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SUMMARY

KRAB-containing zinc finger proteins (KRAB-ZFPs)
are early embryonic controllers of transposable ele-
ments (TEs), which they repress with their cofactor
KAP1 through histone and DNA methylation, a pro-
cess thought to result in irreversible silencing. Using
a target-centered functional screen, we matched
murine TEs with their cognate KRAB-ZFP. We found
the paralogs ZFP932 and Gm15446 to bind over-
lapping but distinguishable subsets of ERVK (endog-
enous retrovirus K), repress these elements in em-
bryonic stem cells, and regulate secondarily the
expression of neighboring genes. Most importantly,
we uncovered that these KRAB-ZFPs and KAP1 con-
trol TEs in adult tissues, in cell culture and in vivo,
where they partner up to modulate cellular genes.
Therefore, TEs and KRAB-ZFPs establish transcrip-
tional networks that likely regulate not only devel-
opment but also many physiological events. Given
the high degree of species specificity of TEs and
KRAB-ZFPs, these results have important implica-
tions for understanding the biology of higher verte-
brates, including humans.

INTRODUCTION

Transposable elements (TEs) account for more than half of the

human and murine genomes (Lander et al., 2001; Waterston

et al., 2002). Long considered as purely parasitic, they are now

recognized as important motors of evolution, yet they also repre-

sent genomic threats requiring control from the earliest stages of

development. Whether they are DNA transposons or retrotrans-

posons (endogenous retroviruses [ERVS], LINEs, SINEs, and

SVAs; reviewed in Friedli and Trono, 2015), TEs can disrupt

genes, alter their transcription, or serve as ground for recombi-

nation and have been implicated in diseases such as cancer

and diabetes (Hancks and Kazazian, 2012; Jern and Coffin,

2008). However, growing evidence indicates that TEs can be

co-opted for the benefit of the host, with for instance expression
Develo
of zygotic activation genes driven from the long terminal repeat

(LTR) of murine endogenous retrovirus L (MERVL) in the mouse,

and many binding sites for pluripotency factors residing within

mobile DNA elements in the human genome (Bourque et al.,

2008; Chuong, 2013; Dupressoir et al., 2012; Fort et al., 2014;

Macfarlan et al., 2012).

TEs are repressed through RNA- and protein-based epige-

netic mechanisms instated during the first days of embryogen-

esis. KRAB-containing zinc finger proteins (KRAB-ZFPs) consti-

tute a large family of transcription factors implicated in this

process. KRAB-ZFPs bind to specific DNA sequences through

an array of zinc fingers, and recruit their cofactor KAP1, which

serves as a scaffold for a heterochromatin-inducing complex

encompassing histone methyltransferase, histone deacetylase,

nucleosome remodeling, and DNA methyltransferase activities

(reviewed in Rowe and Trono, 2011). Depletion of KAP1 or its

partner histone methyltransferase SETDB1 in murine or human

embryonic stem cells (ESCs) activates the expression of endog-

enous retroelements (EREs) (Matsui et al., 2010; Rowe et al.,

2010; Turelli et al., 2014). This affects expression of nearby

genes, as KAP1 and associated effectors control TE-originating

promoter or enhancer effects (Rebollo et al., 2012; Rowe et al.,

2013b; Wolf et al., 2015). Furthermore, a few individual KRAB-

ZFPs have been confirmed to repress retroelements in pluripo-

tent cells, such as ZFP809 for murine leukemia virus (MLV)

and its endogenous relatives (Wolf and Goff, 2007, 2009; Wolf

et al., 2015), or Gm6871 and ZNF93 formouse and human LINEs,

respectively (Castro-Diaz et al., 2014; Jacobs et al., 2014).

Although recent findings indicate that many KRAB-ZFPs have

EREs as their preferential genomic targets (Najafabadi et al.,

2015) (and our unpublished results), detailed functional data

are missing about most members of the family.

Encoded in the hundreds by the genomes of higher verte-

brates, KRAB-ZFPs first emerged more than 350 million years

ago, and the expansion of this gene family subsequently

mirrored waves of retroviral invasion into the genomes of their

host species (Thomas and Schneider, 2011). During this

process, Krab-zfp genes underwent strong positive selection

at positions encoding for amino acids predicted to determine

DNA-binding specificity, consistent with a role in countering

rapidly mutating genetic invaders (Emerson and Thomas,

2009). Furthermore, the study of a couple of KRAB-ZFP/TE

target pairs suggests the parallel evolution of restriction factors
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and TE mutants escaping their inhibition (Jacobs et al., 2014).

This led to the suggestion of a host-invader arms race, where

KRAB-ZFPs were primarily selected to silence TEs.

In ESCs, the KRAB-ZFP-mediated docking of KAP1 and asso-

ciated epigenetic modifiers at TEs triggers the deposition of

repressive chromatin marks such as trimethylation of histone 3

on lysine 9 (H3K9me3), and methylation of CpG dinucleotides

by de novo DNA methyltransferases (Rowe and Trono, 2011).

Once established, DNA methylation is perpetuated across cell

divisions, and its establishment at TEs during early embryogen-

esis is thought to result in permanent silencing, without need for

persistent expression of their cognate KRAB-ZFP repressors

(Quenneville et al., 2012; Wolf et al., 2015). Cumulated evidence

indicates that DNA methylation is indeed an important mecha-

nism of TE control in somatic tissues (Hutnick et al., 2010; Jack-

son-Grusby et al., 2001; Rowe et al., 2013a; Walsh et al., 1998).

However, we previously observed that a significant fraction of

TEs bound by KAP1 in human ESCs still carries the corepressor

in mature T lymphocytes (Turelli et al., 2014), and that Kap1 dele-

tion in neuronal progenitors activates some EREs (Fasching

et al., 2015). A few ERVs are similarly induced in murine B

lymphocytes and fibroblasts deleted for Setdb1, the histone

methyltransferase associated with KAP1 (Collins et al., 2015;

Wolf et al., 2015). Moreover, many KRAB-ZFPs are expressed

not only in ESCs but also in a variety of tissues (Barde et al.,

2013; Corsinotti et al., 2013; Lizio et al., 2015).

In order to investigate KRAB-ZFPs/TE interactions, we devel-

oped a functional screen to identify KRAB-ZFPs responsible for

recognizing specific DNA sequences. This led us to characterize

two members of the family, ZFP932 and its paralog Gm15446,

which we found to regulate distinct subsets of endogenous

retrovirus K (ERVK) in murine ESCs. Invalidating current models

(Maksakova et al., 2008;Mikkelsen et al., 2007; Rowe and Trono,

2011; Wolf et al., 2015), we further determined that these two

KRAB-ZFPs also regulate their TE targets in differentiated tis-

sues, through histone-based mechanisms not always correlated

with the DNA methylation status of these loci. Furthermore, the

dynamic control of these TEs by their KRAB-ZFP repressors

modulated the expression of cellular genes in several adult tis-

sues examined, both in cell culture and in vivo. We conclude

that TEs and their KRAB-ZFP controllers are broad regulators

of cellular gene expression, likely engaged in influencingmultiple

aspects of the biology of higher species.

RESULTS

A Functional Screen Identifies KRAB-ZFPs Repressing
Specific DNA Targets
In order to identify KRAB-ZFPs responsible for regulating spe-

cific TEs, we developed a large-scale functional screen based

on the repression of a reporter cassette through the intermediate

of nearby DNA baits (Figure 1A). Putative KRAB-ZFP-binding

sequences were selected based on the coincidence of KAP1,

SETDB1, and H3K9me3 peaks in chromatin immunoprecipita-

tion/deep sequencing (ChIP-seq) studies of murine ESCs (Bilo-

deau et al., 2009; Rowe et al., 2013b). Sequences contained

within TEs or zinc finger protein-coding genes were favored,

and imprinting control regions (known for their recruitment of

ZFP57) were excluded. We selected 19 such targets (Table
612 Developmental Cell 36, 611–623, March 21, 2016 ª2016 Elsevier
S1), and added the PBSLys1,2 sequence, the primer binding site

(PBS) sequence of many retroviruses, demonstrated to drive

KAP1-mediated repression, but through an unknown KRAB-

ZFP intermediate (Wolf et al., 2008). Lentivectors containing

these baits upstream of a PGK-GFP cassette were first intro-

duced into murine ESCs, which revealed that 10 of 20 of these

TE-derived fragments induced KAP1-dependent repression of

GFP expression (Figure S1). The corresponding vectors were

used to engineer stable 293T cell lines, which were transfected

in triplicates with individual members of a library of 211 murine

KRAB-ZFPs (Table S2) and examined 6 days later for GFP

expression with a fluorescence plate reader; the hits were then

confirmed by fluorescence-activated cell sorting (FACS) anal-

ysis. A control cell line, transduced with a vector containing the

MLV PBSPro sequence upstream of the PGK-GFP cassette,

properly singled out ZFP809 as its cognate repressor, giving

us confidence in our approach (Figure 1B). Of the ten tested

DNA sequences, three allowed the identification of a specific

KRAB-ZFP ligand (Figures 2A and S2A–S2C). The P9 bait, which

comprises a SINE-B2 element, was repressed by Gm6871. The

P5 and P8 baits, both derived from ERVKs (RLTR44-int for P5;

RLTR9A3, MMERVK10D3_I-int, and RLTR6-int for P8), were

repressedbyZFP932. To confirm thematches thereby identified,

we introduced theDNAbait-PGK-GFP lentiviral vectors inmurine

ESCs depleted for the individual KRAB-ZFPs by RNAi. For P5,

P8, or P9, depleting the corresponding KRAB-ZFP released

GFP expression, while it had no effect on a vector containing

the PBSPro control sequence (Figures 2B and S2D). Furthermore,

repression could be restored by overexpressing an shRNA-resis-

tant form of the specific KRAB-ZFP for P9 and P8 (significantly),

and to a lesser extent for P5 (not significantly, possibly due to

initial lower values). Finally, we could document the bindings of

Gm6871 to the P9 sequence, and of ZFP932 to both of its

genomic targets by chromatin immunoprecipitation followed by

quantitative PCR (ChIP-qPCR) (Figures 2C and S2E). Interest-

ingly, Gm6871 also binds some LINE-1 elements, which it can

repress in murine ESCs (Castro-Diaz et al., 2014). In Gm6871-

specific ChIP-seq analyses, not only LINEs but also the SINE-

containing P9 locus was detected (Figure S2B), indicating that

a KRAB-ZFP can recognize TEs from different subgroups.

ZFP932 and Its Paralog, Gm15446, Bind to Distinct
Subsets of ERVK Endogenous Retroelements
We then turned to the biological characterization of Zfp932. We

realized that this mouse-specific KRAB-ZFP gene has a paralog,

Gm15446, located in close proximity on chromosome 5 (Fig-

ure 3A) and also targeted by our Zfp932-directed siRNAs.

When examining the predicted DNA-contacting amino acids

within the zinc finger arrays (Liu et al., 2014) of ZFP932 and

Gm15446, we saw that the two proteins differed by only two

point mutations and the presence of one extra zinc finger in

Gm15446. In 293T cells, overexpression of either protein led to

repression of the same targets, albeit with some differences in

efficiency (Figure S3A).

We next investigated by ChIP-seq the genomic targets of

ZFP932 and Gm15446 in murine ESCs overexpressing HA-

tagged derivatives of these proteins (Figure S3B). The intersec-

tion of duplicate ChIP-seq experiments yielded a total of 755

peaks for ZFP932 and 1,053 for Gm15446, among which 401
Inc.
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Figure 1. A Functional Screen to Match KRAB-ZFP Repressors with Their Genomic Targets

(A) Methodological outline. A library of murine KRAB-ZFP-expressing plasmids was transfected in 293T stable cell lines containing the DNA sequence of interest

upstream a PGK-GFP cassette. Fluorescence readout in 96-well plates was normalized for protein content, and hits were tested by FACS for confirmation.

(B) Validation of the screen using the previously characterized ZFP809/PBSPro (Pro) pair. Fluorescence readout was performed (left) and identified hits were

tested by FACS. The only hit confirmed by FACSwas ZFP809 (right panel). Black, transfection control; red, hits identified by plate reader; light red, hits confirmed

by FACS. Error bars represent SD, ***p < 0.001, Student’s t test.

See also Figure S1, Table S1, and Table S2.
were shared (Figure 3B). Overlapping these data with genic re-

gions and using our updated census of repeats in the mouse

genome (see Supplemental Experimental Procedures for de-

tails), we observed that most of the KRAB-ZFPs peaks were

on TEs (Figure 3C), either in or outside genes, the majority

of which were ERVKs (68.7% of peaks for ZFP932 and 91.5%

for Gm15446). To decrease the possibility of unspecific tar-

gets due to overexpression of the proteins, we overlapped the

results of these ChIP-seqs with that of similar analysis performed

on endogenous KAP1 in murine ESCs. In total, 226 peaks

for ZFP932 and 448 for Gm15446 overlapped with KAP1 peaks,

mostly at ERVKs, confirming that these KRAB-ZFPs recog-

nize this ERE. Interestingly, some differences were noted be-

tween the two paralogs (Figure 3D). For instance, ZFP932

and Gm15446 were similarly enriched at RLTR44-int, IAP-d-int,

and MMERVK10D3_I-int elements, but Gm15446 was more
Develo
frequently found at MMERVK10C-int, IAPEy-int, and IAPEY3-

int. Using ChIP-seq data, we identified a motif present in 80%

of the ZFP932- and Gm15446-binding sites and 82.7% of

ZFPs-enriched ERVKs, but absent from members of the ERV1

family, not targeted by these KRAB-ZFPs (Figure 3E). The under-

lying sequence is different from a ZFP932-recruiting motif iden-

tified within the Ptch1 gene promoter in a limb mesenchymal cell

line (He et al., 2011). However, we did not detect ZFP932/

Gm15446 at this site. It could be that Ptch1 binds ZFP932 only

in particular cellular contexts, and via another protein.

We then mapped more precisely the ZFP932/Gm15446/KAP1

binding sites within the genome of their ERV targets. MLV and

some IAPs (intracisternal A particle, a subtype of ERV) were pre-

viously found to recruit KAP1 via the proximal part of their provi-

rus, consistent with the observed repression of their nearby 50

LTR (Rowe et al., 2010; Wolf and Goff, 2009; Wolf et al., 2015).
pmental Cell 36, 611–623, March 21, 2016 ª2016 Elsevier Inc. 613
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Figure 2. Identification of Gm6871 and

ZFP932 as Ligands of KAP1-Repressed TE

Sequences

(A) FACS confirmation of hits identified through

screening of selected target sequences.

(B) GFP repression assay in control, ZFP932- or

Gm6871-KD, or ZFP-complementedmurine ESCs.

(C) HA ChIP-PCR of Gm6871 and ZFP932 in

murine ESCs overexpressing the corresponding

tagged protein (results representative of three

independent experiments).

Error bars represent SD, *p < 0.05, **p % 0.01,

***p % 0.001, ns, not significant, Student’s t test.

See also Figure S2.
Surprisingly, both ZFP932 and Gm15446 were instead enriched

near the 30 end of their target retroelements, together with KAP1

and H3K9me3 (Figure 3F). An analysis using multiple alignments

of MMERVK10C-int elements revealed that the two paralogs and

KAP1 bound a region situated just after env, upstream of the 30

LTR, partly overlapping with the 30 polypurine tract (PPT), an

element important for reverse transcription (Figure 3G). Interest-

ingly, KAP1 was also enriched at two 50 sites in these retroele-

ments, where it was likely recruited by other KRAB-ZFPs since

neither of the two paralogs was found there. Finally we asked

more broadly if KAP1 binds to multiple regions of retroelements

other than ZFP932/Gm15446 targets, and we identified several

KAP1 peaks on IAPEz, another subtype of ERVs (Figures S3C

and S3D). These results demonstrate that KAP1 can bind to mul-

tiple locations of the same TE, including its 30 end, via different

KRAB-ZFPs.

ZFP932 and Gm15446 Regulate ERVK and Nearby Gene
Transcription in Murine Embryonic Stem Cells
To gain insight on the transcriptional impact of these two KRAB-

ZFPs, we next deleted Zfp932 and Gm15446 from murine ESCs

by CRISPR/Cas9-mediated editing of the locus and defined the

transcriptome of the resulting cells by RNA-seq (Figure 4A).

Mainly members of the LTR/ERV class of TEs were upregulated,

consistent with the ChIP-seq data. Overlapping these results

with those of RNA-seq performed in Kap1 knockout (KO) ESCs

(Figure S4A) unveiled 141 ERV, 17 LINE, and 27 SINE integrants,

the expression of which was significantly increased in both set-
614 Developmental Cell 36, 611–623, March 21, 2016 ª2016 Elsevier Inc.
tings. ERVs that had been identified as

ZFP932/Gm15446 binding targets were

more upregulated in cells depleted for

either protein or KAP1, compared with

ERVs on which these KRAB-ZFPs and

KAP1 had not been detected (Figure

4B). Of the bound ERVs with increased

expression upon ZFPs depletion, many

had only the 30 PPT KAP1 peak, or had

a 30 peak markedly more pronounced

than its 50 counterparts.
It was previously demonstrated that the

KRAB/KAP1-mediated control of endog-

enous retroelements preserves the tran-

scriptional dynamics of ESCs by prevent-

ing TE-originating enhancer andpromoter
effects on nearby genes (Rowe et al., 2013b; Wolf et al.,

2015). Seventy-one genes were significantly upregulated upon

Zfp932/Gm15446 KO, and 29 of those were significantly more

expressed also inKap1KOmurine ESCs, six of whichwerewithin

50 kb of an ERV bound by both the KRAB-ZFPs and their

cofactor. Among these genes, Bglap3 stood out as one of the

most upregulated genes in the Krab-zfps KO cells (fold change

of 270.9, p = 0.00000003). Bglap3 has three short and two

long transcripts, the latter interestingly containing a ZFP932/

Gm15446-bound IAP-d element (Figure 4C). By comparing

FANTOM CAGE transcriptional start site (TSS) data with RNA-

seq, we observed that both the 50 and the 30 LTRs of the IAP func-

tion as promoters of the Bglap3 gene, with transcripts starting

exactly at the beginning of the LTR R region. Both Bglap3 and

its IAP were more expressed in murine ESCs deleted for either

Zfp932/Gm15446 or Kap1, demonstrating that the retroelement

partakes in the controlling unit of this gene (Figures 4C, S4B,

and S4C). This effect was confirmed through ZFP932/Gm15446

knockdown (KD) experiments, properly controlled by restoration

of the repression upon complementation with RNAi-resistant

derivatives of the two KRAB-ZFPs (Figure S4D). TheRgs20 locus

provided another example of gene-TE pair regulated by ZFP932/

Gm15446, in which no TSS overlapped with the TEs, suggesting

that this gene is regulated through enhancer effects (Figures

4C and S4B).

We deepened our study of this phenomenon by examining the

epigenetic status of the Bglap3 locus (Figure 4D). Upon Zfp932/

Gm15446 deletion, ChIP-PCR analyses revealed loss of KAP1



and H3K9me3 and gain of the activation marks H3K27ac and

H3K4me1 at the IAP, together with the accumulation of PolII at

the predicted TSSs of Bglap3. Furthermore, pyrosequencing un-

veiled a marked drop in DNA methylation both underneath the

KAP1 peak and at the 50 end of the IAP. These data indicate

that, in murine ESCs, ZFP932/Gm15446 epigenetically regulate

not only the expression of their target ERVKs but also the tran-

scriptional influence of these TEs on nearby genes, via both pro-

moter and enhancer effects.

TheKRAB/KAP1SystemRegulates TEs inDifferentiated
Cells
To gain further insight into Zfp932/Gm15446 functions, we as-

sessed their expression in representative murine tissues, using

CAGE datasets generated by the FANTOM consortium (Lizio

et al., 2015) (Figure 5A). Both paralogs were broadly expressed

in adult murine cells, as was Zfp809. In contrast, Zfp459 and

Zfp819, which we previously found to be highly transcribed in

murine pluripotent stem cells (Corsinotti et al., 2013), were

largely restricted to undifferentiated cells. Because ZFP932

and Gm15446 displayed a strong preference for ERVK family

members as their genomic targets, we suspected that theymight

control these TEs in adult tissues as well. To probe this hypoth-

esis, we first examined by RNA-seq the transcriptomes of hepa-

tocytes harvested from control and liver-specific Kap1 KOmice,

wild-type and Kap1-deleted mouse embryonic fibroblasts

(MEFs) (Figure S5A), and control and KAP1 KD C2C12 mouse

myoblast cells. In all these settings, expression of ERVs was

increased upon KAP1 depletion, even though induction was

less pronounced than in Kap1 KO ESCs (Figure 5B). We ranked

the significantly upregulated families in each dataset and found

that MERVK10C-int had the highest number of induced inte-

grants in KAP1-depleted differentiated cells (Figure S5B).

General MERVK10C-int primers confirmed by RT-qPCR the

increased expression of these elements in liver and C2C12

depleted for KAP1, in spite of the absence of detectable changes

in the DNAmethylation status of these loci asmeasured by bisul-

fite sequencing (Figures S5C and S5D). Interestingly, there were

differences in the subsets of ERVs deregulated in the various tis-

sues following KAP1 removal (Figure 5B). For example, particular

MMERGLN and ORR1A0 integrants located on chromosome 12

were upregulated in KAP1-depleted liver and ESCs, but not in

their C2C12 counterparts (Figure S5C).

About 24% of ERVs bound by KAP1 in ESCs still bore the

corepressor in C2C12 cells and MEFs (Figure 5C), confirming

that the KRAB/KAP1 system is involved in the somatic control

of TEs. Interestingly, for 30% of the ERV loci bound by KAP1 in

C2C12 and 24% in MEFs no significant enrichment was found

in ESCs. We also performed ZFP932- and Gm15446-specific

ChIP-seq analyses in C2C12 cells expressing HA-tagged forms

of these proteins (Figures 5D and S5E).We detected 169 ZFP932

and 209 Gm15446 binding sites, 98 of which were common, and

the large majority of which were also bound by either one or both

of these KRAB-ZFPs in ESCs. Most resided within TEs, namely

ERVKs, and KAP1 was also detected at about a third of them,

supporting a role for these ZFPs in regulating such elements

in differentiated cells. We then asked if H3K9me3 marks were

present at KAP1-bound ERVKs in C2C12. Using H3K9me3

ChIP-seq data in these cells, we observed a higher correlation
Develo
of H3K9me3 at ERVKs with than without KAP1 (Figure 5E). Gen-

eral ERVK primers revealed upregulation of MERVK10C, IAP-d,

and IAPEz in C2C12 cells depleted for SETDB1, suggesting

that this histone methyltransferase partners with KAP1 also in

differentiated cells to control TEs (Figure S5F). Finally, ERVKs

that were bound by KAP1 in C2C12 or MEFs were significantly

more expressed than their unbound counterparts when the core-

pressor was depleted (Figure 5F). Taken together, these results

demonstrate a role for the KRAB/KAP1 system in the somatic

control of TEs.

TEs and Their KRAB-ZFP Controllers Regulate Gene
Expression in Adult Tissues
We then asked if the KRAB/KAP1-mediated control of TEs also

prevents the illegitimate transcription of nearby genes in adult

cells. For this, we first analyzed our RNA-seq of KAP1-depleted

cells, separating the genes in stable, up- or downregulated

(deregulation criteria were 2-fold change cut-off and adjusted

p value % 0.05), and calculated their distance to closest

KAP1-bound ERV. As expected, in ESCs, upregulated genes

were significantly closer to a KAP1-bound ERV than their down-

regulated or stable counterparts (Figure 6A). In the case of

C2C12 KAP1 KD, although the same trend was observed, upre-

gulated genes were only significantly closer to KAP1-bound

ERVs when compared with stable but not downregulated genes.

Interestingly, for MEFs Kap1 KO, we observed the same pattern

as in ESCs, suggesting that, even if to a smaller extent, KAP1-

regulated TEs can affect neighboring genes transcription also

in differentiated cells.

We confirmed our hypothesis further by examining in more

detail a few upregulated genes situated within 100 kb of a

KAP1-bound ERV. At some loci, such as Fbxw19, KAP1 deple-

tion resulted in activating both the ERV and its nearby gene in

all cells examined (Figures 6B, S6A, and S6B). At others, such

asGm13251, removal of the regulator induced expression in liver

and in ESCs but not in C2C12 cells (Figure S6B). We then exam-

ined the Bglap3 locus, which we found enriched for ZFP932/

Gm15446, KAP1, and H3K9me3 also in C2C12 cells (Fig-

ure S6C). Upon RNAi-mediated KD of these two KRAB-ZFPs,

both the IAP and Bglap3 were activated (Figure 6C), coincident

with loss of H3K9me3 and KAP1, and mild but significant gain

of H3K27ac at the IAP (Figures 6D and S6D). However, in spite

of its transcriptional activation, this ERV remained DNA methyl-

ated (Figure 6E).

To expand these findings in vivo, we generated ZFP932/

Gm15446 KD mice by transduction of fertilized oocytes with

shRNA-expressing lentiviral vectors. We could not assess major

phenotypic abnormalities in these animals, but a marked upre-

gulation of Bglap3 gene and the upstream IAP was measured

in their liver, albeit again with no detectable loss of DNA methyl-

ation at this locus (Figures 6F and S6E). ChIP-PCR experiments

in murine wild-type liver confirmed the enrichment of KAP1 and

H3K9me3 at the IAP (Figure S6F). Interestingly, in the liver of con-

ditional Alb-Cre Kap1 KO mice, in which the regulator is deleted

not during early embryogenesis but some 3 weeks after birth,

there was increased expression of Bglap3 but not of the IAP,

suggesting an uncoupling of the regulation of the two LTRs of

the retroelement (Figure 6F). Also in this setting, we observed

that the IAP Bglap remained highly methylated (Figure S6G).
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Figure 3. ZFP932 and Its Paralog Gm15446 Bind with KAP1 to the 30 End of Distinct Subsets of ERVK

(A) Representation of genomic location of Zfp932 andGm15446 (left), and scheme of the three amino acids important for DNA recognition on a zinc finger domain

(right). Lower panel depicts the comparison of the three amino acids predicted to contact DNA of each zinc finger of ZFP932 and Gm15446, highlighting

differences in orange.

(B) Venn diagram of ZFP932 and Gm15446 binding sites determined by ChIP-seq in murine ESCs.

(C) Percentage of ZFP932, Gm15446, or random control peaks on genic and repeated regions. Random control is based on the mean of 100 random shuffling of

the peaks of Gm15446 (KRAB-ZFP ChIP with more peaks).

(D) Top ten ERE families bound by ZFP932 or Gm15446 together with KAP1 inmurine ESCs. SINEs and LINEs (bottom) served as negative controls. A control with

100 random shuffling of the binding sites is also shown.

(E) Predicted DNA-binding motif for ZFP932 and Gm15446.

(F) ChIP-seq coverage plots in murine ESCs on all EREs bound by ZFP932 or Gm15446, ranked by size. Each row is independently normalized, with enrichment

proportional to the darkness of the blue color. For H3K9me3, representation extends 1 kb up and downstream of the ERE boundaries.

(legend continued on next page)
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Finally, we asked if theBglap3 gene is expressed in physiological

conditions and how does it correlate with the ZFPs transcription.

By analyzing CAGE expression data we observed that, in tissues

like placenta, mammary gland, and pancreas,Bglap3 transcripts

are expressed and correlate with lower Zfp932/Gm15446 levels

(the long transcript driven by the IAP 50 LTR, and the short tran-

script by the 30 LTR) (Figure 6G). Collectively, these data estab-

lish that the KRAB/KAP1 system uses TE-residing platforms to

regulate gene expression in adult cells.

DISCUSSION

This work establishes that TEs and their KRAB-ZFP controllers

can regulate gene expression in adult tissues. Our results thus

invalidate a generally accepted model that assumes that the

KRAB/KAP1 system irreversibly silences TEs during early embry-

onic development (Maksakova et al., 2008;Mikkelsen et al., 2007;

Rowe and Trono, 2011; Walsh et al., 1998; Wolf et al., 2015).

Furthermore, our study strongly suggests that Krab-Zfp genes

are not selected simply to inactivate TEs but also to domesticate

their transcriptional potential for the benefit of the host.

Here, through a target-centric functional screen, we identi-

fied several KRAB-ZFPs responsible for the sequence-specific

repression of TEs in murine ESCs, including two KRAB-ZFP pa-

ralogs that recognized partly overlapping members of the ERVK

family. Not only could we verify that these two KRAB-ZFPs

controlled these ERVs and neighboring genes in ESCs but we

further discovered that they were expressed in a broad range

of somatic murine cells. We could also demonstrate that, in

several differentiated cell types, including in vivo in the liver,

KAP1 and KRAB-ZFPs were still bound to and controlled TEs

and modulated the expression of nearby genes via promoter

and enhancer effects, even if with a smaller global impact than

observed in ESCs. Remarkably, this process occurred without

apparent alteration of the DNA methylation status of these loci

but was primarily involved histone-based changes.

Although DNA methylation is traditionally considered as a

silencing mechanism, emerging evidence indicates that its

impact on gene expression is far more diversified (Jones,

2012; Schubeler, 2012). We had previously observed that dock-

ing of the KRAB/KAP1 complex at genomic loci leads to their

DNA methylation when it occurs in early embryonic cells but

not in their differentiated counterparts, where it induces repres-

sion solely by histone-based, hence fully reversible, changes

(Groner et al., 2012; Quenneville et al., 2012; Wiznerowicz

et al., 2007). The present data further indicate that protein-

restricted chromatin modifications can reignite transcription at

these sites in adult cells, in spite of persistent DNA methylation.

This is consistent with recent observations that some ERVs are

activated without changes in their DNA methylation status in

B cells depleted for the histone methyltransferase SETDB1

(Collins et al., 2015), and that, in human ESCs, transcription

can occur from some highly methylated KAP1-controlled pro-

moters (Turelli et al., 2014).
(G) Coverage plot on multiple alignment of different ChIP-seqs in ESCs on ‘‘fu

MMERVK10C-int consensus is represented on top. Mean of binding coverage is

proportional to the darkness of the blue color. Gray areas correspond to gaps in

See also Figure S3.

Develo
Whether in the context of murine or human ESCs, we had

previously noted that KAP1 depletion does not systematically

trigger the activation of all KAP1-bound TEs (Rowe et al., 2010;

Turelli et al., 2014). Here, we observed that, in adult cells

as well, the range of ERVs activated upon KAP1 or ZFP932/

Gm15446 depletion differed depending on the cellular environ-

ment. In C2C12, for example, many IAPEz elements bound by

KAP1 were not significantly de-repressed upon its removal (not

illustrated). At the Gm13251 locus, KAP1 depletion activated

two ERVs in liver and in ESCs, but not in MEFs or C2C12 cells.

Correspondingly, in Setdb1 KO B lymphocytes, the upregulation

of selected ERVs correlated with the presence within their pro-

moters of binding sites for B cell-specific transcription factors

(Collins et al., 2015). It is likely that this type of restriction broadly

applies to KRAB-ZFP-controlled loci, the expression of which is

conditioned not only by removal or biochemical inactivation of

their epigenetic repressors but also by the presence of a proper

set of activators, likely tissue specific. In addition, specific loci

may be subjected to dominant influences imposed by the local

chromatin configuration, and other control mechanisms, such

as small RNAs based, may be at play in some environments

(Bierhoff et al., 2014; Heras et al., 2013; Marchetto et al., 2013;

Pezic et al., 2014). Finally, KAP1 can undergo locus-specific

post-translational modifications switching its function from core-

pressor to coactivator (Singh et al., 2015), and KRAB-ZFPs could

also be subjected to this type of regulation, leading to the recruit-

ment of different sets of effector complexes.

Our demonstration that KRAB-ZFPs are involved in controlling

TEs not only in embryonic but also differentiated cells is consis-

tent with the widespread expression of these proteins in adult or-

ganisms, whether mouse or human (Lizio et al., 2015), and with

the finding that a great majority of these transcription factors

have TEs as their preferred genomic targets (Najafabadi et al.,

2015) (and our unpublished results). It also contributes to explain

the broad range of phenotypes induced by the conditional KO of

Kap1 in themouse, even though it should be kept inmind that the

master regulator also carries out some KRAB-ZFP- and TE-inde-

pendent functions (Iyengar and Farnham, 2011; Iyengar et al.,

2011; McNamara et al., 2016; Singh et al., 2015).

Our study unveils several other unsuspected aspects of the

KRAB/KAP1-mediated control of TEs. First, we found that a

given KRAB-ZFP can recognize different subgroups of TEs,

e.g., Gm6871 repressing members of both the LINE and SINE

families. Second, we determined that the two ERVK-targeting

KRAB-ZFPs identified here tether KAP1 near the 30 end of their

retroviral targets, not at the PBS region or close to their promoter

as previously documented for MLV, several other IAPs, andmost

LINEs (Castro-Diaz et al., 2014; Jacobs et al., 2014; Rowe et al.,

2010; Wolf and Goff, 2009; Wolf et al., 2015). Interestingly, this 30

end peak overlaps with the 30 PPT, a sequence important for

reverse transcription. While it readily explained how ZFP932

and Gm15446 can control the impact of the IAP Bglap 30 LTR
on the Bglap3 gene, it was more surprising to observe that this

distal location also served to repress the 50 LTR of this element,
ll-length’’ (>5 kb) MMERVK10C-int bound by ZFP932 or Gm15446. Repbase

illustrated in each plot. Each row is independently normalized, with enrichment

multiple alignments. Error bars represent SD.
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Figure 4. ZFP932/Gm15446/KAP1 Binding Regulates Expression of ERVs and Nearby Genes in Murine ESCs

(A) MA-plot of RNA-seq from Zfp932/Gm15446 KO versus control ESCs. Expression of genes and TEs is shown.

(B) Boxplots of ERVK fold expression in Zfp932/Gm15446 KO (left) or Kap1 KO (right) ESCs.

(legend continued on next page)
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as demonstrated by the spreading of chromatin marks and its

upregulation in ESCs or mice where these two KRAB-ZFPs

were depleted. Third, we observed the differential regulation of

the two LTRs of the same ERV, and consequently of the gene

placed under their influence, via one KRAB/KAP1-binding site.

Depletion of ZFP932/Gm15446 from the earliest times of embry-

onic development activated the expression of both Bglap3 and

its controlling IAP in the liver of adult mice, whereas the deletion

of Kap1 in this organ after birth only de-repressed the Bglap3

gene, but not its IAP. It thus seems that the regulation of the

50 and 30 LTR of this endogenous retrovirus can be uncoupled.

In the absence of obvious differences in the DNA methylation

status of these two transcription units, the molecular basis of

their distinctive behavior remains to be identified. We could

even speculate that, as previously reported (Wolf et al., 2015),

the depletion of KRAB/KAP1 regulation at different moments of

development could lead to differential TE control due to deposi-

tion of other epigenetic marks. Finally, we found that KAP1 can

be recruited to several regions of the same ERV, likely via distinct

KRAB-ZFPs. It strongly suggests that a TE can be regulated in

temporally and functionally differential fashions, hence that the

complexity of KRAB/KAP1-mediated regulation of TEs and their

gene targets is much greater than envisioned so far.

Our results support a model in which the evolutionary selec-

tion of KRAB-ZFP genes is not only an arms race aimed at

silencing TEs but also the instrument of their domestication. It

is likely that TEs and their KRAB-ZFPs regulators modulate

multiple aspects of the biology of tetrapods, superimposing

a species-specific layer of control over canonical, conserved

regulatory pathways. Indeed, a large fraction of recognizable

mobile elements in the genome are unique to the corresponding

species and its close relatives, both in sequence and loca-

tion; accordingly, levels of orthology between KRAB-ZFPs of

different organisms are limited. Therefore, KRAB-ZFPs and their

targets must play major roles in the speciation of higher verte-

brates, including humans.

EXPERIMENTAL PROCEDURES

Cell Culture and Mouse Work

Murine ESCs and MEFs wild-type and KO for Kap1 were cultured and gener-

ated as previously described (Rowe et al., 2013a, 2013b). Mouse C2C12 myo-

blasts were cultured as described (Singh et al., 2015). Two clonalKrab-zfpsKO

cell lines were generated using an integrase-defective lentiviral vector contain-

ing the pLentiCRISPR with an sgRNA for Zfp932 and Gm15446 or a control

luciferase sgRNA. KD experiments were performed with specific shRNA in

pLKO lentiviral vectors. Hepatocyte-specific Kap1 KO mice were generated

and genotyped according to Bojkowska et al. (2012). ZFP932/Gm15446 KD

mice were generated by lentiviral transgenesis as described (Rowe et al.,

2013a). All shRNAs and sgRNAs used in this study are listed in Supplemental

Experimental Procedures. All animal experiments were approved by the local

veterinary office and carried out in accordance with the EU Directive (2010/63/

EU) for the care and use of laboratory animals.
(C) Scheme of Bglap3 (left) and Rgs20 (right) genomic loci. ChIP-seq and RNA-s

FANTOM CAGE data corresponding to TSSs. Orientation of the genes and TEs i

panels correspond to two regions of zoom in the Bglap3 locus, indicating the TS

signal of CAGE reads obtained in one of the tissues analyzed by the FANTOM5

(D) ChIP-PCR analysis of different epigenetic marks and pyrosequencing determ

control ESCs. Location of primers is depicted in (C).

Error bars represent SD, *p < 0.05, **p % 0.01, ***p % 0.001, ns, not significant,

Develo
Functional Screen

DNA target sequences to be tested were chosen from the overlap of pub-

licly available murine ESC ChIP-seq data for KAP1 (GEO: GSE41903),

SETDB1 (GEO: GSE18371), H3K9me3 (GEO: GSE41903), and absence of

ZFP57 (GEO: GSE31183). The PBSLys1,2 sequence plus 19 sequences

corresponding to KAP1 peaks were selected based on the presence of

TEs or of interesting KAP1 targets (such as the 30 end of ZFP genes) (see

Table S1). These sequences were cloned upstream of a PGK-GFP cassette,

tested for repression in murine ESCs, and only repressed sequences were

tested in the screen. Lentiviral vectors with these sequences were used to

transduce 293T cell lines, which were sorted for GFP presence, generating

stable cell lines. The screen was performed by reverse transfection of a

library of 211 murine KRAB-ZFPs (Table S2), in 96-well plates, in an auto-

mated fashion, in triplicates. Cells were harvested on day 6 after transfec-

tion, lysed, and GFP fluorescence was measured by plate reader (excitation

at 485 nm and emission at 520 nm). Total protein content was quantified

using BCA (BCA Protein Assay Reagent, Thermoscientific), and used to

calculate normalized GFP fluorescence. Candidate hits were identified by

selecting the ten KRAB-ZFPs with the lowest normalized fluorescence

values per 96-well plate, and only the ones that were present in all three

replicates were considered. Hits were identified by transfection of the

293T cell line of interest with the candidate KRAB-ZFPs, in 24-well plates,

with FACS readout after 6 days. The detailed protocol is given in Supple-

mental Experimental Procedures.

RT-PCR and RNA-Seq

Total RNA was extracted and DNase-I treated using a spin column-

based RNA purification kit (Macherey-Nagel). cDNA was prepared with

SuperScript II reverse transcriptase (Invitrogen). Primers (listed in Sup-

plemental Experimental Procedures) were used for SYBR green qPCR

(Applied Biosystems), and specificity was confirmed with dissociation

curves. For mRNA sequencing, 100-bp single-end RNA-seq libraries

were prepared using the Illumina TruSeq Stranded mRNA reagents (Illu-

mina). Cluster generation was performed with the resulting libraries using

the Illumina TruSeq SR Cluster Kit v4 reagents. Sequencing was performed

with Illumina HiSeq 2500 in 100-bp reads run. The RNA-seq reads were

mapped to the mm9 genome using TopHat (Kim et al., 2013), allowing

multimapped reads to be randomly assigned once among the mapped

loci. Gene counts were generated with the HTseq-count program using

default parameters, and TE counts were computed using BEDTools (multi-

cov). Sequencing depth normalization and differential expression analyses

were performed using the voom function of the Bioconductor package

LIMMA (Law et al., 2014).

ChIP-PCR and ChIP-Seq

ChIP and library preparation were done according to Rowe et al. (2013b),

with modifications as described in Supplemental Experimental Procedures.

Sequencing was performed with Illumina HiSeq 2500 in 100-bp reads

run. Reads were mapped to the mouse genome assembly mm9 using

Bowtie 2 (Langmead and Salzberg, 2012), using the sensitive-local

mode. Peaks were called using MACS (Zhang et al., 2008) or SICER soft-

ware (for histone modification marks) (Zang et al., 2009), with total input

as control.

DNA Methylation Analysis

Genomic DNA was extracted, converted using an Epitect Bisulfite kit (Qiagen),

and used in two rounds of PCR followed by PCR product purification. Pyrose-

quencing and bisulfite sequencing were performed as previously described

(Fasching et al., 2015; Rowe et al., 2013a).
eq signal are depicted, along with the primers used in (D) (numbered 1–7) and

s indicated with an arrow. Repeats of interest are highlighted in purple. Lower

Ss of the gene. CAGE data correspond to mapped TSS peaks and to the max

consortium.

ination of DNA methylation at the Bglap3 locus in Zfp932/Gm15446 KO versus

Student’s t test was used in (D) and Wilcoxon test in (B). See also Figure S4.

pmental Cell 36, 611–623, March 21, 2016 ª2016 Elsevier Inc. 619



ERV fold change upon KAP1 depletion
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   at ERVKs 136 (80.5%) 188 (89.9%) 89 (90.8%)
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Figure 5. The KRAB/KAP1 System Controls TE Expression in Differentiated Tissues

(A) Krab-zfp genes mRNA expression according to FANTOM 5 CAGE data. MSCs, mesenchymal stem cells; HSCs, hematopoietic stem cells.

(B) Heatmap of ERVs average fold change expression (linear scale) upon KAP1 depletion in different tissues. Liver = Kap1 KO versus control, C2C12 = KAP1 KD

versus control, MEF = Kap1 KO versus control, ES = Kap1 KO versus control.

(C) Venn diagram of ERVs bound by KAP1 in ESCs, C2C12 cells, or MEF cells.

(D) Comparative table of ZFP932, Gm15446, or common ZFP932 and Gm15446 binding sites in C2C12, determined by ChIP-seq. Absolute values and

percentage relative to total binding sites are given.

(E) Distribution of H3K9me3 ChIP-seq with or without the presence of KAP1, in C2C12, relative to the 50 end of ERVK elements (50 end corresponds to 0 bp).

(F) Boxplot of ERVK fold change expression in C2C12 KAP1 KD or MEF Kap1 KO versus control. ***p % 0.001, Wilcoxon test.

See also Figure S5.
Bioinformatics Analyses and Statistics

All genome-wide TE analyses were performed using a merged repeats track

generated in house (by using RepeatMasker 3.2.8 and merging homonymous

ERV-int integrants or attributed LTRs within 400 bp or less). Genomic region

analyses were done with BEDTools (Quinlan and Hall, 2010). Motif search

was performed using with RSAT (Medina-Rivera et al., 2015), using unbound
620 Developmental Cell 36, 611–623, March 21, 2016 ª2016 Elsevier
ERVK elements as control. For coverage plots, ChIP-seq signals on each

feature of interest were extracted from the bigwig file and scaled between

0 and 1; in some cases, multiple alignment was performed with MAFFT.

Statistical difference was assessed by Student’s t test, except for Figures

4B, 5F, and 6A for which the Wilcoxon test was applied. Error bars

represent ±1SD. R version 3.1.2 (http://www.R-project.org) or GraphPad
Inc.

http://www.r-project.org
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Figure 6. TEs and Their KRAB/KAP1 Controllers Influence Gene Expression in Adult Tissues

(A) Distance to nearest KAP1-bound ERV of upregulated (fold change R2, adjusted p % 0.05), stable, or downregulated (fold change % 2, adjusted p % 0.05)

genes in ESC Kap1 KO, C2C12 KAP1 KD, or MEF Kap1 KO.

(legend continued on next page)
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Prism version 4.0 (http://www.graphpad.com) were used for statistical ana-

lyses. Detailed bioinformatics analyses are provided in Supplemental Experi-

mental Procedures.

ACCESSION NUMBERS

All next-generation sequencing data have been submitted to the NCBI Gene

Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/) database

under the accession number GEO: GSE74278.
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