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KAP1 controls endogenous retroviruses in embryonic

stem cells
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More than forty per cent of the mammalian genome is derived from
retroelements, of which about one-quarter are endogenous retro-
viruses (ERVs)'. Some are still active, notably in mice the highly
polymorphic early transposon (ETn)/MusD and intracisternal
A-type particles (IAP)>*. ERVs are transcriptionally silenced during
early embryogenesis by histone and DNA methylation**® (and
reviewed in ref. 7), although the initiators of this process, which is
essential to protect genome integrity®, remain largely unknown.
KAP1 (KRAB-associated protein 1, also known as tripartite motif-
containing protein 28, TRIM28) represses genes by recruiting the
histone methyltransferase SETDBI1, heterochromatin protein 1
(HP1) and the NuRD histone deacetylase complex’, but few of its
physiological targets are known. Two lines of evidence suggest that
KAP1-mediated repression could contribute to the control of ERVs:
first, KAP1 can trigger permanent gene silencing during early
embryogenesis'’, and second, a KAP1 complex silences the retrovirus
murine leukaemia virus in embryonic cells''~'*. Consistent with this
hypothesis, here we show that KAP1 deletion leads to a marked
upregulation of a range of ERVs, in particular IAP elements, in
mouse embryonic stem (ES) cells and in early embryos. We further
demonstrate that KAP1 acts synergistically with DNA methylation to
silence IAP elements, and that it is enriched at the 5" untranslated
region (5'UTR) of IAP genomes, where KAP1 deletion leads to the
loss of histone 3 lysine 9 trimethylation (H3K9me3), a hallmark of
KAP1-mediated repression. Correspondingly, IAP 5'UTR sequences
can impose in cis KAP1-dependent repression on a heterologous
promoter in ES cells. Our results establish that KAP1 controls endo-
genous retroelements during early embryonic development.

KAP1, a member of the RBCC (ring, B-box, coiled—coiled) or TRIM
(tripartite motif) family of proteins, is recruited to genes by the tetrapod-
specific, DNA sequence-specific KRAB-ZFPs (Kriippel-associated box
domain-zinc finger proteins)', which constitute the largest family of
transcriptional regulators encoded by higher vertebrates. However, until
now, few KAP1 target genes and their KRAB zinc finger intermediates
have been identified". To assess the potential role of KAP1 in ERV
regulation we generated two conditional KAP1-knockout ES cell lines,
in which the KapI gene could be inactivated by a 4-hydroxytamoxifen
(4-OHT)-inducible system. Both lines expressed pluripotency markers,
and one was used to demonstrate contribution to mouse chimaeras
after injection into blastocysts (Fig. 1, Supplementary Fig. 1 and data
not shown). Control and KAP1-deleted ES cells (see Fig. 1a) were sub-
jected to a combination of large-scale RNA sequencing and specific
PCR with reverse transcription (RT-PCR) measurements. The results
showed a modest increase in LINEI (long interspersed nuclear ele-
ments 1) transcripts after KAP1 removal, but a marked upregulation
of a range of ERVs, in particular IAP elements, which exhibited 15- and

66-fold overexpression in the two ES cell lines, respectively (Fig. 1b—d
and Supplementary Figs 1 and 2). Because ES cells progressively lose self-
renewal ability after KAP1 depletion (refs 16, 17 and data not shown), as
a control we examined ES cells cultured in the absence of leukaemia
inhibitory factor (LIF). Under these conditions we also observed a
decrease in the stem cell markers NANOG and to a lesser extent
OCT4 (also known as POU5F1), but IAP elements were not upregulated
(Fig. 1a, ¢). Furthermore, partially restoring KAP1 levels by transduction
with a KAP1-expressing lentiviral vector proportionately reduced the
upregulation of IAP elements in KAP1-deleted ES cells (Supplementary
Fig. 3). Notably, the stimulation of IAP transcription was accompanied
by an increase in the IAP DNA load of KAP1-deleted compared to
control ES cells, demonstrating that IAP genes were not only over-
expressed but could also reverse transcribe and probably integrate into
the genome (Fig. 1e). In contrast, IAP expression was not increased after
KAP1 deletion in mouse embryonic fibroblasts (MEFs) (Supplementary
Fig. 4), which supports a model in which ERV control in differentiated
cells relies on more stable silencing mechanisms*”.

To investigate more thoroughly the mechanisms of IAP control
during early embryogenesis, we treated ES cells with the DNA methyl-
transferase inhibitor 5-azacytidine (5-aza) and observed a similar
upregulation of IAP elements. Notably, combining this drug with
KAP1-knockout induced a synergistic effect on IAP overexpression
(Fig. 1f). This suggests that DNA methylation and KAP1 repression act
cooperatively to silence these elements. Moreover, validating the
results of our ES cell-based experiments, we found that IAP elements
were markedly increased in KAP1-depleted blastocysts cultured ex
vivo (Supplementary Fig. 5), and, most importantly, were upregulated
more than five-hundred times in KAP1-knockout embryos (Fig. 2).

These data indicate that KAP1 has a crucial role in controlling ERVs
during early embryonic development. To determine whether this effect
is direct, we performed chromatin immunoprecipitation (ChIP) stud-
ies. First, we found that KAP1 associates with the IAP genome in ES
cells (Fig. 3a,b). Notably, KAP1 was significantly enriched over the IAP
5"UTR compared to the U3 (P = 0.034) or gag (P = 0.026) regions in
control cells. Furthermore, KAP1 knockout correlated with a decrease
in H3K9 trimethylation and an increase in H4 acetylation on the IAP
genome (Fig. 3¢, d). This combination of chromatin modifications is
consistent with a loss of KAP1-mediated repression’. We also assessed
the global level of IAP DNA methylation by Southern blot and more
specifically by bisulphite sequencing, but did not detect a significant
difference with or without KAP1 (not shown).

To evaluate the genetic diversity of IAP elements controlled by
KAP1, we sequenced the 5'UTR of IAP complementary DNAs iso-
lated from KAP1-depleted cells. The 33 sequences thereby analysed
were highly diverse (Fig. 4a and Supplementary Fig. 7). Of interest
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Figure 1| IAP elements are upregulated in KAP1-depleted ES cells.

a, Western blot and KAP1 PCR? after 4-OHT addition (times indicated).
WT, wild-type; WT*, treated with 4-OHT; —LIF, cultured without LIF; Cre,
cells transduced with a 4-OHT-inducible Cre vector; KO, KAP1 knockout
Cre cells treated with 4-OHT. KAP1 is 95 kDa, tubulin 52 kDa, and NANOG
42 kDa. PCR: 152-, 171- and 390-bp products correspond to wild-type, loxP-
flanked or excised Kap1, respectively. b, RNA-sequencing. Histogram shows
the difference in gene expression between wild-type and knockout samples
after Gapdh normalization. Double asterisks, =1% of genes are more highly
upregulated than IAP and MERVL elements. NLM GenBank accession
numbers: X04120 (IAP-IL3), M17551 (IAP-MIA14), X03521 (106-494 bp,
insertion sequence specific to IAP-II class), AF030883 (SINEBI and 2),
AB305072/3 (MusD) and M13002 (LINE1). MERVL was from Repbase (see
Supplementary Fig. 2). ¢, Quantitative RT-PCR analysis on stated treatment

was their heterogeneity in the region coding for the primer-binding
site (PBS)—the sequence complementary to the cellular transfer
RNA that acts as primer for retroviral minus-strand DNA synthesis.
Murine leukaemia virus (MLV) is indeed silenced in embryonic cells
by the ZFP809-mediated recruitment of a KAP1-containing complex
to its proline tRNA PBS (PBSPro)'""". The PBS of IAP elements
expressed in KAP1-depleted cells covered a range closely related to
PBS Phe (Supplementary Fig. 8). To address whether these PBS variants
were sufficient to confer KAP1-sensitivity to a heterologous promoter
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groups (n = 3) normalized to ES wild-type cells showing the mean and s.d.
IAP primers were specific for the 5'UTR region. One representative
experiment of three is shown. Unpaired #-tests were used to compare wild-
type and knockout ES cells. *P < 0.05, **P < 0.01, ***P < 0.001. P = 0.002
(Kap1), P =0.039 (Oct4), P = 0.004 (Nanog), P = 0.001 (IAP) and P = 0.023
(LINE1). d, Results for the second ES line, analysed as described in

a. P=0.001 for MusD. See also Supplementary Fig. 1. e, Relative IAP DNA
content was measured by quantitative PCR (qPCR) on genomic DNA. A
summary of three experiments is shown (n = 7) as a box plot with error bars
indicating the lowest and highest values. P = 0.0012, two-tailed
Mann—Whitney test. f, IAP upregulation was compared after treatment with
5-aza (n = 3) (at 7 uM, added for 24 h), after KAP1 deletion, or after a
combination of both (5-aza was added for 24 h 3 days after 4-OHT addition).
Results are mean and s.d. One representative experiment of two is shown.

in ES cells, we cloned them into a lentiviral vector expressing a green
fluorescent protein (GFP) transgene from the MND (myeloprolifera-
tive sarcoma virus enhancer, negative control region deleted'®) pro-
moter. We then transduced KAP1-excisable ES cells with the resulting
vectors and examined GFP expression. Although the MLV Pro
sequence induced potent KAP1-dependent silencing compared to its
functionally inactive B2 point mutant, none of the IAP PBS variants
induced significant repression (Supplementary Fig. 8). This concurs
with the results of a previous study in which the silencing activity of two
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Figure 2 | KAP1 controls IAP elements in embryogenesis. a, Embryos from
Kapl™'™ intercrosses were dissected and in situ hybridization performed
with a 500-bp IAP probe (specific for a cDNA region spanning the IAP
5'UTR as shown in Fig. 4a). One litter is shown; in total, 23 out of 84
embryos (27%) stained positive for IAP elements. See also Supplementary
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Fig. 6. E5.5, embryonic day 5.5. b, Mice were crossed as above and embryos
dissected at E6.5, and two mutant versus two wild-type embryos selected and
pooled based on morphology. Samples were analysed by qRT-PCR at three
dilutions and results show the mean and s.d. One of two experiments is
shown.
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Figure 3 | KAP1is enriched at the 5’UTR of IAP genomes and loss of KAP1
leads to loss of H3K9me3 and an increase in H4 acetylation. a, IAP map
(based on TAP-MIA14; ref. 28) with positions of primers used for ChIPs.
LTR, long terminal repeat. b, KAP1 ChIP results 4 days after 4-OHT
addition to control (ES WT*) or Cre-expressing (ES KO) ES cells. Graphs
show the mean enrichment in the immunoprecipitations (n = 3) relative to
the total input samples and error bars show the s.d. A control with no
antibody (Ab) gave background enrichment (mean 0.008%). All significant
differences between wild-type and knockout for IAP primers are marked.

other IAP PBS sequences was evaluated'®. However, when we cloned
500-base-pair-(bp)-long fragments overlapping the 5'UTR of IAP ele-
ments expressed in KAP1-null cells (shown in Fig. 4a) either upstream
or downstream of the MND promoter, we could induce up to 53-fold
KAP1-dependent silencing, which was comparable to the 50-fold
repression induced by the MLV Pro sequence (Fig. 4b). Notably, the
same region cloned from an IAP element expressed in control cells
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Figure 4 | IAP 5'UTR sequences expressed in KAP1-depleted ES cells are
polymorphic and can repress a GFP reporter in a KAP1-dependent way.

a, Map showing the 500-bp 5'UTR/5’gag region of IAP transcripts
sequenced, and a phylogenetic tree of the 33 sequences obtained. Sequences
for IAP-MIA14 and IAP-IL3 were included in the alignment and are marked
by an asterisk. b, Lentiviral vector map with a GFP reporter and the test site
where the following sequences were cloned antisense: IAP fragments 1-4 or
PBS sequences Pro, B2 or Phe2 (see Supplementary Fig. 8). ES cells were
transduced (1 day after 4-OHT treatment) with these vectors (or an empty

Mest (mesoderm-specific transcript), a direct target of KAP1 in embryonic
carcinoma (EC) cells®, was a positive control and Gapdh a negative control.
¢, d, ChIPs as above but with an anti-H3K9me3 antibody (c), and with an
antibody specific for acetylated H4 (d). Data are representative of 2-3
experiments. P values (by unpaired ¢ tests) are Kapl: P = 0.037 (U3);

P =0.036 (5UTR); P = 0.047 (pol), but summary values for the three
experiments are P < 0.0001 for the U3 and 5'UTR, and P < 0.003 for gagand
pol. H3K9me3: P < 0.001 (U3, 5'UTR, gag and pol). H4Ac: P = 0.049 (U3);
P =0.037 (5'UTR); P = 0.022 (gag).

(IAP1, which has multiple sequence differences, see Supplementary
Fig. 10) failed to repress the MND—GEFP reporter, thereby serving as
a negative control.

Taken together, these data demonstrate that ERVs are repressed in
murine embryonic stem cells by the recruitment of a KAP1-containing
chromatin remodelling complex to their 5'UTRs, corroborating the
previously noted marked enrichment for H3K9me3 at and near ERV
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vector) and GFP was measured 3 days later in the SSEA-1™ cell fraction (see
Supplementary Fig. 9). Fold repression shows the ratio of expression
between these vectors and the control B2 one, normalized to 3T3 cells where
the ratio equals 1. The bottom panel shows the results for IAP fragments 1-3
or the PBS sequences, Pro or B2 cloned upstream of the promoter. All
sequences are in antisense orientation except IAP2, which is in sense
orientation. Results were normalized as above and are representative of 2-3
experiments. Results were also reproduced in E14 ES cells (see
Supplementary Fig. 11).

239

©2010 Macmillan Publishers Limited. All rights reserved



LETTERS

DNA in these cells’. The described mechanism thus seems to represent
a tetrapod-specific complement to the small-RNA-mediated retro-
transposon silencing that is at play from plants to mammals**'.

By analogy with the demonstrated mechanism of repression of other
targets including MLV, it is likely that KAP1 is tethered to IAP genomes
by KRAB-ZFPs. The observed sequence diversity of KAP1-dependent
ERVs further suggests a corresponding degree of polymorphism in the
zinc fingers mediating their recognition. Our large-scale RNA sequen-
cing analysis detected more than 250 KRAB-ZFP transcripts in ES cells,
including 56 at levels higher than ZFP809 (data not shown).
Phylogenetic studies further show that the DNA-binding domains of
KRAB-ZFPs have been under strong positive selection during evolu-
tion, pointing to their participation in genetic conflicts*”. Our data are
consistent with a model in which rapidly mutating retroelements have
been protagonists of these conflicts, exerting strong selective pressures
on KRAB-ZFPs responsible for their control.

Finally, considering that epigenetic silencing can spread from
repetitive elements to neighbouring genes>***, the work presented
here opens new perspectives to explore ERV-mediated control of
cellular genes in development and in adult tissues.

METHODS SUMMARY

ES cells. Two ES cell lines were derived from Kapl mice (gift from F.
Cammas), karyotyped and cultured as described”. KAP1-knockout cells were ana-
lysed 4 days after treatment with 4-OHT (used at 1 uM overnight, from Sigma).
Differentiation was monitored using an anti-SSEA-1 antibody (BD Pharmingen,
MC480). Western blots were performed as described*® using antibodies specific for
KAP1 (Chemicon, MAB3662), NANOG (Abcam, 21603-100), OCT4 (Santa Cruz,
$¢5279) and a-tubulin (Sigma).

Lentiviral vectors. The LVCT'" vector was modified to express CAG-4-OHT-
inducible Cre (from P. Chambon) and an SV40-puro cassette. An LV PGK-GFP
vector was modified by substituting GFP with Cre for MEF experiments, and was also
used to construct LV-silencing vectors by replacing PGK with MND"* and including
test sequences upstream or downstream. Vectors were titrated on 3T3 cells.
RT-PCR. Total RNA was purified using a Trizol kit (Invitrogen), treated with
DNase (Ambion), and 0.5 pig was reverse transcribed using random primers and
SuperScript II (Invitrogen). Alternatively, for low starting material, an RNeasy
micro kit was used. Primers (see Supplementary Table 1) were used for SYBR
green Q-PCR (Applied Biosystems) and their specificity confirmed with dissoci-
ation curves. All data are Gapdh normalized, although the actin gene gave similar
results. AP DNA PCR was normalized to the titin gene and results confirmed
with Gapdh, MusD and major satellite primers.

ChIP. Chromatin was prepared according to the Upstate protocol, and starting
material was normalized between wild-type and knockout samples. Triplicate
immunoprecipitations were performed using protein A agarose beads (Millipore)
and the following rabbit antibodies: KAP1 (ref. 9) (from D. Schultz), H3K9me3
(Abcam, ab8898) and acetyl H4 (Upstate, 06-866). Input and immunoprecipitation
samples were analysed by SYBR green Q-PCR.

Bioinformatics. Sequences were aligned with Mafft and a phylogenetic tree
generated using RAXML (Randomized Axelerated Maximum Likelihood).
[lumina RNA-sequencing was analysed with MAQ 0.7.1 and reads mapped to
the collection of mouse transcripts from RefSeq (version 36).
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