randomly in
the genome (unpublished observations). Given that the MusD
copy number has not noticeably increased in these cells, thus
serving as an internal control, it is unlikely that DNA amplifi-
cations unrelated to retrotransposition explain the increase in
the number of ETnII elements. However, the remote possibil-
ity that only a small DNA region containing an ETnlI ele-
ment(s) and no MusD elements has selectively amplified in the
P19 genome cannot be ruled out.

Role of Spl and Sp3 transcription factors in ETn expres-
sion. This study has identified three regions containing Spl/
Sp3 binding sites as indispensable for high promoter activity of
the ETnll LTR in the ETn-expressing cell line P19. Mutation
of all three of these sites reduces LTR promoter activity 10-
fold, to the level observed in the nonexpressing cell line NIH
3T3.

While Spl is a ubiquitously expressed transcription factor,
its expression may differ more than 100-fold between different
tissues and developmental stages (47). It binds GC- and GT-
rich boxes and is involved in the transcriptional regulation of
many housekeeping, tissue-specific, and developmental genes
(for a review, see reference 53) as well as some viral genes (14,
42, 46). Spl binding sites have been implicated not only in
protection of CpG islands from de novo methylation but also
in providing signals for direct DNA demodification (7, 12, 30).
Another member of the Sp family of transcription factors, Sp3,
which has been shown to bind the same recognition sequences,
either compensates for Sp1 or competes with it. Since some of
the Sp3 isoforms may function as transcriptional repressors,
the ratio of Sp1 to Sp3 is frequently responsible for the degree
of gene activation (for a review, see reference 53).

The Sp1 transcription factor is a candidate for being a major
regulator of the onset of zygotic genome activation, since it
is required for activation of the Asp70 promoter in two-cell
mouse embryos (5). Despite being ubiquitously expressed, Spl
seems to be involved in transcriptional activation of some
embryo-specific genes, such as Oct3/4 (12, 38, 41), telomerase
(39), and FGF-4 (23, 29), as well as ST8Sia-I (55), which is
expressed in P19 cells but not in 3T3 cells. This versatility of
Spl apparently stems from the multitude of its binding part-
ners, since Spl can be transactivated by a number of other
transcription factors (21, 40, 46). Given that Sp1 and Sp3 levels
are comparable between the ETn-expressing cell line P19 and
the non-ETn-expressing cell line NIH 3T3 (data not shown),
and given that transient cotransfection experiments with Spl
and Sp3 expression vectors did not significantly alter LTR
promoter efficiency in either of the cell lines (data not shown),
we suggest that the high transcription rate of ETn elements
and the high LTR promoter activity in the P19 cell line are
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dependent on the availability of Sp1/Sp3-binding transcription
factors. Presumably, high ETn transcriptional activity in other
types of undifferentiated cells, including ES cells and embry-
onic tissues, relies on the same mechanism.
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