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    Chapter 25   

 A Large-Scale Functional Screen to Identify Epigenetic 
Repressors of Retrotransposon Expression                     

     Gabriela     Ecco    ,     Helen     M.     Rowe    , and     Didier     Trono       

  Abstract 

   Deposition of epigenetic marks is an important layer of the transcriptional control of retrotransposons, 
especially during early embryogenesis. Krüppel-associated box domain zinc fi nger proteins (KRAB-ZFPs) 
are one of the largest families of transcription factors, and collectively partake in this process by tethering 
to thousands of retroelement-containing genomic loci their cofactor KAP1, which acts as a scaffold for a 
heterochromatin-inducing machinery. However, while the sequence-specifi c DNA binding potential of the 
poly-zinc fi nger-containing KRAB-ZFPs is recognized, very few members of the family have been assigned 
specifi c targets. In this chapter, we describe a large-scale functional screen to identify the retroelements 
bound by individual murine KRAB-ZFPs. Our method is based on the automated transfection of a library 
of mouse KRAB-ZFP-containing vectors into 293T cells modifi ed to express GFP from a PGK promoter 
harboring in its immediate vicinity a KAP1-recruiting retroelement-derived sequence. Analysis is then 
performed by plate reader and fl ow cytometry fl uorescence readout. Such large-scale DNA-centered func-
tional approach can not only help to identify the trans-acting factors responsible for silencing retrotrans-
posons, but also serve as a model for dissecting the transcriptional networks infl uenced by 
retroelement-derived  cis -acting sequences.  

  Key words     Retroelement control  ,   KRAB-ZFP  ,   Protein-DNA interaction  ,   Epigenetic regulation  , 
  Functional screen  ,   Mammalian one-hybrid assay  ,   GFP repression assay  

1      Introduction 

 The sequence-specifi c deposition of chromatin marks has a pro-
found infl uence on transcription.  DNA methylation   and histone 
modifi cations shape chromatin structure, guide the genomic 
recruitment of  transcription factor  s, and dictate expression pat-
terns. Retroelement-derived sequences account for more than half 
of the human and mouse genome, and epigenetic modifi cations 
play a paramount role in their transcriptional control. DNA  meth-
ylation   is a well-established mechanism of retroelement silencing, 
particularly in differentiated cells. Furthermore, during early 
embryonic development—when there is a wave of erasure of DNA 
methylation—covalent histone modifi cations, such as  trimethylation 
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of lysine 9 on histone H3 (H3K9me3), take over and keep 
 retroelements under control (reviewed in [ 1 ,  2 ]). 

 Some important mediators in the  epigenetic silencing   of retroel-
ements are  Krüppel-associated box domain zinc fi nger proteins   
( KRAB-ZFP  s). These represent one of the largest families of tran-
scriptional regulators with 300–400 members in mice and humans 
[ 3 ,  4 ]. KRAB-ZFPs bind to the DNA and recruit the universal co-
repressor KAP1 (also known as Trim28, TIF1β, and KRIP-1) [ 5 ], 
which then acts as a scaffold for chromatin-modifying proteins, such 
as histone methyltransferases and histone deacetylases that alter the 
chromatin structure and silence the genomic region [ 6 – 9 ]. KAP1 
and other proteins of the KAP1-nucleated silencing complex repress 
a large array of retroelements in mouse and human stem cells, includ-
ing ERVs, LINEs, and SVAs [ 10 – 14 ]. However, while a few matches 
between a given KRAB-ZFP and its target  retrotransposon   have 
been established, the sequence-specifi c mediator of KAP1 recruit-
ment to most retroelements remains unidentifi ed [ 14 ,  15 ]. 

 This gap in knowledge largely stems from the diffi culty in 
identifying the proteins binding to specifi c DNA targets, even 
more so when these reside in repetitive genomic sequences. 
Methods to determine protein-DNA complexes from the protein 
perspective (protein-centered methods, such as ChIP-on-chip, 
ChIP-seq, SELEX, and MITOMI) have greatly improved in the 
last years, thanks to the advances in  high-throughput   DNA 
sequencing technologies. Techniques taking DNA as the starting 
point, in contrast, have evolved at a lower pace and rarely allow a 
large-scale approach. 

 The DNA-centric techniques most frequently used to charac-
terize DNA-protein complexes are electrophoretic mobility shift 
assay ( EMSA  ), yeast one-hybrid assay, and in vitro methods of 
affi nity purifi cation with DNA as bait usually followed by  mass 
spectrometry   (reviewed in [ 16 ,  17 ]). These approaches have the 
disadvantage of studying the DNA-protein interactions in an arti-
fi cial environment, without a functional readout. In the case of the 
yeast one-hybrid assay, the interaction occurs in a eukaryotic cell 
environment, closer to mammalian systems, but it still lacks a func-
tional component. 

 In order to identify  KRAB-ZFP  s responsible for the sequence- 
specifi c recognition of  retrotransposon  -derived elements, we have 
developed a transcriptional repression-based assay reminiscent of a 
mammalian one-hybrid system. A scheme of the screen is depicted in 
Fig.  1 . A library of KRAB-ZFPs, for instance all mouse family mem-
bers, is built into a gateway-compatible vector. In parallel, a DNA 
target of interest, such as a retrotransposon-derived KAP1- recruiting 
repressive sequence, is cloned upstream of a PGK-GFP reporter and 
the resulting vector is used to establish a stable cell line. The cell line 
is then transfected in a large-scale fashion together with the KRAB-
ZFP library. The readout is done by the assessment of fl uorescence 
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intensity by plate reader, coupled with protein quantifi cation, 
 followed by the confi rmation of the hits by fl ow cytometry   .

   We found this screening method, which uses the functional 
interaction of  KRAB-ZFP  s with the repressor complex as readout, 
as capable of identifying a high percentage of DNA target-KRAB- 
ZFP pairs, with negligible rates of false positivity. Furthermore, 
such DNA-centered approach can be used to understand other 
aspects of the regulatory roles of retroelements. Finally, it can be 
adjusted to different species and to other types of repressors or 
other modulators of gene expression, and hence help unravel the 
roles of many  cis -acting regulatory sequences and  transcription 
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  Fig. 1    Screen overview. ( a ) Transcription factor library construction. A library of  KRAB-ZFP  s is synthesized or 
PCR-amplifi ed into gateway Entry vectors and used in LR reactions with the pSIN.TRE.Gw.3xHA.Puro vector to 
generate a fi nal KRAB-ZFP library. ( b ) DNA target sequence cloning and establishment of stable cell lines. The 
DNA target sequence of interest, in this case a  retrotransposon   sequence, is cloned into the pRRL.R1R2.PGK.
GFP reporter vector using pENTR/D-TOPO cloning. The plasmids are used for lentiviral vector production, 
which is used to transduce 293T cell. The stable cell line is established after sorting the GFP-positive cells. ( c ) 
Screening assay. The established cell lines are transfected against each KRAB-ZFP in triplicates in 96-well 
plates. After 6 days of induction of expression and selection, GFP fl uorescence is assessed with a plate reader 
and protein amount is quantifi ed with BCA. The normalized fl uorescence is calculated and candidate hits are 
identifi ed. As an example, in the graph three candidate hits and the control transfection are highlighted. The 
candidate hits are tested by fl ow cytometry (FACS) and the hits are identifi ed when there is specifi c repression 
of the DNA target sequence       
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 factor  s. In this chapter, we describe in detail each step of this large- 
scale screen, here aimed at identifying KRAB-ZFPs binding to 
specifi c DNA sequences.  

2    Materials 

       1.    Library of  transcription factor  s in an Entry plasmid (from syn-
thesis or PCR amplifi cation).   

   2.    Gateway LR Clonase II Enzyme mix (Life Technologies).   
   3.    pSIN.TRE.Gw.3xHA.Puro destination vector, 100 ng/μL.   
   4.     E. coli  HB101 competent cells.   
   5.    LB medium and LB agar plates.   
   6.    Ampicillin sodium salt.   
   7.    GoTaq Green Master Mix 2× (Promega).   
   8.    CMV1F primer: 5′-GGAGGCCTATATAAGCAGAGCTCGT-3′.   
   9.    PGK3R primer: 5′-GCTGCCTTGGAAAAGGCGCAACC-3′.   
   10.     Agarose  , LE, analytical grade.   
   11.    Glycerol 60 % (v/v) in ultrapure water: Autoclave it before 

use, and store it at room temperature.   
   12.    Nucleospin 96 Plasmid Kit (Macherey-Nagel).   
   13.    Nanodrop 8000 Spectrophotometer.   
   14.    50 μg/mL  Proteinase K   solution.      

       1.    dNTP set, 100 mM.   
   2.    Pfu DNA polymerase.   
   3.    pENTR/D-TOPO Cloning Kit (Life Technologies).   
   4.    One Shot TOP10 competent bacteria.   
   5.     Kanamycin   sulfate.   
   6.    LB medium and LB agar plates.   
   7.    Restriction enzymes.   
   8.    QIAprep Spin Miniprep Kit or similar.   
   9.    M13F primer: 5′-TGTAAAACGACGGCCAG-3′.   
   10.    M13R primer: 5′-CAGGAAACAGCTATGAC-3′.   
   11.    Gateway LR Clonase II Enzyme mix (Life Technologies).   

   12.    pRRL.R1R2.PGK.GFP vector, 100 ng/μL.      

       1.     Lentiviral vector  s containing the sequence of interest (for len-
tiviral vector production protocol,  see  [ 18 ]).   

   2.    HEK 293T cells.   
   3.    10 cm round tissue culture dishes.   

2.1  Transcription 
Factor Library 
Construction

2.2  DNA Target 
Sequence Cloning

2.3  Establishment 
of Stable Cell Lines 
Containing the DNA 
Target Sequence
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   4.    Dulbecco’s modifi ed Eagle medium, DMEM.   
   5.    Fetal calf serum (FCS).   
   6.    Penicillin-streptomycin (PS) solution, 100×.   
   7.    Dulbecco’s PBS.   
   8.    0.05 % Trypsin-EDTA.   
   9.     Flow cytometry   cell sorter.      

       1.    DMEM.   
   2.    Fetal calf serum (FCS).   
   3.    Penicillin-streptomycin (PS) solution, 100×.   
   4.    Dulbecco’s PBS.   
   5.    0.05 % Trypsin-EDTA.   
   6.    96-Well tissue culture plate, fl at bottom.   
   7.    Fugene 6 Transfection Reagent (Promega).   
   8.    Opti-MEM Reduced Serum Media (Life Technologies).   
   9.    96-Well conical bottom plates.   
   10.    Sciclone ALH 3000 (Caliper Life Sciences).   
   11.    Multidrop Combi dispenser and standard tube dispensing 

cassette.   
   12.     Doxycycline   Hyclate (Sigma-Aldrich).   
   13.     Protease Inhibitor Cocktail   Tablets, cOmplete, Mini, EDTA- 

free (Roche).   
   14.     Puromycin   dihydrochloride, 10 mg/mL.   
   15.    RIPA buffer: 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 % 

(v/v)  NP40  , 0.5 % (w/v) sodium deoxycholate, 0.1 % (w/v) 
SDS. Add protease inhibitors freshly before use.   

   16.    Black 96-well polystyrene plate, non-treated, fl at bottom.   
   17.    Infi nite F500  Plate   Reader (Tecan).   
   18.    BCA Protein Assay Reagent (Thermoscientifi c).   
   19.    Flow cytometer.       

3    Methods 

        1.    For the construction of the  transcription factor   (TF) library, a 
collection of  KRAB-ZFP  s is obtained by PCR amplifi cation or 
 cDNA   synthesis and is then placed in the destination gateway- 
compatible vector (pSIN.TRE.Gw.3xHA.Puro). For the pur-
poses of this protocol, cDNA synthesis should be done directly 
in a gateway-compatible Entry vector (L1-L2). When per-
forming the synthesis, suppress the stop codon from the 

2.4  Screening Assay

3.1  Transcription 
Factor Library 
Construction
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cDNA, in order to obtain HA-fused proteins in the fi nal vec-
tor. For PCR amplifi cation of the open reading frame (ORF) 
of the TF of interest up to an Entry clone, please refer to [ 19 ] 
( see   Note 1 ).   

   2.    Once you have the purifi ed Entry plasmids, proceed to the LR 
reaction. Mix together 100 ng of the Entry vector and 100 ng 
of the pTRE destination vector, and complete to a fi nal volume 
of 4 μL with TE buffer. Add 1 μL of LR clonase and incubate 
from 1 h to overnight (ON) (for large fragments or when per-
forming several reactions at once, we recommend the latter). 
Add 1 μL of proteinase K, incubate for 10 min at 37 °C, and 
transform everything into 50 μL of competent bacteria (we 
typically use HB101).  Plate   the transformed bacteria into LB 
agar plates containing 100 μg/mL ampicillin and incubate the 
plates overnight at 37 °C ( see   Note 2 ).   

   3.    Check the cloned fragments by colony PCR. Pick 3–5 colonies 
from each plate. Prepare a PCR reaction containing 10 μL of 
GoTaq Green Master Mix 2× (Promega), 1 μL of 10 μM 
CMV1F primer, and 1 μL of 10 μM PGK3R primer, and com-
plete to 20 μL fi nal volume with nuclease-free water. Pick a 
colony by touching it with a sterile tip, then touch a new LB 
agar plate containing 100 μg/mL ampicillin, and fi nally trans-
fer the tip to the tube containing the PCR mixture. Mix well 
and remove the tip after 5 min. Do the PCR reaction in a ther-
mal cycler with a heated lid using the following program:

 1  95 °C  2 min 

 2  95 °C  1 min 

 3  55 °C  1 min 

 4  72 °C  4 min 

 5  72 °C  2 min 

 6  4 °C  hold 
   * cycle between steps 2–4 and perform from 25 to 30 cycles. 

 Evaluate the PCR products on an agarose gel and select the 
colonies with the correct molecular weight.   

   4.    Culture a positive bacterial colony per TF in 2 mL of LB media 
supplemented with 50 μg/mL ampicillin at 37 °C for 16–18 h 
( see   Note 3 ). Use this culture to perform a glycerol stock for 
long-term storage and the remaining for plasmid DNA purifi -
cation. For the glycerol stock, mix together 100 μL of bacterial 
culture and 100 μL of sterile glycerol 60 %. Store the glycerol 
stock at −80 °C ( see   Note 4 ). Spin the remaining culture at 
3600 ×  g  for 15 min and use it to perform DNA extraction with 
the Nucleospin 96 Plasmid Kit (Macherey-Nagel). Quantify 

Gabriela Ecco et al.
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the purifi ed DNA (we typically use 8-channel Nanodrop) and 
dilute them to 20 ng/μL. Arrange the DNA stock in 96-well 
plates and store them at −20 °C until the day of the screen.      

        1.    For the DNA sequence cloning, the  retrotransposon   is cloned 
using the pENTR/D-TOPO Cloning Kit (Life Technologies) 
and it is further transferred to the gateway-compatible destina-
tion vector (pRRL.R1R2.PGK.GFP) by an LR reaction. 
Design specifi c primers for your sequence of interest (we had 
good results with Primer 3 software in the past [ 20 ]) and add 
the sequence CACC on the 5′ end of the forward primers ( see  
 Note 5 ).   

   2.    Use these primers to set up a PCR reaction containing 1 μL of 
dNTP mix (10 mM of each dNTP), 1 μL of each primer 
(10 μM), 3 μL of 10× polymerase buffer, 0.5 μL Pfu DNA 
polymerase, and the source of  cDNA   (typically we use 50 ng of 
genomic DNA), and complete to a fi nal volume of 30 μL with 
nuclease-free water. Do the PCR reaction(s) in a thermal cycler 
with a heated lid using the following program:

 1  95 °C  2 min 

 2  95 °C  1 min 

 3  Tm − 5 °C  1 min 

 4  72 °C  2 min/kb of ORF 

 5  72 °C  2 min 

 6  4 °C  hold 

   * cycle between steps 2–4 and perform from 25 to 30 cycles. 

   Evaluate the PCR products on an agarose gel and proceed to 
the TOPO reaction ( see   Note 6 ).   

   3.    Set up a TOPO reaction containing 2 μL of the PCR product, 
0.5 μL of salt solution, and 0.5 μL of pENTR/D-TOPO vec-
tor. Incubate for 5 min at RT and transform the entire reaction 
into 25 μL of One Shot TOP10 competent bacteria.  Plate   the 
transformed bacteria onto LB agar plate containing 50 μg/mL 
of  kanamycin   and incubate the plate ON at 37 °C.   

   4.    Check the size and identity of the plasmids by restriction 
enzyme digestion ( see   Note 7 ). Pick a few colonies and start 
bacterial cultures in 2 mL of LB supplemented with 50 μg/mL 
of  kanamycin   (we typically screen 4–5 colonies per TOPO 
reaction). Perform DNA purifi cation of the plasmids (we use 
the QIAprep Spin Miniprep Kit, Qiagen) and screen them 
using restriction enzyme digestion. Select the appropriate 
enzymes to verify your sequence ( see   Note 8 ) and assemble the 
following reaction: 2 μL of enzyme buffer, 2 μL of BSA (1 mg/

3.2  DNA Target 
Sequence Cloning
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mL), 3 μL of purifi ed plasmid, and 0.5 μL of each restriction 
enzyme and complete to 20 μL with distilled water. Incubate 
for the time and temperature specifi ed by the enzyme manu-
facturer and analyze the resulting fragments on agarose gel. 
Select at least one positive plasmid from the restriction enzyme 
screen and verify the cloned sequence by Sanger sequencing 
using M13 primers.   

   5.    Select the correct clones and use them for the LR reaction. 
Assemble an LR reaction as described in  step 2  of 
Subheading  3.1 , using the pRRL.R1R2.PGK.GFP vector as 
destination plasmid. Select 3–5 colonies to screen by restric-
tion enzyme digestion as described above. Choose one positive 
plasmid for each sequence and use it for the establishment of 
the stable cell lines.      

        1.    We have established this screening assay using murine  KRAB- 
ZFP   proteins, and for that purpose we have chosen human 
293T cells. Firstly, these cells are easily transfectable, and sec-
ondly, they are functional for KAP1-mediated repression of 
mouse KRABZFPs [ 21 ]. The advantage of this system is that, 
since KRAB-ZFPs have evolved to become species specifi c, 
human 293T cells can be used to assess the function of mouse 
KRAB-ZFPs without interference from endogenous human 
factors. For the establishment of stable cell lines, 293T cells are 
transduced at a low multiplicity of infection (MOI) with the 
DNA target pRRL.R1R2.PGK.GFP lentiviral vector in order 
to achieve approximately one provector copy per cell. For len-
tiviral vector production  see  [ 18 ].   

   2.     Plate   293T cells at a confl uence of 1 × 10 5  cells per well into a 
12-well dish. After 6 h, transduce them with lentiviral vectors 
containing the DNA target pRRL.R1R2.PGK.GFP plasmid at 
MOIs of 0.05 and 0.1 (titers calculated in 293T) ( see   Note 9 ). 
After 72 h, verify the GFP expression of transduced cells by 
fl ow cytometry. Select the samples with a percentage of GFP- 
positive cells between 5 and 20 % and expand those cells into a 
10 cm culture dish.   

   3.    Perform  fl ow cytometry sorting   of the GFP-positive cells. For 
the sorting, we typically use the FACSAria II machine (BD 
 Biosciences). Put the GFP-positive sorted cells back in cul-
ture, expand them, and keep a stock in the liquid nitrogen ( see  
 Note 10 ).      

        1.    The screen is done by transfecting the cell line—containing the 
 cis -acting sequence of interest—against the library of TFs. 
Before starting, make sure that you have the cell lines in cul-
ture and enough plasmid DNA for the transfections. Also make 
sure that you have the control cell lines and control TFs of 

3.3  Establishment 
of Stable Cell Lines 
Containing the DNA 
Target Sequence

3.4  Screening Assay
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interest. Figure  2  depicts an example of control and assay plates 
( see   Note 11 ).

   Each assay plate should have a negative control (we typically 
use a plasmid with LacZ in place of the TF ORF) and a mock 
transfection (control for  puromycin  ) that are present at least 
twice in each plate. Also, in the control plate, as positive con-
trol for the repression assay we use  KRAB-ZFP  809 and its pre-
viously identifi ed DNA target, the PBS Pro  sequence 
(TGGGGGCTCGTCCGGGATCGGGAGACCCC) [ 22 ]. 
A 293T cell line containing the PBS sequence upstream of the 
PGK-GFP cassette is generated according to Subheadings  3.2  
and  3.3 . Finally, a  GFP- negative control (293T cells) and a 
transfection control (293T cells transfected with empty pRRL.
R1R2.PGK.GFP plasmid) are also added to the control plate.   

   2.    Harvest the cell line of interest and the control cell lines ( see  
 Note 12 ). Rinse the cells with PBS, aspirate the PBS, and replace 
it with enough trypsin to cover the cell layer. After 1–3 min, 
harvest the cells with a 10× excess of DMEM supplemented 
with FCS 10 % and PS. Count the cells and put them in 

  Fig. 2    Control and assay plate design with overview of the cell lines and plasmids to be used in transfections. 
The control plate is done with the control cell line containing the PBS Pro  sequence. The PBS Pro  line is transfected 
with its known interactor, ZFP809, with a control plasmid (in this case, expressing the protein LacZ), or with 
mock transfection (control for  puromycin   selection). A control of the tested cell line (to be transfected with the 
control LacZ plasmid and mock transfection) can be included. On column 12, a negative 293T control and a 
transfection control with 293T cells transfected with an empty pRRL.R1R2.PGK.GFP are performed to check 
for transfection effi ciency. Other controls can be added in the empty wells. The assay plates contain the tested 
 KRAB-ZFP  s that will be used to transfect the tested cell line, as well as the transfection and mock control 
(which should be present at least twice)       
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 suspension at 5 × 10 4  cells/mL in DMEM supplemented with 
FCS and PS (calculate the fi nal volume of cells needed accord-
ing to the number of transfections).   

   3.    The library of TFs should be arranged in 96-well plates and 
each transfection is performed in triplicate. Each individual 
transfection is done with the following volumes: 7 μL of TF 
DNA plasmid stock (100–150 μg of DNA), 0.6 μL of Fugene 
6 Transfection Reagent, and 2.4 μL Opti-MEM (Life 
Technologies) ( see   Note 13 ). First prepare a general Fugene 
and Opti-MEM mix for all the plates. Then prepare a 3.5× 
DNA mix for each 96-well TF DNA stock plate to be tested: in 
a 96-well V-bottom plate pipet 24.5 μL of each TF plasmid, 
and add 10.5 μL of the Fugene-Opti-MEM mix to each well. 
Incubate for 5 min, mix gently, and pipet 10 μL of the DNA 
mix to each 96-well culture plate triplicate. We typically per-
form this screen using the Sciclone ALH 3000 (Caliper Life 
Sciences) liquid-handling robot, but it can also be done with 
multichannel pipets.   

   4.    Add 100 μL of the cell suspension directly to the 96-well culture 
plates containing the TF plasmid mix ( see   Note 14 ). To add the 
cells (and liquids throughout the screen) we typically use the 
Multidrop Combi dispenser (Thermoscientifi c) equipped with a 
standard tube dispensing cassette ( see   Note 15 ).   

   5.    The next day (16–20 h after transfection), add a fi nal concen-
tration of 5 μg/mL of doxycycline to induce TF expression 
from the TRE promoter. Assemble a mix of DMEM (supple-
mented with FCS and PS) and 10 μg/mL doxycycline, and 
add 100 μL to each well. If using the Multidrop dispenser, use 
medium speed.   

   6.    The following day, add a fi nal concentration of 1 μg/mL of 
 puromycin   to each well to select for the presence of the TRE 
vector. Dilute puromycin in PBS to a concentration of 21 μg/
mL and add 10 μL to each well.   

   7.    On day 6 after transfection, harvest the cells for the readout. 
For the harvesting, we recommend to process one 96-well 
plate at a time. Using a multichannel pipet, aspirate the media 
from the wells, rinse the cells with 50 μL of PBS, aspirate the 
PBS, and add 120 μL of RIPA buffer (supplemented with pro-
tease inhibitors) to all the wells. Shake the plate for 15 s (using 
the Multidrop) and put it on ice for at least 10 min. Keep the 
plates on ice for the following procedures.   

   8.    Once all the plates are processed mix the cell lysate a couple of 
times and transfer 90 μL of each well to a new black 96-well 
fl at-bottom plate ( see   Note 16 ). Store the remaining cell lysates 
at −20 °C for further BCA analysis. Measure the fl uorescence 
of the samples on a plate reader equipped with fl uorescence 
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readout, with excitation set at 485 nm and emission at 520 nm 
(we typically use the Tecan Infi nite F500) ( see   Note 17 ). 
Calculate the fl uorescence value by subtracting the value of a 
well containing only buffer from all the other wells.   

   9.    Thaw the frozen lysates and perform protein quantifi cation by 
BCA in 96-well plates. Prepare the BSA standards through 
serial dilution in RIPA buffer to obtain the following concen-
trations: 2, 1, 0.500, 0.250, 0.125, 0.062, and 0.031 mg/
mL. Place 10 μL of each standard and 10 μL of RIPA buffer 
supplemented with protease inhibitor (blank) in the fi rst col-
umn of the 96-well plate and pipet 10 μL of the lysates into the 
remaining wells (exclude column 12 of the sample plate) ( see  
 Note 18 ). Prepare a master mix of BCA reagent mixture con-
taining 200 μL of BCA reagent A and 4 μL of BCA reagent B 
per well. Add 200 μL of BCA reagent mix to each well and 
incubate the plates for 30 min at 37 °C in the dark. Immediately 
measure the absorbance at 570 nm and use the standards to 
calculate the protein concentration of the samples.   

   10.    Calculate the normalized fl uorescence by dividing the fl uores-
cence by the protein concentration. Calculate the mean and 
standard deviation of the triplicates and plot them for visual-
ization. We typically analyze the results using R. The candidate 
hits can be identifi ed by fi rst selecting the ten TFs with the 
lowest normalized fl uorescence values per plate, and then we 
select only the ones that are among the ten lowest on all three 
replicates of the plate ( see   Note 19 ).   

   11.    After selecting the candidates, they need to be tested by fl ow 
cytometry to identify the hits. Transfect the 293T cell line con-
taining the  retrotransposon   upstream of the PGK-GFP cassette 
with the candidate TFs.  Plate   the 293T cells in 24-well plates 
at 1.5 × 10 4  cells/well. From 3 to 10 h later, transfect the cells 
with the TF plasmid from the stock. Mix 0.38 μL Fugene 6, 
14.62 μL Opti-MEM, and 10 μL DNA from the stock (150–
200 ng), per transfection, per well ( see   Note 20 ). Incubate the 
mix for 5 min at RT and add 25 μL to the cells. Transfect each 
TF in duplicate and also perform a transfection control in an 
unrelated 293T pRRL.R1R2.PGK.GFP cell line (e.g., the 
PBS Pro  cell line), to control for unspecifi c effects. Include LacZ 
as a negative transfection control for the test cell lines. Also, as 
a positive repression control, transfect the PBS Pro  cell line with 
ZFP809. On the next day (16–20 h after transfection), add 
doxycycline to a fi nal concentration of 5 μg/mL to induce TF 
expression. The following day, add  puromycin   to a fi nal con-
centration of 1 μg/mL. On day 6 after transfection, harvest 
the cells, resuspend them in DMEM, spin them, remove the 
media, and resuspend them in 300 μL of PBS supplemented 
with 2 % FCS. Analyze them by fl ow cytometry to evaluate 
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GFP expression. Calculate the median fl uorescence intensity of 
the different TFs and compare them with the control transfec-
tion (LacZ) and with the control cell line. You have a hit when 
a TF specifi cally represses the DNA sequence of interest.       

4    Notes 

     1.    We recommend verifi cation of the cloned/synthesized  cDNA   
at the Entry plasmid level by DNA sequencing to avoid per-
petuating errors or mutations to the next steps.   

   2.    For a large number of TFs, LR reactions can be performed in 
96-well plates and transformed into 96-well plates containing 
competent bacteria. In that case, instead of plating them onto 
agar plates, transformed bacteria are grown in 96-well 1 mL 
culture plates in LB medium supplemented with ampicillin 
(50 μg/mL). Hence, there is no selection of single clones and 
the positively transformed population is directly used for the 
bacterial culture, glycerol stock, and PCR check.   

   3.    When dealing with repetitive sequences, as in the case of 
 KRAB-ZFP  s (and also for the DNA target sequence when 
cloning retrotransposons), we recommend performing the 
bacterial culture at 30 °C for 24 h instead of 37 °C ON. The 
lower temperature decreases the potential plasmid 
recombination.   

   4.    Manipulate the glycerol stock very carefully, avoiding unneces-
sary freezing and thawing. Furthermore, besides the glycerol 
stock, we advise keeping a stock of purifi ed DNA.   

   5.    Make sure that the designed primers are unique. We typically 
use the UCSC genome browser PCR tool (  http://genome.
ucsc.edu/cgi-bin/hgPcr?command=start    ), NCBI primer blast 
(  http://www.ncbi.nlm.nih.gov/tools/primer-blast/    ), and 
SIB Tag Scan (  http://ccg.vital-it.ch/tagger/tagscan.html    ). 
Furthermore, verify that the reverse primer does not contain 
the complementary sequence (CACC) to the TOPO  overhang 
at its 5′ end. Furthermore, when cloning several  cis - acting 
sequences at once we recommend the insertion of a unique site 
for restriction enzyme on the 5′ end (remember to keep the 
CACC on the outer 5′) of at least one of the primers. This 
facilitates the bacterial colony screening.   

   6.    The PCR reaction should be optimized to obtain as product a 
clear single band of the correct size. If this is not possible, the 
band of interest can be cut from the gel and purifi ed using the 
MinElute Gel Extraction kit (Qiagen).   

   7.    When cloning many target sequences, colony PCR screening 
can be used instead of restriction enzyme digestion. We prefer 
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the latter because it is more effective at detecting undesired 
sequences.   

   8.     Ssp I can be used as a single cutter in the plasmid and another 
single cutter for the insert should be selected. If unique restric-
tion enzyme sites were included on the primers sequences, 
they can be used at this step.   

   9.    We have tested different MOIs, and an MOI of 0.1 or 0.05 
usually yields a percentage of GFP-positive cells between 5 and 
20 % for 293Ts, but other MOIs can be tested. This percent-
age is predicted to yield about one vector copy number per cell 
and, according to our copy number tests, that is normally true. 
If using cells other than 293Ts, the MOI needs to be adjusted 
to yield between 5 and 20 % of GFP-positive cells.   

   10.    The established cell lines can be checked for vector copy num-
ber by qPCR in order to determine if they are in a range of 1 
copy per cell.   

   11.    We recommend separate assembling of the control and assay 
plates, for easier reuse and changes of the plates. The control 
plate can also be adapted to each screen and can include other 
positive and negative controls.   

   12.    We recommend splitting the 293T cell lines the day before the 
screen, from a confl uent plate to a new one at 1:3. We have 
observed that this can improve the transfection effi ciency.   

   13.    We have obtained good transfection effi ciency with these 
amounts of reagents, but it can vary greatly according to the 
DNA quality. If necessary, different amounts and ratios of 
Fugene and DNA can be tested.   

   14.    The cells have to be added to the plates containing the DNA- 
Fugene mix at most 30 min to 1 h after the DNA mix has been 
prepared. Waiting for longer periods can decrease the transfec-
tion effi ciency.   

   15.    When using the dispenser, make sure to keep it sterile by plac-
ing it inside a laminar fl ow and by decontaminating it with 
ethanol before use. Unless otherwise stated, use maximum 
speed for liquid dispensing. Also, in the case of the control cell 
lines that are plated only into few wells, manual handheld dis-
penser pipets can be used, instead of the dispenser.   

   16.    Be careful not to take up any bubbles when transferring the 
lysate to the new plate. As the readout is done from the upper 
part of the plate, the presence of any bubbles can compromise 
the readout.   

   17.    For the readout it can be necessary to adjust measurement 
parameters according to the cell line. Before each readout we 
typically optimize the gain and the Z-position.   

   18.    Column 12 is excluded for practical reasons and it is dispens-
able at this step.   
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   19.    The candidate hits can also be identifi ed by signifi cant differ-
ences using paired  t -test, when compared to LacZ control 
transfections. However, this method has proven to be too strin-
gent in some cases and some true biological candidates are 
missed. For that reason, we have opted to use a less stringent 
criterion (ten lowest candidates). We have observed that the 
latter decreases the chances of identifying false negatives that 
could be discarded as candidates due to the noise. On the other 
hand, this method leads to the increase of false positives as can-
didate hits, which are included in the candidate test by fl ow 
cytometry. However, it should be noted that after the fl ow 
cytometry test we have observed no false positives, and all can-
didates we have identifi ed so far are be  bona fi de  interactors.   

   20.    We typically use these amounts of DNA and Fugene for the 
transfection in 24-well plates in order to save reagents. 
However, if desired, an alternative is to use 2.5 times the 
amounts used in the 96-well plate transfections mentioned in 
 step 3  of Subheading  3.4 .         
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Evolutionally dynamic L1 regulation
in embryonic stem cells
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Marc Friedli, Julien Duc, Suk Min Jang, Priscilla Turelli, and Didier Trono1

School of Life Sciences, Ecole Polytechnique Fédérale de Lausanne (EPFL), 1015 Lausanne, Switzerland

Mobile elements are important evolutionary forces that challenge genomic integrity. Long interspersed element-1
(L1, also known as LINE-1) is the only autonomous transposon still active in the human genome. It displays an
unusual pattern of evolution, with, at any given time, a single active L1 lineage amplifying to thousands of copies
before getting replaced by a new lineage, likely under pressure of host restriction factors, which act notably by
silencing L1 expression during early embryogenesis. Here, we demonstrate that in human embryonic stem (hES)
cells, KAP1 (KRAB [Krüppel-associated box domain]-associated protein 1), the master cofactor of KRAB-containing
zinc finger proteins (KRAB-ZFPs) previously implicated in the restriction of endogenous retroviruses, represses
a discrete subset of L1 lineages predicted to have entered the ancestral genome between 26.8 million and 7.6
million years ago. In mice, we documented a similar chronologically conditioned pattern, albeit with a much
contracted time scale. We could further identify an L1-binding KRAB-ZFP, suggesting that this rapidly evolving
protein family is more globally responsible for L1 recognition. KAP1 knockdown in hES cells induced the
expression of KAP1-bound L1 elements, but their younger, human-specific counterparts (L1Hs) were unaffected.
Instead, they were stimulated by depleting DNA methyltransferases, consistent with recent evidence demon-
strating that the PIWI–piRNA (PIWI-interacting RNA) pathway regulates L1Hs in hES cells. Altogether, these data
indicate that the early embryonic control of L1 is an evolutionarily dynamic process and support a model in which
newly emerged lineages are first suppressed by DNA methylation-inducing small RNA-based mechanisms before
KAP1-recruiting protein repressors are selected.

[Keywords: DNA methylation; evolution; KAP1; KRAB-ZFPs; LINE1; embryonic stem cells]
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More than half of the human genome is derived from
mobile elements, most of which are retrotransposons
spreading by reverse transcription of an RNA intermedi-
ate and integration of the resulting DNA product (Cordaux
and Batzer 2009). These endogenous retroelements (EREs)
represent essential evolutionary forces but also threats to
genomic integrity and, as such, are subjected to transcrip-
tional repression from the earliest stages of embryogenesis.
Reciprocal selective pressures are exerted between EREs
and host defenses engaged in their control, which can often
be traced through phylogenetic studies (Furano and Boissinot
2008).
Long interspersed element-1 (L1, also known as LINE-

1) is the only autonomous transposon still active in
humans. About 500,000 copies of L1 are present in the
human genome, amounting to some 20% of its DNA
content. Many L1 integrants are 59-truncated owing to

the abortive tendency of the target-primed reverse tran-
scription mechanism used by this class of retroelements.
Nevertheless, the human genome contains some 100
retrotransposition-competent L1 elements, >40 of which
are highly active (Brouha et al. 2003; Beck et al. 2011).
Furthermore, L1 provides the trans-acting functions
required for the transposition of nonautonomous retro-
elements such as SINEs (short interspersed nuclear ele-
ments, which include Alu repeats in humans) and SVAs
(SINE–VNTR–Alu, a composite hominoid-restricted ERE)
(Dewannieux et al. 2003; Finnegan 2012). The 6- to 7-kb-long
genome of a full-length L1 comprises a 59 untranslated
region (UTR) promoter region; two ORFs encoding, re-
spectively, a nucleic acid-binding protein and a product
endowed with endonuclease and reverse transcriptase
activity; and a 39UTR endingwith a poly(A) tail (Babushok
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and Kazazian 2007; Rosser and An 2012). As other EREs,
L1 shapes transcriptional networks, for instance, through
L1-initiated cellular transcripts or L1-contained enhancers
or insulators (Speek 2001; Nigumann et al. 2002; Matlik
et al. 2006; Slotkin and Martienssen 2007; Faulkner et al.
2009). L1 elements present in the human or mouse
genomes can be subdivided into subfamilies based on
nucleotide substitutions, insertions, and/or deletions.
Furthermore, phylogenetic studies interestingly indicate
that this class of retroelements displays an unusual
pattern of evolution in which a single L1 lineage at a time
is generally active within the genome of a species and
amplifies to thousands of copies before its replacement
by a new lineage, likely under selective pressures ex-
erted by host defense mechanisms (Cordaux and Batzer
2009).
EREs are silenced during early embryogenesis by

histone methylation, histone deacetylation, and DNA
methylation through sequence-specific mechanisms
that counter the wave of epigenetic modifications—
mainly DNA demethylation—required for the re-
programming typical of this developmental period
(Rowe and Trono 2011). For endogenous retroviruses
(ERVs), key mediators of this process are the DNA-
binding Krüppel-associated box domain-containing
zinc finger proteins (KRAB-ZFPs) and their cofactor,
KAP1 (KRAB-associated protein 1), also known as
TRIM28 (tripartite motif protein 28) (Wolf and Goff
2007, 2009; Matsui et al. 2010; Rowe et al. 2010).
In human embryonic stem (hES) and mouse ES (mES)
cells, the KRAB-ZFP-mediated docking of KAP1 at
EREs triggers the formation of heterochromatin
through the recruitment of the SETDB1 (also known
as ESET) histone methyltransferase, responsible for
trimethylating histone 3 at Lys9; histone deacetylases;
and HP1 (heterochromatin protein 1), which collec-
tively induce transcriptional repression (Schultz et al.
2002; Ivanov et al. 2007). The further recruitment
of DNA methyltransferases (DNMTs) results in per-
manent silencing marks, which are subsequently
maintained throughout development without need
for persistent expression of sequence-specific ERE-
recognizing repressors (Quenneville et al. 2012; Rowe
et al. 2013a).
Previous studies detected a modest up-regulation of L1

in KAP1- or SETDB1-deleted mES cells (Matsui et al.
2010; Rowe et al. 2010), suggesting that this class of ERE
is regulated by alternative pathways. In line with this
hypothesis, recent data pointed to the importance of
small RNA-based repression in the control of L1 expres-
sion in human pluripotent stem cells (Ciaudo et al. 2013;
Fadloun et al. 2013; Heras et al. 2013; Marchetto et al.
2013). The present study reveals that the KRAB/KAP1
pathway and DNA methylation, the known output of
small RNA-based mechanisms, are both engaged in
restricting L1 in ES cells but act on evolutionarily distinct
sets of elements, which provides a remarkable illustra-
tion of the reciprocal selective pressures exerted between
EREs and the host mechanisms responsible for their
control.

Results

KAP1 associates with full-length L1 in hES cells

In order to investigate a possible role for KAP1 in the
control of L1, we performed chromatin immunoprecipi-
tation (ChIP) followed by deep sequencing (ChIP-seq)
in H1 hES cells. We found that ;8% of the total of L1-
derived sequences annotated in the human genome
somehow overlapped with KAP1 peaks in these cells.
Asmost of the L1 sequences are 59 truncated, we reasoned
that only L1 copies endowed with a 59UTRwould require
transcriptional control; hence, we focused our analysis on
L1 sequences >5 kb, assuming that they corresponded in
their majority to full-length integrants. Fulfilling this
prediction, 52% of these L1 sequences harbored a KAP1
peak, usually over their first 1000 base pairs (bp), con-
trasting with only 2% of elements <5 kb (Fig. 1A,B;
Supplemental Fig. S1). Furthermore, while KAP1 was
present on full-length L1s in hES cells, it was not
significantly enriched at any L1-derived sequence in the
differentiated human cell line HEK293 (Fig. 1A,B; Sup-
plemental Fig. S1). A more detailed mapping of the ChIP-
seq tags indicated that most of the KAP1 peaks targeted
the middle region of the 59 UTR, encompassing L1
nucleotides +300 to +600 (Fig. 1C). H3K9me3-specific
ChIP-seq analyses confirmed a strong coincidence be-
tween KAP1 peaks and deposition of this repressive mark
at the 59 end of full-length L1 elements (Fig. 1D), with
only a small minority of L1 bearing only KAP1 and with
H3K9me3 seldom detected without the corepressor
(Fig. 1E). Extending these findings, we could document
the accumulation of KAP1 and H3K9me3 at the 59 end of
full-length L1 elements by performing the same type of
analysis in mES cells (Supplemental Fig. S2).

KAP1-bound (KB) L1 sequences can act as cis-
repressors in hES cells

In order to assess the functional consequences of KAP1
recruitment at L1 sequences, we cloned KB regions (as
defined by ChIP-seq in hES cells) from an L1PA4 and an
L1PA5 element upstream of a PGK-GFP reporter cassette
within the context of lentiviral vectors using correspond-
ing non-KB (NKB) L1 fragments as negative controls
(Fig. 2A,B). We then monitored GFP fluorescence in hES
and 293T cells transduced with these vectors (Fig. 2C;
Supplemental Fig. S3A). Expression from vectors contain-
ing full-length KB L1 fragments was progressively re-
pressed in hES cells but not in 293T cells. In contrast,
GFP fluorescence induced by the empty vector or harbor-
ing NKB L1 fragments remained strong over time in both
cell types. ChIP followed by quantitative PCR (ChIP-
qPCR) with PGK-specific primers confirmed that repres-
sion correlated with KAP1 enrichment and deposition of
H3K9me3 (Fig. 2D; Supplemental Fig. S3B). Furthermore,
L1-mediated KAP1 recruitment strongly stimulated the
CpG methylation of the adjacent PGK promoter in hES
cells (Fig. 2E). In order to define further the L1PA4- and
L1PA5-derived KAP1-recruiting elements identified
through this assay, we cut these ;1-kb-long sequences
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into subfragments of;200 bp (Fig. 2B). This revealed that
the cis-repressors contained in these retrotransposons
coincided with the top of the corresponding KAP1 ChIP-
seq peak (Fig. 2B; Supplemental Figs. 2FG, S3C,D). Of
note, the KAP1-binding L1PA4 D subfragment induced
faster and stronger repression than its full-length parent,
suggesting that the latter contains elements with con-
flicting influences. In addition, while the tested L1-PA4
leader contained one KAP1-responsive cis-repressor, its

L1PA5 counterpart harbored two such elements. Collec-
tively, these data support a model in which the KAP1
corepressor is tethered to the 59 end of subfamilies of L1
elements in hES cells, triggering their epigenetic silencing.
Of note, our attempt to abrogate L1-induced KAP1-medi-
ated repression of the PGK promoter by shRNA-mediated
KAP1 depletion failed, probably because sufficient levels
of KAP1 knockdown could not be maintained over time
(data not shown).

Figure 1. KAP1 coincides with H3K9me3 at the 59 end of full-length L1 in hES cells. Distribution of ChIP-seq KAP1 peaks relative to
the 59 end of full-length elements (A) or the center of truncated L1 elements (B) in hES and HEK293 cells. The profiles were normalized
to the total number of ChIP-seq peaks for each cell line. (C) KAP1 ChIP-seq peak distribution over the first kilobase of L1. The L1 59
UTR is schematized below, with sense and antisense promoters as red and green boxes, respectively. Sense promoter is diversely
depicted as mainly located in the first 100 bp or extending up to 700 bp. (D) Overlap of KAP1 and H3K9me3 ChIP-seq tags relative to the
59 end of full-length L1 elements. (E) Relative frequency of KAP1+H3K9me3, KAP1-only, and H3K9me3-only peaks at this location.

KRAB–KAP1 controls L1 in ES cells
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Figure 2. KAP1-binding L1 fragments can induce repression and DNA methylation of a heterologous promoter in hES. (A) KB (KB
L1PA4 and KB L1PA5) and NKB (NKB L1PA4) L1 sequences were cloned in depicted lentiviral vector upstream of a PGK-EGFP
expression cassette. The resulting vectors were transduced in hES, and EGFP expression was monitored over time by FACS. (B)
Schematic representation of the KAP1 ChIP peaks mapped on the L1PA4 and L1PA5 59 end, with indication of derived fragments and
subfragments cloned in the vector depicted in A. (C) Monitoring of GFP expression in hES cells transduced with the indicated vectors.
(No seq) Lentiviral vector with no ERE-derived fragment upstream of the expression cassette. The figure shows the mean and SD of two
biological replicates. (D) KAP1 and H3K9me3 recruitment to indicated lentiviral vectors in hES, assessed 35 d after transduction by
ChIP-qPCR using PGK-specific primers. The figure illustrates the mean and SD of technical replicates. This experiment was performed
twice with similar results (see Supplemental Fig. S3). Relative enrichment was determined by normalizing to a known positive
(ZNF180 39 UTR) control. (E) Influence of the L1 cis-acting sequences on the methylation of the nearby PGK promoter. Methylation of
eight CpG positions was evaluated by pyrosequencing at days 4 and 35 after transduction of hES cells with the PGK-GFP lentiviral
vectors. Mean and standard error mean (SEM) of two biological replicates is shown. Statistical differences were determined by one-way
ANOVA test using the Bonferroni multiple test adjustment. (***) P# 0.001. (F,G) Fold repression of the indicated vectors containing L1
subfragments described in B, assessed 37 d after transduction (respect to day 5). Overtime fold repression is presented in Supplemental
Figure S3. Colored triangles indicate the presence of L1 sequences overlapping with the summits of the respective KAP1 ChIP-seq peaks
as depicted in B.
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The KRAB–KAP1 system recognizes evolutionarily
discrete subfamilies of human and mouse L1

L1 displays an unusual pattern of evolution in mammals,
with a single active lineage at any given time (Smit et al.
1995; Khan 2005; Sookdeo et al. 2013). This allows the
approximate aging of L1 integrants in the genome of higher
species and their sequence-based grouping in chronologi-
cally ordered subfamilies. By exploiting this feature, we
could determine that KAP1 associated with only a small
percentage of full-length human L1 belonging to lineages
older than 26.8 million years (L1MA4 to L1PA7 subfam-
ilies) and was practically absent from L1Hs; that is, L1
elements that invaded the human ancestral genome after
the human–chimpanzee divergence some 7.6million years
ago. In contrast, KAP1 was recruited to a high fraction of
L1PA6 to L1PA3 elements, peaking at >80% for the
L1PA5, L1PA4, and L1PA3 subfamilies (Fig. 3A). Further-
more, H3K9me3 enrichment over full-length L1s from
different subfamilies matched their KAP1-binding pattern,
with this histone mark absent from very old L1s, highly
enriched on the KAP1-recruiting L1PA5/PA4 and the rare
KB L1HS, and present, albeit at much lower levels, on
KAP1-devoid L1Hs (Supplemental Fig. S4). Remarkably,
a similarly chronological pattern of KAP1 recruitment was
recorded in mES cells, with KAP1 enrichment the highest
on L1MdF and L1MdF2, estimated to be between 7.3
million and 3.8 million years old, and much lower on both
older and younger L1 integrants (Fig. 3B).
In the context of a screen based on ChIP-seq of mES

cells with HA-tagged KRAB-ZFPs, we identified Gm6871
as a L1 ligand with 104 full-length elements bound by
both KAP1 and this mouse-specific KRAB-ZFP (Fig. 3C).
The majority of them belonged to the L1MdF2 (64%) and
L1MdF3 (13%) subfamilies, and a search performed on
all Gm6871-recruiting sequences identified a putative
Gm6871 DNA-binding motif (Fig. 3D) present in 95% of
these L1 elements, contrasting with only 0.2% of ele-
ments from the younger L1MdA and L1MdT subfamilies.
Gm6871 was so far only a predicted gene, but we could
detect its expression in both pluripotent and differenti-
ated cells, albeit with higher levels inmES cells compared
with fibroblasts (Supplemental Fig. S5), as previously
described for many KRAB-ZFPs (Corsinotti et al. 2013).
We also could document the nuclear localization of a HA-
tagged derivative of Gm6871 expressed in mES cells by
lentivector-mediated transduction (Supplemental Fig.
S6A) and demonstrate an interaction between Gm6871
and KAP1 by coimmunoprecipitation of extracts from
Gm6871-HA-expressing mES and 293T cells and by
KAP1-GST pull-down assay (Supplemental Fig. S6B,C).
To ascertain the functional relevance of this interaction,
we depleted endogenous Gm6871 in mES cells by lenti-
vector-mediated RNAi and evaluated L1 mRNA expres-
sion by RNA deep sequencing (RNA-seq). Consistent with
the ChIP-seq results, upon Gm6871 knockdown, we ob-
served a significant increase in the levels of L1 sequences
identified in control cells as binding either KAP1+Gm6871
or Gm6871 alone but not of L1s bound only by KAP1 or
associated with neither protein (Fig. 3C,E). In order to

demonstrate further the implication of Gm6871 in the
control of specific L1s, we performed a KAP1 ChIP in
mES cells transduced with a control or Gm6871-directed
shRNA-expressing lentiviral vector followed by qPCR
with primers specific for three KAP1- and Gm6871-
associated L1 elements. As controls, we included ICR
(imprinting control region) sequences, known to recruit
KAP1 independently of Gm6871 (Quenneville et al.
2011), and another genomic locus highly enriched for
KAP1 and Gm6871 in our ChIP-seqs. The results revealed
a mild but reproducible reduction of KAP1 enrichment at
the tested Gm6871-recruiting loci upon Gm6871 knock-
down, while association of the corepressor with ICRs was
unaffected (Supplemental Fig. S7). Finally, RT-qPCR per-
formed in mES cells confirmed that these L1 elements
were up-regulated upon removal of SETDB1 (Supplemen-
tal Fig. S8), the histone methyltransferase responsible for
H3K9me3 induction by the KRAB–KAP1 complex
(Schultz et al. 2002; Iyengar and Farnham 2011). Alto-
gether, these results demonstrate that Gm6871 tethers
KAP1 and associated chromatin modifiers to a specific
subset of murine L1s and strongly suggest that the KRAB-
ZFP family at large is involved in the sequence-specific
repression of LINEs in higher vertebrates.

The KB subset of L1 is activated by KAP1 depletion
in hES cells

To probe the impact of KAP1 on the transcriptional
control of L1, we used lentivector-mediated RNAi cou-
pled with RNA-seq in hES cells. Global expression of
full-length L1 was increased in KAP1-depleted compared
with control ES cells (Fig. 4A; Supplemental Fig. S9), but
this difference came only from KB elements (Fig. 4B).
Analyzing levels of L1 transcripts for the various sub-
families (Fig. 4C) further revealed that ancient, infre-
quently KB elements were lowly expressed at baseline
and were not or were only moderately affected by knock-
ing down the corepressor. In comparison, members of the
highly KAP1-enriched L1PA4 and L1PA5 subfamilies
were more strongly expressed in control cells and were
significantly up-regulated in KAP1-depleted cells. Of
note, the fold change in L1PA4 and L1PA5 expression
levels between control and KAP1-depleted cells was not
only statistically significant but also the strongest
among all evaluated subfamilies. Finally, expression of
youngest elements (L1PA2 and L1Hs) was highest at
baseline and unchanged upon KAP1 knockdown.

Youngest human L1 are up-regulated upon depletion
of DNMTs

DNA methylation is involved in the long-term transcrip-
tional control of EREs, including L1. Correspondingly,
our analysis of MeDIP-seq data from the Epigenomics
Mapping Consortium (Bernstein et al. 2010) indicated
that DNA methylation is enriched at the 59 region of
mappable full-length L1 integrants in human H1 ES cells
(Fig. 5A). It also revealed L1PA4 and L1PA5 as the most
methylated and L1Hs as the least methylated subfamilies
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Figure 3. Evolutionally dynamic and KRAB-ZFP-mediated KAP1–L1 interaction. Percentage of KB full-length (FL) L1 elements per
subfamily in hES (A) and mES (B) cells, arranged from the oldest to the youngest subfamily using ages obtained from previously
published divergence analysis studies (Khan 2005; Sookdeo et al. 2013). (Myr) Million years. (C) Screenshot of a representative L1MdF2
element, illustrating RNA-seq coverage plots from control (shEmpty) and Gm6871 knockdown mES cells as well as gm6871 and Kap1

ChIP-seq tracks. (D) Putative gm6871 DNA-binding motif identified by computing gm6871 ChIP-seq peaks with the RSAT software
(Thomas-Chollier et al. 2012). (E) Relative change in the expression (RPKN [ normalized reads per kilobase]) of murine full-length L1s
bound or not bound by KAP1 and/or Gm6871 between Gm6871 knockdown and wild-type mES cells. The raw data were bootstrapped
1000 times with a resampling size of 100 for the plot design. The statistical analyses were calculated on the entire raw data by Wilcoxon
nonparametric test. (NS) P > 0.05; (**) P # 0.01.
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(Fig. 5B). Therefore, we investigated the relative impact of
KAP1-mediated and DNA methylation-mediated mech-
anisms in the control of L1. For this, we generated hES
cell populations depleted for the de novo (DNMT3A and
DNMT3B) and maintenance (DNMT1) DNMTs by lenti-
vector-mediated RNAi. DNMT3A and DNMT3B could
be stably knocked down for >22 d, whereas DNMT1
expression was partially recovered at that point, suggest-
ing a growth disadvantage in the absence of this enzyme
(data not shown). Still, cells in which all three DNMTs
were strongly depleted (Supplemental Fig. S9A,B) could
be readily obtained and kept in culture for the time of our

study, as reflected by their complete loss of DNA methyl-
ation at the GRB10 ICR after 5 or 9 d of triple knockdown
(Supplemental Fig. S9C). Most interestingly, comparing
the expression of individual L1 elements revealed that, in
DNMT-depleted cells, it was themembers of the youngest,
KAP1-unbound L1 subfamilies (L1PA2 and L1Hs) that
were the most up-regulated at that point, whereas older
elements, whether KAP1-controlled or not, were not or
were very modestly affected (Fig. 5C). In an attempt to
explore further the interplay between KAP1-mediated and
DNAmethylation-mediated repression of L1, we separated
L1PA4 and L1Hs family members in KB and KAP1-devoid

Figure 4. KAP1 depletion leads to up-regulation of KB L1 in hES cells. (A) Comparative expression of full-length L1 elements in hES
cells transduced with control (shE) or Kap1 knockdown (shKAP1) lentiviral vectors. (B) Relative change in the expression of full-length
L1 elements bound or not by KAP1, comparing Kap1 knockdown and control hES cells. (C) Comparative expression of full-length L1 in
control versus Kap1 knockdown hES cells, examining each L1 subfamily separately, arranged from the oldest to the youngest one. The
‘‘L1MA’’ category corresponds to the families L1MA1 to L1MA9. The ‘‘L1PA old’’ category corresponds to the families L1PA11 to
L1PA17. The raw data have been bootstrapped 1000 times for the plot design. Expression corresponds to RPKN values (see the Material
and Methods), with P-values ([*] P # 0.05; [**] P # 0.01; [***] P # 0.001) calculated on the raw data by Wilcoxon nonparametric test.
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elements. Next, we looked at their methylation levels at
baseline and at their expression upon DNMT triple
knockdown. For L1Hs, we found that the KAP1-devoid
elements, which were the overwhelming majority within
this group, were significantly less methylated at baseline
than their rare KB counterparts and that they alone were
induced upon DNMT knockdown (Fig. 5D). Within the
L1PA4 subfamily, baseline DNA methylation was glob-
ally higher and more homogeneous, with only slightly
lower levels for KAP1-free members. Furthermore, ex-
pression of all L1PA4 elements was comparable in control
and triple knockdown cells. Of note, depleting KAP1 in
DNMT knockdown cells was highly toxic, precluding the

further exploration of potential synergies between the
two L1 repression pathways.

Discussion

The transcriptional silencing of EREs is essential to pro-
tect genomic integrity, particularly during the vulnerable
phases of developmental reprograming that occurs in ES
and germ cells. Previous studies have revealed the roles of
KRAB-ZFPs and their cofactor, KAP1, in the early embry-
onic repression of ERVs (Wolf and Goff 2009; Rowe et al.
2010; Tan et al. 2013), whereas small RNA-based mech-
anisms have been thought to prevail for the silencing of

Figure 5. DNMT depletion induces up-regulation of younger L1 subfamilies. (A) Comparative expression of full-length L1 in control
and DNMT knockdown (triple knockdown [TKD]) hES cells, analyzing each subfamily separately as described in Figure 4C. (B)
Distribution of MeDIP-seq reads relative to the 59 end of full-length (pink line) or truncated (yellow line) L1, normalizing profiles to the
total number of elements per group. (C) DNA methylation levels on full-length L1 elements separated by subfamilies. (D) DNA
methylation levels in full-length L1PA4 and L1Hs bound or not by KAP1 in hES cells, based on the numbers of MeDIP-seq reads per
million base pairs per kilobase of L1 (RPKM). (E) Relative change in the expression of the same L1 elements, comparing triple
knockdown and control hES cells. P-values ([NS] P > 0.05; [*] P # 0.05; [**] P # 0.01; [***] P # 0.001) were calculated with Wilcoxon
nonparametric test.
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L1 elements, as initially discovered in germ cells (Yang
and Kazazian 2006; Aravin et al. 2007; Carmell et al.
2007; Beck et al. 2011). The present study actually es-
tablishes that L1 expression is also controlled by the
KRAB–KAP1 system. Furthermore, our data, coupled
with the recent demonstration that PIWI partakes in
the regulation of L1Hs elements in human pluripotent
cells (Marchetto et al. 2013), strongly support an evolu-
tionary model in which the transcription of newly
emerged L1 lineages is first repressed by small RNA-
induced DNAmethylation before KAP1-mediated silenc-
ing takes over through the selection of KRAB-ZFPs
capable of tethering the master corepressor to their
sequence (Fig. 6).
In both hES and mES cells, we found that KAP1

regulates L1 but that this control is restricted to lineages
that have entered the corresponding ancestral genomes
during the periods 31 million to 7.6 million years ago and
5.6 million to 3.8 million years ago, respectively. We
identified a novel KRAB-ZFP responsible for tethering
KAP1 to and controlling the expression of a subset of
murine L1, strongly suggesting that these DNA-binding
proteins are collectively involved in recognizing this class
of retroelements, as previously observed for other EREs
(Tan et al. 2013), and that in return, L1 has contributed to
the species-specific diversification of the KRAB-ZFP gene
family. However, we also determined that younger L1
lineages are generally not subjected to KRAB/KAP1-
mediated regulation, whether in humans or mice. We
found that the human-specific L1Hs, most of which
neither recruit KAP1 nor are activated by KAP1 deple-
tion, were instead induced upon depletion of DNMTs in
hES cells. This observation fits well with the recent
discovery that the PIWI-interacting RNAs (piRNAs)–
PIWI system partakes in the early embryonic control of
youngest L1 lineages in humans and apes (Marchetto
et al. 2013). PIWI-mediated control, which was initially
thought to be relevant only in germ cells, is indeed
triggered by the recognition of L1-proximal sequences
by a complex encompassing a member of the PIWI
subclade of Argonaute proteins and L1-derived piRNAs,
which leads to L1 transcriptional inhibition via DNA
methylation (Aravin et al. 2007; Carmell et al. 2007; De
Fazio et al. 2011). Whether other small RNA-based
mechanisms reported to partake in the early embryonic
control of L1 (Ciaudo et al. 2013; Fadloun et al. 2013;
Heras et al. 2013) also act in a lineage-specific fashion
remains to be determined.
Our finding that KAP1 binds a significant subset of L1s

in ES cells but only exceptionally in HEK293T cells fits
with the establishment of permanent silencing marks on
EREs, including LINEs, during the early embryonic pe-
riod. However, that it still is found on some L1 integrants
in the differentiated cells suggests that particular L1s and
their control mechanisms have been coopted to fulfil
some roles in adult somatic tissues.
The presence of two KAP1-repressed DNA elements in

a L1PA5-derived sequence (Fig. 2) and the weak effect of
Gm6871 knockdown on L1 transcription raise the possi-
bility of some redundancy in the KRAB-ZFP-mediated

control of L1s. Furthermore, although several mechanisms
of L1 restriction have been described, their inactivation
never results in spectacular up-regulation of these ele-
ments (nothing comparable, for instance, with the several
hundred-fold induction undergone by some ERVs when
KAP1 is deleted inmES cells) (Rowe et al. 2010).While this
suggests that L1s are subjected to several layers of control,
KAP1-restricted L1s belong to subfamilies more ancient
and less active than human L1Hs and may have accumu-
lated, over time, mutations that attenuate their transcrip-
tional potential, dampening their up-regulation upon
KAP1 removal. As for more ancient L1 lineages, their lack
of KAP1 binding, coupled with their low level of baseline
expression and inertia upon either KAP1 or DNMT de-
pletion, is likely explained by the accumulation of inacti-
vating mutations, alleviating the need for any sort of
transcriptional control.
That KAP1-regulated elements are unaffected by de-

pleting DNMTs, whereas the KAP1 recruitment at ERVs
ultimately leads to their DNA methylation, is not sur-
prising. The KRAB/KAP1 system indeed represses tran-
scription of EREs primarily via histone deacetylation,

Figure 6. Model for the evolutionally dynamic control of L1.
(A) Very ancient L1s (shown in the top row) may have been once
recognized by the KRAB/KAP1 system but have since then
accumulated mutations (red crosses) abrogating binding by
cognate KRAB-ZFPs but also transcription ability. (B) More
recent subfamilies recruit KAP1 through sequence-specific
KRAB-ZFPs but also may have some mutations taming their
baseline expression. (C) The youngest L1 elements are highly
transcribed and are not yet recognized by any KRAB-ZFP but
produce small RNAs such as piRNAs, which in turn down-
regulate their expression via DNA methylation and see their
retrotransposition further blocked by proteins such as APOBEC
family members.
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H3K9 trimethylation, and HP1 recruitment, with DNA
methylation occurring only secondarily to ensure the
permanence of the silencing process (Quenneville et al.
2012; Rowe et al. 2013a). Our observation that KBmurine
L1 elements are up-regulated upon Setdb1 knockout in
mES cells confirms the primary importance of histone
methylation-based mechanisms in their control. Some
rare L1Hs were found to be KB and accordingly were
barely induced upon DNMT knockdown, in contrast to
their far more prevalent KAP1-devoid counterparts. For
L1PA4 subfamily members, we did not see any induction
in DNMT triple knockdown cells whether they bore
KAP1 or not. However, these elements were globally
highly methylated, which may explain their resistance to
the DNMT knockdown. It could also be that other
epigenetic modifications, some of which may be lasting
consequences of earlier KAP1 recruitment, partake in
their repression.
Retrotransposons are mutagenic yet harbor cis-acting

activities, many of which contribute to shaping transcrip-
tional networks, including in ES cells (Bourque et al.
2008; Kunarso et al. 2010; Jacques et al. 2013; Rowe et al.
2013b; Ward et al. 2013). They thus have both a detrimen-
tal and an evolutionarily beneficial potential, which
requires that they be very delicately controlled. We pro-
pose that this is accomplished, at least for the youngest,
most active L1 elements, via autoregulation of piRNA
production, a repression mechanism that is in part self-
imposed. For elements that escape this process, addi-
tional restrictions are exerted at the post-transcriptional
level, for instance, through lethal editing of reverse
transcripts by the APOBEC3B cytidine deaminase (Bogerd
et al. 2006; Chiu and Greene 2008; Wissing et al. 2011;
Marchetto et al. 2013). After some time, KAP1-induced
restriction, which appears more stringent, takes over
through the selection of L1-recognizing KRAB-ZFPs. It
will be interesting to ask whether a similar level of
complexity prevails to the control of this class of retroele-
ments in germ cells, where the reprogramming of epige-
netic marks opens another window for their activation.

Materials and methods

Plasmids and lentiviral vectors

pLKO.1.puro shRNA vectors were used for KAP1, Gm6871, and
DNMT1 knockdown. shRNAs against DNMT3A and DNMT3B
were cloned into the pLVTHM vector, which was further mod-
ified to express neomycin, hygromycin, or blasticidine resistance
genes instead of GFP. For each shRNA vector, an empty version
(without shRNA) was cloned as a control. The shRNA targeting
sequences were obtained through the RNAi Consortium (http://
www.broadinstitute.org/rnai/public) and are listed in the Sup-
plemental Material (Supplemental Table 2). L1 cis-acting se-
quences (see ‘‘Genomic Coordinates’’ in the Supplemental Ma-
terial) were cloned into the pENTR/D/TOPO vector an then into
an in-house cloned gateway destination vector by LR recombi-
nation (pRRL.R1-R2.PGK.GFP). Codon-optimized Gm6871 was
synthesized and introduced by Gateway cloning in a puromycin
selectable lentivector under a tetracyclin-inducible TRE pro-
moter to obtain an HA-tagged protein (pSIN-TRE-Gm6871-
3xHA, Addgene). LV production protocols are detailed at http://

tronolab.epfl.ch. LV backbones are available at Addgene (http://
www.addgene.org).

ES cell culture and transduction

The H1 hES cell line (WA01, WiCell) was cultured in mTeSR1
medium (Stem Cell Technologies) on hES-qualified Matrigel
(BD Biosciences) and in the presence of ROCK inhibitor (Y-
27632). mES (ES3 and J1) cell lines were cultured as previously
described (Rowe et al. 2013b). J1 cells culture was further
supplemented with 1 mM PD0325901 and 3 mM CHIR99021.
mES cells were grown on 0.1% gelatin-coated (48723-500G-F,
Sigma) plates. Transductions were done at a multiplicity of
infection (MOI; determined in HCT116 or 3T3 cells) of 0.25–50.
Whenever required, cells were selected with 100 mg/mL
hygromycin, 10 mg/mL blasticidin, 0.25 mg/mL or 1.0 mg/mL
puromycin, or 200 mg/mL neomycin. Pluripotency was moni-
tored by FACS using a human pluripotent stem cell transcrip-
tion factor analysis kit (BD Biosciences) or mouse anti SSEA-1
PE-conjugated antibody (560142, BD Pharmingen).

RT-qPCR and RNA-seq

Total RNA was extracted and DNAse I-treated using a spin
column-based RNA purification kit (Macherey Nagel). cDNA
was synthesized starting from 500 ng of RNA and using random
hexamers and SuperScript II (Invitrogen). Primers (Supplemen-
tal Table 1) were used for SYBR Green qPCR (Applied Biosys-
tems), and their specificity was confirmed with dissociation
curves. RT-qPCR reactions were performed in triplicate for
each cDNA sample. hES RNA-seq was generated with RNA
extracted 14 d after KAP1 depletion (Turelli et al. 2014) or 9
d after triple DNMT depletion. mES RNA-seq was done in ES3
cells 4 d after the sh-Gm6871 knockdown vector transduction
(MOI50), in duplicate (independent transductions). Knockdown
levels were of 0.87 and 0.88 by qPCR. The 76- or 100-bp single-
end reads from the Illumina HiSeq sequencing instrument were
mapped using the Bowtie short read aligner (Langmead et al.
2009) to the annotated sequence of individual full-length L1
(minimum 5 kb in length) (lists provided in the Supplemental
Material). The annotation and genomic coordinates of full-
length L1 elements were obtained from the University of
California at Santa Cruz genome browser. Reads mapping to
multiple locations were evenly distributed across those loca-
tions, and a maximum of three mismatches was allowed. The
RPKN (normalized reads per kilobase) values were calculated
using an in-house R program and correspond to the read counts
normalized to the length of the repeated element and to the
total number of reads mapped to the transcriptome.

ChIP-seq and ChIP-qPCR

Chromatin was prepared from 13 107 H1 hES or J1 mES cells (for
KAP1 ChIPs) and from 2 3 107 ES3 cells (for Gm6871 ChIP) as
previously described (Barde et al. 2013; Rowe et al. 2013b; Turelli
et al. 2014) with KAP1-specific (Tronolab, SY326768 or ab10483,
Abcam), H3K9me3-specific (Diagenode), or HA-specific (Cova-
nce; MMS-101P) antibodies. For sequencing, total input (TI) and
ChIP library preparation was performed as described in Santoni
de Sio et al. (2012) using between 2 and 10 ng of chromatin.
Sequencing was performed on an Illumina genome analyzer IIx,
with each library sequenced in 80-base single-read or 100-bp
reads run. The 80- to 100-bp single-end or paired-end reads
generated were mapped to the human genome assembly hg19
or mouse genome assembly mm9 using the Bowtie short read
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aligner (Langmead et al. 2009), allowing up to two to three
mismatches, and all multiple matches were discarded. The
peaks were called using the MACS program (Zhang et al.
2008) and were normalized to the TI. When defining KB and
NKB L1 sequences, only KAP1 peaks with a MACS score
[Log10(pval)] >100 were considered. ChIP-seq data in HEK293
cells (Iyengar et al. 2011) were obtained from the ENCODE
database (https://genome.ucsc.edu/ENCODE). H3K9me3 ChIP-
seq data in mES (ES3) cells was previously published in Rowe
et al. (2013b). Motif search was performed with RSAT (Thomas-
Chollier et al. 2012) using Gm6871 called peaks as input and
unbound repeated regions as background control. Correlation
analysis between ChIP-seq peaks, MeDIP-seq tags, and L1
elements was done using the ChIP-cor analysis module (http://
ccg.vital-it.ch/chipseq/chip_cor.php).

FACS analysis

Cells were analyzed on a FACScan machine (Becton Dickinson).
Analysis was performed with FlowJo software (version 8-1.8.6,
Treestar, Inc.).

DNA methylation

For quantitative bisulfite pyrosequencing, genomic DNA was
converted (1–2 mg per sample) using an Epitect bisulfite kit
(591014, Qiagen) and used for PCR (primers were designed on the
converted antisense and sense strand, respectively, using PyroMark
Assay Design 2.0 software). Purity of PCR products was verified on
agarose gels for each experiment before immobilizing on 96-well
plates using a vacuum prep workstation and pyrosequencing using
PyroMark gold reagents (972804, Qiagen; Center for Integrative
Genomics,University of Lausanne, Switzerland). Resultswere ana-
lyzed using Pyro Q-CpG software. Primer sequences are in Supple-
mental Table 1. MeDIP-seq data sets (Hs1376 and Hs1303) were
downloaded from http://www.genboree.org/epigenomeatlas.
COBRA methylation analysis was performed using primers for
the GRB10 human ICR (see the Supplemental Material) and as
previously described (Xiong and Laird 1997).

Immunoblotting

Cells were washed with ice-cold PBS and resuspended in radio-
immunoprecipitation (RIPA) buffer to prepare total cell extracts.
Protein amount was quantified by BCA protein assay reagents
(Pierce) and normalized for loading on a 10% denaturing SDS–
polyacrylamide gel. Wet transfer was performed, and the primary
antibodies used were anti-DNMT1 (rabbit pAb; ab87654,
Abcam), anti-DNMT3A (mouse mAb; ab13888, Abcam), anti-
DNMT3B (rabbit pAb; ab2851, Abcam), and b-tubulin (rabbit
pAb; ab21058, Abcam).

Immunofluorescence

mES cells were transduced with Gm6871-HA, ZFP809-HA, or
LacZ-HA and cultured with 5 mg/mL doxycycline. Cells were
fixed in methanol for 10 min and labeled with anti-HA antibody
(MMS-101P, Covance) followed by Alexa488-conjugated anti-
mouse antibody. Nuclei were stained with DAPI. Images were
acquired using a 633 lens on a Zeiss Axiovert 200Mmicroscope.

Coimmunoprecipitation and GST pull-down

Gm6871-HA, ZFP809-HA, KRAB-deleted ZFP809, or LacZ-HA
plasmids were used to transduce mES cells or transfect 293T

cells. Cells were cultured with 5 mg/mL doxycycline for at least
48 h, harvested, and lysed with lysis buffer (50 mM Tris HCl at
pH 8, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycolate)
supplemented with protease inhibitors under constant agita-
tion for 30 min. Lysate was sonicated twice for 10 sec at 30%
duty cycle. Immunoprecipitation was performed overnight
with HA antibody (MMS-101P, Covance) in immunoprecipita-
tion buffer (50 mM Tris HCl at pH 8, 150 mM NaCl, 5 mM
EDTA, 0.1%NP-40) supplemented with protease inhibitors. All
steps were performed at 4°C. Immunoblotting was performed
with either anti-KAP1 antibody (ab10483, Abcam) followed by
HRP-conjugated anti-rabbit antibody or HRP-conjugated anti-
HA antibody (12013819001, Roche). Ex vivo GST pull-down
assay was performed as previously described (Yahi et al. 2008).

Accession numbers

RNA-seq and ChIP-seq data were deposited in the Gene Expres-
sion Omnibus database at the NCBI under the accession num-
bers GSE57989 (Turelli et al. 2014) and GSE58323.
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Loss of transcriptional control over endogenous
retroelements during reprogramming to pluripotency
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Endogenous retroelements (EREs) account for about half of the mouse or human genome, and their potential as in-
sertional mutagens and transcriptional perturbators is suppressed by early embryonic epigenetic silencing. Here, we asked
how ERE control is maintained during the generation of induced pluripotent stem cells (iPSCs), as this procedure involves
profound epigenetic remodeling. We found that all EREs tested were markedly up-regulated during the reprogramming
of either mouse embryonic fibroblasts, human CD34+ cells, or human primary hepatocytes. At the iPSC stage, EREs of
some classes were repressed, whereas others remained highly expressed, yielding a pattern somewhat reminiscent of that
recorded in embryonic stem cells. However, variability persisted between individual iPSC clones in the control of specific
ERE integrants. Both during reprogramming and in iPS cells, the up-regulation of specific EREs significantly impacted on
the transcription of nearby cellular genes. While transcription triggered by specific ERE integrants at highly precise
developmental stages may be an essential step toward obtaining pluripotent cells, the broad and unspecific unleashing of
the repetitive genome observed here may contribute to the inefficiency of the reprogramming process and to the phe-
notypic heterogeneity of iPSCs.

[Supplemental material is available for this article.]

The forced expression of a combination of transcription factors

such as POU5F1 (also known as OCT4), KLF4, and SOX2 can result

in the reprogramming of somatic cells into induced pluripotent

stem cells (iPSCs) (Takahashi and Yamanaka 2006; Takahashi et al.

2007). The efficiency of this process varies according to the cells

chosen as starting material and the protocols used for their mod-

ification, but without further manipulation it does not exceed

a few percent and it implies a latency of 1 wk to several weeks,

suggesting that a cascade of events, some of which are probably

stochastic, is required for full reprogramming (Jaenisch and Young

2008; Hanna et al. 2009; Yamanaka 2009). During this period,

a complex sequence of still incompletely characterized epigenetic

changes takes place, whereby the expression of pluripotency genes

is ultimately induced whereas that of differentiation genes is re-

pressed (Koche et al. 2011; Polo et al. 2012).

The development of a totipotent fertilized egg into a nascent

embryo is a paradigm for the reverse process. It too stems from

epigenetic mechanisms, which are essential not only for the es-

tablishment of specialized lineages but also for events such as

imprinting and,most importantly, for the silencing of endogenous

retroelements (EREs). EREs collectively account for more than half

of the genome of either humans ormice, with thousands tomillions

of copies of endogenous retroviruses (ERVs), long interspersed ele-

ments (LINEs), short interspersed elements (SINEs; which in

humans includeAlu repeats), or SVAs (SINE-VNTR-Alu, a hominoid-

specific ERE family) (de Koning et al. 2011). These genetic invaders,

which multiply by the copy-and-paste process that defines retro-

transposons, are targeted during the first few days of embryogen-

esis by silencing mechanisms notably involving their recognition

by sequence-specific protein- or RNA-based repressors and the

secondary recruitment of heterochromatin-inducing complexes

(Rowe and Trono 2011). Histone methylation, histone deacetyla-

tion, andDNAmethylation ensue, which inactivate their potential

as insertional mutagens (Kaer and Speek 2013; Shukla et al. 2013)

and repress their cis-acting transcriptional components, which

would otherwise activate neighboring genes via promoter or en-

hancer effects (Bourque et al. 2008; Kunarso et al. 2010; Macfarlan

et al. 2011; Rebollo et al. 2012; Schmidt et al. 2012; Chuong et al.

2013; Rowe et al. 2013).

The epigenetic control of EREs is a rigorously orchestrated

process, with some of these elements never expressed, and others

transcribed in low-cellularity embryos or in embryonic stem cells

(ESCs) to be silenced only later (Lane et al. 2003; Macfarlan et al.

2011). It has recently emerged that transient transcription driven

� 2014 Friedli et al. This article is distributed exclusively by Cold Spring
Harbor Laboratory Press for the first six months after the full-issue publication
date (see http://genome.cshlp.org/site/misc/terms.xhtml). After six months, it
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by specific coopted ERE integrants that briefly evade repression

seems critical to the identity of the pluripotent state both in mice

(Macfarlan et al. 2012) and humans (Santoni et al. 2012; Lu et al.

2014). This layered repression process likely reflects at least in part

the orderly action of cognate repressors, including KRAB-containing

zinc finger proteins (KRAB-ZFPs), which together with their cofactor

TRIM28 (also known as KAP1 or TIF1B) are key to the early em-

bryonic control of a broad spectrum of retrotransposons (Wolf and

Goff 2007; Matsui et al. 2010; Rowe et al. 2010). Interestingly,

KRAB-ZFPs, encoded in the hundreds by the genomes of both

mouse and human, are widely expressed in ESCs but subsequently

adopt highly tissue-, stage-, and cell-specific patterns of expression

(Barde et al. 2013; Corsinotti et al. 2013). Whether the same holds

true for other yet-to-be-identified early embryonic controllers of

EREs is unknown. However, it is likely that any lag between the de-

repression of specific ERE integrants and the reactivation of their

sequence- or class-specific repressors will open a window of op-

portunity for ERE-originating transcriptional perturbations and, at

least for the small fraction of these elements still endowed with

retrotransposition ability (Finnegan 2012), for insertional muta-

genesis. Accordingly, the present studywas undertaken to examine

how the transcriptional control of EREs is maintained during the

reprogramming of either murine or human somatic cells, and

whether it is fully reestablished in induced pluripotent stem cells.

Results

Global ERE de-repression during the reprogramming of mouse
and human cells

In order to assess the control of EREs during reprogramming to

pluripotency, we transduced mouse embryonic fibroblasts (MEFs)

harboring a Pou5f1-GFP transgene with a lentiviral vector

expressing POU5F1 (OCT4), KLF4, and SOX2 (hereafter calledOKS)

as a single polycistronic transcript from a spleen focus forming

virus (SFFV) promoter (Supplemental Fig. S1A; Pasi et al. 2011). As

expected, OKS-transduced MEFs formed GFP-positive colonies af-

ter ;12 d (Supplemental Fig. S1B) and silenced the OKS vector

(Supplemental Fig. S1C). We picked and replated a series of iPSC

clones and verified that they expressed Nanog at similar levels as

ESCs (Supplemental Fig. S1D) and could be differentiated into

embryoid bodies (EBs) (Pasi et al. 2011), indicating successful

reprogramming. We then used real-time quantitative PCR (RT-

QPCR) to measure the expression of families of EREs at various

times of the reprogramming process and in the resulting iPSCs.We

consistently observed marked increases in the transcript levels of

all tested EREs in independent reprogramming experiments

(Fig. 1A–D). The timing of the up-regulation was variable, usually

initiating 6–10 d post-transduction with a burst of expression oc-

casionally observed around day 2. In all iPSC clones tested, LINE1

and the ERV MusD remained highly expressed, whereas IAP

(intracisternal A particle, another ERV) exhibited a fully repressed

state, so that for these families of retroelements expression pat-

terns were roughly comparable between iPSC and ESC, as pre-

viously noted (Wissing et al. 2012). This is consistent with amodel

whereby the trans-acting factors controlling IAPs, but not those re-

sponsible for silencing LINE1 and MusD, are reactivated during the

late stages of reprogramming. MERVL, another ERV, exhibited little

change in expression during reprogramming itself, but rose sharply

in iPSCs, where its levels were markedly above those measured in

ESCs. Rather than a defect in controlling factors, this could reflect

higher fractions of cells cycling into an early post-zygotic-like state

where the MERVL long terminal repeat (LTR), which serves as

promoter for many genes restricted to the 2/4 cell stage of em-

bryonic development, is particularly active (Macfarlan et al. 2012).

We next assessed the control of EREs during the reprogram-

ming of human somatic cells. Upon transduction of cord blood

CD34+ cells with the OKS vector, iPSC clones were efficiently

obtained (Supplemental Fig. S1B), which exhibited a morphology

comparable to that of ESCs, expressed a full set of pluripotency

genes, induced the formation of teratomas when injected into

immunodeficient mice, and were karyotypically euploid (Supple-

mental Fig. S1E–H). However, de-repression of all tested human

ERE families was detected by RT-QPCR during the reprogramming

process, with sharp increases around day 19post-transduction across

three independent experiments performed with cells from different

donors (Fig. 1E,H; Supplemental Fig. S2). Similar to their murine

counterparts, human LINE1s remained highly expressed in plurip-

otent cells, as did SVAs (Fig. 1E,F). In contrast, the LTR-containing

HERVK, including its HERVK14ci strain, was silenced in iPSCs,

mimicking the behavior of IAPs in the murine system (Fig. 1G,H).

To confirm and extend these observations, we performed RNA

deep sequencing (RNA-seq) at multiple time points of an in-

dependent reprogramming experiment, including in our analysis

the parental CD34+ cells, six of the resulting iPSC clones, and a hu-

manESC clone (H1) (for RNA-seqdata, see Supplemental Tables 1–3,

and GEO accession number GSE57866). A comparison of the tran-

scriptomes of cells harvested at day 19 post-transduction with that

of the starting population confirmed the de-repression of multiple

EREs, and further identified specific subclasses of dysregulated ret-

rotransposons (Fig. 2A), with HERVH, HERVK, and their associated

LTRs LTR7Y and LTR5-Hs displaying the most pronounced up-reg-

ulation (Fig. 2B). In iPSCs, some of these elements, such as HERVK

and S71 (LTR6b), displayed a repressed state comparable to that

found in ESCs, but others (e.g., HERVW, LTR17, LTR7Y, L1Hs) did

not or did only partially (Fig. 2B,C). Of note, while significant ex-

pression of HERVH was detected in iPSCs and ESCs, as previously

reported (Santoni et al. 2012), close to a third of the HERVH inte-

grants up-regulated at day 19 were not among those ultimately

detected in these cells (data not shown). Finally, in addition to the

d19 peak of expression, we occasionally observed a much earlier

burst around d2–d4 for some retroelements (e.g., HERVH and

HERVK) (Fig. 2C). We further RNA-sequenced eight independent

human ES cell lines (UCLA1-6 [Diaz Perez et al. 2012], H19, and an

independent H1 sample) to verify that the elevated ERE expression

levels detected in individual iPS clones were not a general feature of

pluripotent cells. We found very little heterogeneity between all

tested human ES cell lines, which sharply contrasted with the in-

appropriate control of EREs in iPS clones and even more with their

marked up-regulation during the reprogramming process (Fig. 2C).

To ascertain that the observed unleashing of EREs during repro-

gramming is not restricted to fibroblasts or blood cells, we assessed

ERE expression during reprogrammingof human liver cells.We thus

reprogrammed primary human hepatocytes with OKS or with

a vector that also included MYC (OKSM) (Sommer et al. 2010) and

measured ERE-specific transcription by real time quantitative PCR.

Confirming the generality of this phenomenon, all ERE classes re-

capitulated the burst of expression during reprogramming pre-

viously observed in MEFs and CD34+ cells (Fig. 2D).

Deregulation of ERE-close gene transcripts during
reprogramming

We next asked whether the up-regulation of ERVs that occurred

during reprogramming impacted the expression of nearby genes.
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Figure 1. Global up-regulation of EREs during reprogramming. qPCR quantification of transcripts from indicated murine (A–D) and human (E–H) EREs
during reprogramming of MEFs and cord blood CD34+ cells, respectively. Expression levels are indicated for parental cells (gray dots), cells transduced
with an SFFV-GFP control vector (green dots), OKS-induced reprogramming time points (blue dots), individual iPS clones (orange dots), and ES cells (red
dots). For the smoothing pattern across OKS-induced reprogramming time points, we computed a locally weighted polynomial regression (LOESS) with
a 95% confidence interval.
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Using a twofold change cutoff and an adjusted P-value of <0.05, we

identified 3703 genes up-regulated at d19 in OKS-transduced

CD34+ cells compared with nontransduced cells. Genes near up-

regulated HERVH (<40 kb between TSS and HERV, n = 365 genes)

were far more likely (P = 2.603 3 10�05) to be up-regulated than

genes more distant from these elements (>80 kb between TSS and

HERV, n = 18,145 genes) (Fig. 3A). A similar analysis could not be

performed for HERVK due to insufficient numbers. However, two

additional lines of evidence confirmed that it was the HERV that

influenced the gene and not the reverse. First, for bothHERVH and

HERVK, expression was not influenced by distance from an up-

regulated gene (Fig. 3A). Second, intragenic HERVs were not more

often up-regulated than their intergenic counterparts (Fig. 3B);

in fact, the reverse trend was observed (P = 0.024 for HERVK and

P = 4.26 3 10�10 for HERVH).

Heterogeneity of human iPSC clones in repression of specific
EREs and induction of prototypic ERE controllers

Importantly, when we compared levels of expression of individual

EREs between iPSC clones derived from a single donor and issued

from the same reprogramming experiment, we noticed striking

differences, notably for HERVH, HERVK, and L1Hs (e.g., cf. clone 6

and clone 43 or cf. clone 2 and clone 45) (Figs. 2C, 4A). HERVK, for

instance, was fivefold to ninefold more expressed in iPS2 and

iPS6 comparedwith iPS43, iPS45, andhumanES cells (Fig. 4A, top),

whereas L1Hs was threefold more expressed in iPS2 than in iPS14.

Interestingly, several members of the KRAB-ZFP gene family (e.g.,

ZNF492, ZNF649, ZNF208) exhibited marked differences in ex-

pression between iPSC clones (Supplemental Figs. S3A, S4C). A

direct comparison of the transcriptomes of two iPSC clones con-

firmed that specific EREs and some KRAB-ZFPs were among the

most discordant transcripts, suggesting that a failure to reactivate

sequence-specific repressors during reprogrammingmight account

for the lack of silencing of their target EREs in iPSCs (Supplemental

Fig. S3B). Consistent with this hypothesis, Trim28 expression in-

creased gradually during reprogramming, and Trim28 knockout

MEFs failed to reprogram (data not shown). Noteworthy, known

post-transcriptional controllers of retroelements (e.g., APOBEC3A

and SAMHD1) (Bogerd et al. 2006; Hrecka et al. 2011; Laguette

et al. 2011) were transiently induced during reprogramming

(Supplemental Fig. S3A), indicating the activation of at least some

genome defense mechanisms along this process.

Incomplete control of specific EREs activates the transcription
of nearby genes in iPSCs

Upon scoring the expression of specific ERE integrants, we again

detected considerable heterogeneity between iPSC clones (Fig. 4A,

bottom). For example, a HERVH located on chromosome 8 was

four- to fivefold more expressed in iPS6 compared with other iPSC

clones and to human ES, while a HERVK inserted on chromosome

22 was four- to eightfold more expressed in clones 2, 6, and 14

compared with clones 43, 45, and human ESCs (Fig. 4A, bottom).

EREs can epigenetically affect the local genomic landscape owing

to their content in a variety of cis-acting regulatory sequences

(Bourque et al. 2008; Kunarso et al. 2010; Rebollo et al. 2012;

Schmidt et al. 2012; Chuong et al. 2013; Rowe et al. 2013). Cor-

respondingly, we found numerous instances where lack of re-

pression of a specific EREwas accompanied by up-regulation of the

adjacent gene (Fig. 4B,C; Supplemental Fig. S4A,B). For example,

the HHLA1 gene, situated next to the above-mentioned chromo-

some-8 HERVH, was significantly expressed only in iPS6 (Spear-

man correlation P = 0.93, P = 0.007), while expression of the

PRODH gene correlated perfectly with that of the adjacent chro-

mosome-22 HERVK among iPSC clones (Spearman correlation P =

0.96, P = 0.003) (Fig. 4B,C). Likewise, expression of KLKB1 and

C9orf129 paralleled that of HERVs situated nearby (Supplemental

Fig. S4A,B). Interestingly, with the exception of the HERV near

PRODH (for whichmapping ofChIP-seq readswas not possible), all

these EREs were previously identified as bound by TRIM28 and

adorned with the H3K9me3 repressive mark in human ESCs (Fig.

4B,C; Supplemental Fig. S4A,B; data not shown). Noteworthy,

when differentiated to EBs or neural committed, some ERE de-re-

pressed iPS clones regained control of specific integrants while

others remained uncontrolled (Supplemental Fig. S5). For exam-

ple, the ERE near PRODH in iPS6 was still locked in the highly

expressed state after neural commitment even though expression

of PRODH itself was reduced about threefold (Supplemental

Fig. S5).

To further explore this phenomenon, we examined the state

of the chromatin at several of these loci by chromatin immuno-

precipitation followed by quantitative PCR (ChIP-PCR). We found

histone marks typical of active enhancers (H3K4me1 and

H3K27ac) near the LTRs of the HERVs situated next to HHLA1 and

PRODH in iPSCs exhibiting an up-regulation of the corresponding

ERE–gene pairs, but not in clones where these units were fully re-

pressed (Fig. 4D). Conversely H3K9me3, a repressive mark that is

a hallmark of KRAB/TRIM28-mediated silencing (Schultz et al.

2002), displayed the opposite pattern at these loci.

Discussion
These data demonstrate that the reprogramming of somatic cells to

induced pluripotent stem cells is accompanied by a marked de-

repression of endogenous retroelements from all known classes. It

has recently been suggested that transcription from EREs is im-

portant to drive ES-specific transcripts, in particular MERVL in

Figure 2. De-repression of individual EREs during reprogramming and in iPSCs. (A) MA-plot comparing RNA-seq–determined transcriptome of day 19
(d19) OKS-transduced vs. parental CD34+ cells. Transcripts (RefSeq) are plotted in black with the ratio (d19/CD34+) on the y-axis and expression levels on
the x-axis. Representative up-regulated Repbase families are shown in red. Transversal blue lines depict magnitude of gene deregulation (e.g., only 1% of
genes lie above the 99% line). (B) Expression levels of indicated HERVs in parental (average of three samples) or d19 OKS-transduced CD34+ cells, human
iPS cells (average of six clones from the same reprogramming experiment), and the H1 ES cell line (average of two samples). Fold changes compared with
CD34+ triplicates and P-values are calculated using the DESeq package (Anders and Huber 2010). (C ) Relative expression of indicated HERVs during
reprogramming of CD34+ cells, in six resulting iPSC clones (orange dots) and nine independent samples of hES cells (red dots). Green line indicates
parental cells (average of three, same donor); dotted green lines, plus andminus standard deviation; and solid blue line, reprogramming time points. The
horizontal (blue, orange, and red) solid lines show the mean of each group of samples. Dotted lines show a 95% confidence interval for each mean. We
performed a Wilcoxon test for each mean to test if it was different from one. (D) qPCR quantification of transcripts from indicated human EREs during
reprogramming of primary hepatocytes. (Top) Reprogramming with OKS. (Bottom) Reprogramming with OKSM. (Hep) Average of four nontransduced
hepatocyte samples.
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murine cells (Macfarlan et al. 2012) and HERVH in human cells

(Santoni et al. 2012; Lu et al. 2014). However, while we indeed

found numerous HERVH integrants up-regulated in human ES

cells compared with cord blood CD34+ cells, we also noted that

more than a third of the members of this group found to be acti-

vated at day 19 of reprogramming were fully repressed in ESCs or

iPSCs. Thus the possible requirement of HERVH-mediated tran-

scription during iPS reprogramming and to maintain the pluripo-

tent state comes at a price, as control is broadly released on this

family of elements. Furthermore, HERVKs, including HERVK14ci,

were markedly up-regulated during reprogramming but fully

repressed in pluripotent cells. For most

EREs, activation reached its peak shortly

before the emergence of fully repro-

grammed iPSCs. Our results suggest that

this phenomenon might be due at least

partly to a lack of synchronization be-

tween erasure of repressive chromatin

marks at EREs on the one hand and

reactivation of sequence-specific trans-

repressors, for instance, KRAB-ZFPs, on

the other hand. Importantly, at that

stage, genes situated near up-regulated

EREs had a greater chance of being

themselves induced, consistent with ERE-

based promoter or enhancer effects (Rowe

et al. 2013). It could be that this contrib-

utes to the inefficiency of reprogram-

ming, if it results in the stochastic acti-

vation of genes affecting the path to

pluripotency (Polo et al. 2012). It will be

interesting to determine whether ERE

activation also occurs when reprogram-

ming efficiency is increased by depletion

of the MBD3 repressor (deterministic

reprogramming) (Rais et al. 2013), by

coexpression of CEBPA (Di Stefano et al.

2014), or following nuclear transfer.

These faster reprogramming methods

may be accompanied by timely reac-

tivation of cognate KRAB-ZFPs, which

may minimize aberrant ERE reactivation.

ERE de-repression is predicted to re-

sult only rarely in mutagenic trans-

position events, owing both to the paucity

of retroelements still endowed with

transposition capacity (Quinlan et al.

2011; Finnegan 2012) and to the presence

of restriction factors blocking their spread

at a post-transcriptional level (Wolf and

Goff 2008). However, the transcriptional

perturbation of ERE-close genes may con-

fer iPSCs or their progeny with phenotypic

anomalies difficult to detect through con-

ventional assays, such as blockade of dif-

ferentiation to particular lineages, pre-

disposition to oncogenic changes, aberrant

release of bioactive molecules, or altered

immunogenicity. Supporting this model,

a recent comparative analysis of 49 iPSC

lines derived from several human tissues

detected an aberrant up-regulation of some

LTR7/HERVH transcripts and neighboring genes, including HHLA1,

in several differentiation-defective clones (Koyanagi-Aoi et al. 2013).

Furthermore, the potential for more distal phenotypic anomalies

resulting from inappropriate ERE-induced gene activation is illus-

trated by the recent observation that the schizophrenia-linked

PRODH gene (Kempf et al. 2008) is controlled by the nearby HERVK

(Suntsova et al. 2013), which we found deregulated in some iPS

clones.Our findings thuswarrant an in-depth survey of the genomic,

transcriptional, and epigenetic state of the repetitive genome of iPSC

clones, whether these are to be used for basic research or are envi-

sioned for clinical applications.

Figure 3. Up-regulation of ERE-close genes during reprogramming. (A) Using a twofold change
cutoff and an adjusted P-value of <0.05, 3703 genes were found up-regulated in CD34+ cells at day 19
post-OKS transduction, compared with untransduced cells. (Left) Relative expression of HERVH (top) or
HERVK (bottom) integrants situated close (<40 kb) or far (>80 kb) from these genes. No significant
difference was detected (Wilcoxon test P = 0.14 for HERVK, 0.11 for HERVH). (Right) Reverse analysis,
revealing that HERVH-close transcripts (n = 365 genes, or 695 transcripts) were more likely to be up-
regulated than HERVH-distant transcripts (n = 18145 genes, or 30,053 transcripts). (NA) Not available
due to insufficient numbers. (B) Expression levels of intragenic vs. intergenic HERVHs or HERVKs at d19 of
CD34+ cells reprogramming showing no bias toward intragenic HERVs. In fact, the reverse trend was
observed, with more intergenic than intragenic HERVs up-regulated at d19 of reprogramming.
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Figure 4. Clonal variability of ERE control in iPSCs. (A) Comparative expression of indicated ERE families (top) in parental CD34+ cells (average of three
samples), in six iPSC clones simultaneously derived from their reprogramming, and in control H1 ES cells. (Bottom) Expression levels of individual HERV
integrants in same cells as A (top). (B,C) Two examples of dysregulated HERV integrants and expression level of closest genes, HHLA1 for a HERVH on
chromosome 8 (B) and PRODH for a HERVK on chromosome 22 (C ). (Left) Expression level tracks, as well as hES H3K9me3 and TRIM28 binding data
(obtained by ChIP-seq). Note that for the PRODH locus, ChIP-seq reads could not be mapped due to the high redundancy of this region, preventing
binding site calling at this location. Red arrowheads indicate HERV orientation. (Right) Expression levels of ERE–gene pairs, with Spearman correlation
calculated. (D) Activation (H3K4me1 and H3K27ac) and repressive (H3K9me3) histone marks at HERVs situated close to HHLA1 and PRODH and controls
(activation mark negative controls, ZNF180 and ZNF420; positive controls, POU5F1 [OCT4] and NANOG promoters; H3K9me3 negative controls, EVX1
andGAPDH; positive controls, ZNF180 and ZNF420) depicted as a heatmap from least (blue) tomost (brown) enriched. Two qPCR assays (e.g., ERE PRODH
59 and ERE PRODH 59 #2) were designed on the 59 and 39 of each ERE. Note active enhancer marks on the ERE near PRODH in iPS clones 2, 6, and 14
compared with iPS clones 43 and 45, and on the ERE near HHLA1 in iPS clone 6 compared with other clones. Up-regulated ERE–gene pairs are highlighted
with a red box for appropriate iPS clones.
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Methods

Reprogramming
MEFs: Primary Pou5f1-GFP MEFs were prepared from E12 embryos
(http://jaxmice.jax.org/strain/008214.html) and reprogrammed by
transduction with OKS using four HCT116-transducing units
(HC-TU) per cell as previously described (Pasi et al. 2011). CD34+

cells from human cord blood were obtained and prepared as pre-
viously described (Barde et al. 2013), before transducing 250,000
cells with OKS using 100 HC-TU per cell. After 5 d, cells were
switched to mTeSR1 medium (Stemcell Technologies no. 05859)
and grown on a mouse fibroblast feeder layer until reprogrammed
colonies emerged (;21 d). Individual human iPSC clones were
then picked and expanded. Primary human hepatocytes were
isolated from liver biopsies as previously described (Birraux et al.
2009) and plated on Matrigel or collagen before being transduced
with OKS or OKSM using 20 HC-TU per cell. After 5 d, cells were
switched to mTeSR1 medium (Stemcell Technologies no. 05859)
and grown until reprogrammed colonies emerged (;25 d).

qPCR

Total RNA from cells at different reprogramming time points, iPSC
clones, and ES cells was extracted with TRIzol reagent (Life Tech-
nologies no. 15596-018) and PureLink micro-to-midi total RNA
Purification System (Life Technologies no.12183018). cDNA was
prepared with SuperScript II reverse transcriptase and real-time
PCR quantification was performed with FastStart Universal SYBR
Green Master (Rox; Roche no. 04913914001). Normalization was
done to two or three housekeeping genes (mouse: Gapdh, Cox6a1,
Tfrc; human: TFRC, B2M).

Chromatin immunoprecipitation (ChIP)-PCR

Ten million iPSCs or ESCs were immunoprecipitated as previously
described (Barde et al. 2013), with TRIM28- (Abcam ab10483),
H3K9me3- (Diagenode pAb-056-050), H3K27ac- (Abcam ab4729),
or H3K4me1- (Diagenode pAb-037-050) specific antibodies. SYBR
green qPCR was performed to quantify enrichment at specific loci.

RNA-seq

RNA-seq was performed on an Illumina HiSeq 2000 sequencer
(single-read 100-cycles assay). The library was generated from
250 ng total RNA using the TruSeq RNA Sample Preparation v2 kit
(Illumina). Raw reads (100-bp single-end) were mapped to the
human transcriptome (RefSeq), to the human genome (hg19 as-
sembly), and to Repbase consensus sequences using the Bowtie
short-read aligner (Langmead et al. 2009) and allowing up to three
mismatches, and counts were normalized to the transcript length
and to the total number of reads (RPKM). Differentially expressed
RefSeq transcripts and EREs were defined using the DESeq Bio-
conductor package (Anders and Huber 2010).

Data access
The RNA-seq data from this study have been submitted to the
NCBI Gene ExpressionOmnibus (GEO; http://www.ncbi.nlm.nih.
gov/geo/) under accession number GSE57866.
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