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KAP1/TIF1p is proposed to be a universal corepressor protein for the KRAB zinc finger protein (KRAB-zfp)
superfamily of transcriptional repressors. To characterize the role of KAP1 and KAP1-interacting proteins in
transcriptional repression, we investigated the regulation of stably integrated reporter transgenes by hormone-
responsive KRAB and KAP1 repressor proteins. Here, we demonstrate that depletion of endogenous KAP1
levels by small interfering RNA (siRNA) significantly inhibited KRAB-mediated transcriptional repression of
a chromatin template. Similarly, reduction in cellular levels of HP1e/f3/y and SETDBI1 by siRNA attenuated
KRAB-KAP1 repression. We also found that direct tethering of KAP1 to DNA was sufficient to repress
transcription of an integrated transgene. This activity is absolutely dependent upon the interaction of KAP1
with HP1 and on an intact PHD finger and bromodomain of KAP1, suggesting that these domains function
cooperatively in transcriptional corepression. The achievement of the repressed state by wild-type KAP1
involves decreased recruitment of RNA polymerase II, reduced levels of histone H3 K9 acetylation and H3K4
methylation, an increase in histone occupancy, enrichment of trimethyl histone H3K9, H3K36, and histone
H4K20, and HP1 deposition at proximal regulatory sequences of the transgene. A KAP1 protein containing a
mutation of the HP1 binding domain failed to induce any change in the histone modifications associated with
DNA sequences of the transgene, implying that HP1-directed nuclear compartmentalization is required for
transcriptional repression by the KRAB/KAP1 repression complex. The combination of these data suggests
that KAP1 functions to coordinate activities that dynamically regulate changes in histone modifications and
deposition of HP1 to establish a de novo microenvironment of heterochromatin, which is required for repres-

sion of gene transcription by KRAB-zfps.

Genetic and epigenetic programs that control proper spa-
tial and temporal patterns of gene expression are instrumen-
tal for pluripotent stem cells to determine cellular identity
and maintain homeostasis of adult metazoans. Though his-
torically viewed as a passive packaging unit, remodeling of
chromatin structure has emerged as a key target for program-
ming of gene expression during early embryogenesis and tis-
sue-specific gene transcription. The dynamic regulation of
chromatin organization appears to be accomplished in part by
at least four families of proteins, including the following: (i)
macromolecular protein complexes that utilize energy from
ATP hydrolysis to disrupt DNA-protein interactions; (ii) pro-
teins with intrinsic enzymatic activity to posttranslationally
modify the core histones; (iii) nonhistone chromosomal pro-
teins; and (iv) histone variants. Increasing experimental evi-
dence indicates that the combinatorial use of histone variants,
posttranslational modification of histones (i.e., acetylation,
phosphorylation, ubiquitination, and methylation), and non-
histone chromatin-associated proteins that recognize these sig-
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nals represent an epigenetic marking system responsible for
setting and maintaining heritable programs of gene expression
(22, 26, 40, 62). However, several key questions in understand-
ing this indexing system include the following: (i) how are
histone modifications and variants targeted to gene-specific
regulatory elements, (ii) what are the patterns of modifications
at transcriptionally silenced loci, (iii) how do patterns of mod-
ifications temporally change during active transcriptional si-
lencing of gene expression, (iv) what nonhistone chromosomal
proteins interpret this code, and (v) how is recognition of this
code mechanistically translated into a change in gene activity?

TFIIIA/C,H,-containing zinc finger proteins represent the
most abundant family of sequence-specific DNA binding pro-
teins in higher eukaryotes (32). These proteins are character-
ized by a repeating three-dimensional structural motif of a
B-hairpin followed by an a-helix, which is stabilized by the
coordination of one zinc ion (31). Concatemers of two or more
zinc finger motifs facilitate selective, high-affinity binding to
DNA, with each finger module making specific contacts with a
3- to 5-bp subsite in the major groove of double-stranded DNA
(47). Nearly one-third of mammalian zinc finger proteins pos-
sess the highly conserved Kruppel-associated box (KRAB)
motif. Analysis of the human genome sequence revealed 423
independent KRAB-zinc finger protein (KRAB-zfp)-coding
loci, yielding alternative transcripts that altogether predict at
least 742 structurally distinct proteins (23). Comparative ge-
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nome analyses indicate that this gene family is vertebrate spe-
cific and that the repertoire of KRAB-zfps differs significantly
between species, suggesting that KRAB-zfps may regulate pro-
grams of gene expression that contribute to speciation (16, 29).
The KRAB domain, defined by approximately 75 amino acids,
is a transferable module that possesses DNA binding-depen-
dent transcriptional repression activity. This activity is common
to many KRAB domains of independent zinc finger proteins
that have been tested and can be disrupted by mutations at
highly conserved amino acids that define the minimal KRAB
domain consensus sequence (4, 39, 43, 65, 67). These data
emphasize that the transcriptional repression activity associ-
ated with the KRAB domain is a common biochemical prop-
erty of this motif. Moreover, the abundant representation of
KRAB-zfps in vertebrates potentially makes KRAB-directed
transcriptional regulation one of the most widespread sequence-
specific mechanisms to repress gene transcription in higher eu-
karyotes.

Mechanistically, transcriptional repression by the KRAB do-
main correlates with its binding to the KAP1 protein (KRAB
associated protein 1), also referred to as TIF1B (transcrip-
tional intermediary factor 1B) or KRIP1 (KRAB-interacting
protein 1) (18, 28, 35, 42). The role of KAP1 in KRAB domain
repression is supported by several pieces of experimental data,
including the following: (i) KAP1 binds to multiple KRAB
repression domains both in vitro and in vivo; (ii) KRAB do-
main mutations that abolish repression decrease or eliminate
the interaction with KAP1; (iii) exogenous expression of KAP1
enhances KRAB-mediated repression; and (iv) KAP1 directly
tethered to DNA is sufficient to repress transcription (2, 18, 28,
35, 42, 44, 52, 56, 64). Despite these observations, it is unclear
whether other cellular proteins exist that are necessary and/or
sufficient to mediate the repression activity of the KRAB
domain.

The primary amino acid sequence of KAP1 reveals the pres-
ence of several well-conserved consensus signature motifs, in-
cluding a RING finger, B-boxes, a coiled-coil region, a PHD
finger, and a bromodomain (18, 28, 35, 42). This spatial ar-
rangement of motifs is the prototype for a family of transcrip-
tional regulators that includes TIFla, TIFly, TIF18, and
Bonus (5, 27, 36, 64). Biochemical analyses of the RING finger,
B-boxes, and coiled-coil, collectively referred to as the RBCC/
Trim domain, indicate that this tripartite motif is both neces-
sary and sufficient for homo-oligomerization and direct binding
to the KRAB repression module. Furthermore, KAP1 is the
only member of the TIF1 family that directly binds to the
KRAB domain (1, 27, 49-51). KAP1 also displays several bio-
chemical properties that suggest it functions as a molecular
scaffold to coordinate activities that regulate chromatin struc-
ture, including the following: (i) interaction with Mi-2a, a core
component of the multisubunit NuRD histone deacetylase
complex (56); (ii) interaction with the histone H3 lysine 9-se-
lective methyltransferase SETDBI (55); and (iii) direct inter-
action with the chromoshadow domain of the heterochromatin
protein 1 (HP1) family via a core PxVxL motif (HP1BD) in
vitro and in vivo (33, 44, 52). The biological significance of the
KAP1-HP1 interaction is highlighted by observations in F9
cells, where KAP1 associates with heterochromatin in a
PxVxL-dependent manner upon induction of cellular differen-
tiation (12). Furthermore, the KAP1-HP1 interaction is re-
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quired for differentiation of F9 cells into parietal endoderm-
like cells in vitro (11). Moreover, transcriptional repression of
a chromatinized reporter gene by a heterologous KRAB re-
pressor protein correlates with localized enrichment of KAPI,
SETDBI, and HP1 and methylation of histone H3 lysine 9 at
promoter sequences of the transgene (4, 55). Based on these
data, we hypothesize that KRAB-zfps require KAP1 and the
network of proteins that interact with KAP1 to establish local-
ized microenvironments of heterochromatin at gene-specific
loci to repress gene transcription.

Our current model of transcriptional repression by KRAB-
zfps is largely based on a network of biochemical interactions
between KAP1 and proteins with previously described roles in
chromatin metabolism. Previous studies have shown that mu-
tations in the HP1BD/PxVxL motif, PHD finger, and bromo-
domain of KAP1 that disrupt protein-protein interactions with
HP1, Mi-2a, and SETDBI correlate with attenuated KAP1
repression. These data are consistent with the hypothesis that
KRAB-mediated repression is dependent upon KAP1 and the
network of proteins that associate with KAP1. However, the
interpretation of these data is limited by the fact these exper-
iments were done exclusively in transient-transfection-based
reporter assays. Furthermore, many of these conclusions were
drawn from the use of minimal peptides in KAP1 that function
as autonomous repression domains when tethered directly to
DNA. However, these data do not address whether the net-
work of proteins that interact with KAP1 function coopera-
tively during KRAB-mediated transcriptional repression, espe-
cially in the context of a chromatin template. Here, we use
hormone-responsive repressor proteins and small interfering
RNA (siRNA) approaches to genetically investigate the re-
quirement of KAP1, HP1, and SETDB1 in KRAB-mediated
repression of stably integrated reporter transgenes. Further-
more, we have defined molecular changes in specific histone
modifications associated with a chromatin template that has
been transcriptionally repressed by direct tethering of KAP1
to DNA.

MATERIALS AND METHODS

Plasmids. The pSXGAL4-TK-Luciferase and pM1-KRAB plasmids have been
previously described (39, 56).

To construct pPSUPERretro-K928, nucleotides 928 to 946 (5'-GCATGAACC
CCTTGTGCTG-3") of MN_005762 were subcloned into the BgllI/HindIII sites
of pSUPERretro as a short hairpin (10).

To create the FLAG-KAP1 mammalian expression vector, a 1.2-kbp EcoRI/
BamHI fragment from pFASTBAC-Flag-KAP1 (51) and a 1.4-kbp BamHI/Xbal
fragment from pM2-KAP1 (18) were subcloned into the EcoRI/Xbal restriction
sites of pcDNA3 (Invitrogen). The cDNA insert encompassed nucleotides 346 to
2797 of MN_005762, which encodes amino acids 20 to 835 of KAP1 fused to an
NH;-terminal FLAG epitope tag. To create an allele of KAP1 refractory to the
short hairpin RNA (shRNA), a double nucleotide substitution at nucleotides 937
(C>A) and 940 (T>A) was introduced into the pC3-FLAG-KAP1 expression
vector by QuikChange PCR mutagenesis. These nucleotide substitutions are
silent with regard to the coding of amino acids at codons 216 and 217. The
incorporation of the corresponding nucleotide substitutions and integrity of the
surrounding KAP1 coding sequence were confirmed by DNA sequence analysis.
Nucleotide substitutions giving rise to the RV487,488EE, W664A, L720A, and
F761A mutations have been previously defined (13, 52, 55, 56). DNA fragments
containing these mutations were subcloned into the pC3-FLAG-KAP1 construct,
replacing the corresponding wild-type sequence.

The pC3-ERHBD-GAL4 plasmid was created by a series of sequential sub-
cloning steps. First, nucleotides 1023 to 1979 of NM_007956 encoding amino
acids 281 to 599 of the murine estrogen receptor hormone binding domain
containing the G525R mutation (38) were PCR amplified and subcloned into the
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HindIII/BamHI restriction sites of pcDNA3 (Invitrogen). Subsequently, nucle-
otides encoding the GAL4 DNA binding domain (amino acids 2 to 147) were
PCR amplified from pM1 (53) and subcloned into the BamHI/EcoRI restriction
sites of pC3-ERHBD, destroying the BamHI site as a result of a BamHI/BglII
fusion. The fusion junctions and integrity of PCR-amplified DNA were con-
firmed by DNA sequence analysis.

The pC3-ERHBD-GAL4-KAP1 plasmid was created by subcloning a ~1.4-kb
EcoRI/Xbal fragment from pM2-KAP1(293-835) (18) into the EcoRI/Xbal sites
of pC3-ERHBD-GAL4. The pC3-ERHBD-GAL4-KAP1 (RV487,488EE) plas-
mid was created by subcloning a ~1.4-kb EcoRI/Xbal fragment from pM2-KAP1
(RV487,488EE) (52) into pC3-ERHBD-GALA. Sequence-confirmed nucleotide
changes in the coding region of KAP1 encoding the W664A, L720A, and F761A
mutations (13, 55, 56) were first subcloned from pM1-KAP1(618-835) into pM2-
KAP1(293-835). Subsequently, each mutation was subcloned from pM2-
KAP1(293-835) into the EcoRI/Xbal sites of pC3-ERHBD-GALA4 as described
above for the wild-type coding sequence. The pC3-ERHBD-GAL4-KRAB and
pC3-ERHBD-GAL4-KRAB (DV) plasmids were created by subcloning an
EcoRI/Xbal restriction fragment from pM1-KRAB and pM1-KRAB (DV) (39),
respectively, into the EcoRI/Xbal restriction sites of pC3-ERHBD-GALA4.

pQE32-HPla (nucleotides 70 to 642 of NM_012117, encoding amino acids 1
to 191) and pQE32-HP1B (nucleotides 283 to 840 of NM_006807, encoding
amino acids 1 to 185) bacterial expression plasmids have been previously de-
scribed (33, 34). The HP1vy bacterial expression vector (nucleotides 152 to 703 of
NM_016587, encoding amino acids 21 to 173) was created by subcloning an
Xmal/Xhol fragment from pC3-FLAG-HP1y (52) into pQE32 (QIAGEN). Nu-
cleotides encoding the GAL4 DNA binding domain (amino acids 2 to 147) were
PCR amplified from pM1 (53) and subcloned into the BamHI/HindIII sites of
pQE30 (QIAGEN). Proteins were expressed in Escherichia coli and purified as
previously described (33, 52). Purified proteins were used to generate custom
polyclonal antiserum (Rockland Immunochemicals).

Transient-transfection reporter assays. Cells (5 X 10%) were plated in 17-mm
tissue culture dishes 24 h prior to transfection. Cells were cotransfected with the
indicated plasmid constructs and 500 ng of pC3-B-gal reporter plasmid using
Fugene 6 reagent (Roche) at a ratio of 1.5 pl of Fugene per 1 pg of plasmid
DNA. Forty-eight hours posttransfection, cells were harvested in 1X reporter
lysis buffer, and whole-cell lysates were used to determine luciferase activity
(Promega). Raw luciferase values were normalized to p-galactosidase activity.
Fold repression was calculated as the ratio of normalized luciferase activity of
cells transfected in the absence of an effector plasmid to that of the cells trans-
fected with an effector plasmid.

Generation of cell lines with a stable reduction in endogenous KAP1. HEK293
cells were transfected with pSUPERretro-K928. Twenty-four hours posttrans-
fection cells were grown in growth medium (Dulbecco’s modified Eagle’s
medium plus 10% fetal bovine serum) supplemented with 10 wg/ml puromy-
cin. Individual antibiotic-resistant colonies of cells were expanded and main-
tained in growth medium containing 10 wg/ml puromycin. The absolute level
of KAP1 in antibiotic-resistant cells was determined by Western blotting with
two independent antibodies to nonoverlapping antigens in KAP1 (56).

Generation of cell lines with stable integration of the 5XGAL4-TK-luciferase
transgene. HEK293 cells were cotransfected with pSXGAL4-TK-luciferase and
pBabe-Puro at a molar ratio of 10:1. Twenty-four hours posttransfection, cells
were grown in growth medium (Dulbecco’s modified Eagle’s medium plus 10%
fetal bovine serum) supplemented with 1 wg/ml puromycin. Individual colonies
of cells were expanded and maintained in growth medium containing 1 pg/ml
puromycin. Five micrograms of genomic DNA isolated from established clones
was digested with HindIII and subjected to Southern blot analysis to verify
stable incorporation of the luciferase plasmid (57). Basal expression of the
chromatinized reporter was determined by measurement of luciferase activity
in whole-cell extracts. Raw luciferase values were normalized to the total
protein concentration. Wild-type or mutant versions of pC3-ERHBD-GAL4-
KRAB and pC3-ERHBD-GAL4-KAPI1, respectively, were transfected into
5XGALA-TK-LUC cells to generate double stable cell clones that expressed a
hormone-responsive repressor and luciferase. Twenty-four hours posttransfec-
tion, cells were grown in growth medium containing 1 wg/ml puromycin and 500
ng/ml of G418. Approximately 50 well-isolated colonies of cells for each repres-
sor plasmid transfected were expanded and maintained in growth medium con-
taining 1 pg/ml puromycin and 500 pg/ml of G418. Doubly antibiotic-resistant
cells were screened for 4-hydroxytamoxifen (4-OHT; Sigma)-dependent repres-
sion of luciferase activity in whole-cell extracts.

Luciferase assays. Cells were plated in triplicate into 17-mm wells and grown
in medium containing either 0.1% ethanol or 500 nM 4-OHT for the indicated
times. The cells were harvested with 1X reporter lysis buffer (Promega), and
lysates were used to measure luciferase activities. Raw luciferase values were
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normalized to total protein concentrations. Fold repression was calculated as the
ratio of normalized luciferase activity in ethanol-treated cells to normalized
luciferase activity in 4-OHT-treated samples.

siRNA transfection. Cells (4 X 10°) were plated into 35-mm wells and tran-
siently transfected with double-stranded RNA (dsRNA) oligonucleotides against
KAP1 (M-005046; K928 [5'-GCATGAACCCCTTGTGCTG-3'], K1 [5'-GACC
AAACCTGTGCTTATGTT-3'], K2 [5'-GATGATCCCTACTCAAGTGTT-3'],
K3 [5'-GCGATCTGGTTATGTGCAATT-3'], and K4 [5'-AGAATTATTTCA
TGCGTGATT-3']; Dharmacon SMART pool), HPla (5'-AAGGAGCACAAT
ACTTGGGAA-3'), HP1B (M-009716; Dharmacon SMART pool), HPIly
(M-010033; Dharmacon SMART pool), and SETDB1 (M-020070; Dharmacon
SMART pool). Two hundred picomoles of each oligonucleotide was diluted into
250 wl of OPTIMEM (Invitrogen). For transfections designed to simultaneously
knock down expression of HP1la, HP1B, and HP1y, 100 picomoles of each
oligonucleotide was diluted in 250 pl of OPTIMEM. One microliter of Lipo-
fectamine 2000 reagent (Invitrogen) per 50 picomoles of siRNA was diluted in
250 pl of OPTIMEM. Diluted Lipofectamine 2000 was added to diluted siRNA
and allowed to incubate for 20 min at room temperature before being added to
the cells growing in 1.5 ml of standard growth medium minus antibiotics. A
second transfection was done 48 h after the first transfection. Twenty-four hours
following the second transfection, cells were trypsinized and plated (7 X 10* per
17-mm well in triplicate) in growth medium containing either 0.1% ethanol or
500 nM 4-OHT for 48 h.

Western blot analysis. Whole-cell lysates were prepared in RIPA buffer (50
mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.5% deoxycholic acid, 0.1%
sodium dodecyl sulfate [SDS], 10% glycerol) supplemented with 20 mM NaF, 0.1
M phenylmethylsulfonyl fluoride, 10 mM Na;VO,, 10 pg/ml leupeptin, 10 pg/ml
aprotonin, 10 pg/ml pepstatin, and 1 mM benzamidine. Equal amounts of pro-
tein (25 ng) were resolved by SDS-polyacrylamide gel electrophoresis and blot-
ted to polyvinylidene difluoride (Millipore) (52). Antigen-antibody complexes
were visualized by enhanced chemiluminescence and exposure to X-ray film.
Expression levels of specific proteins (i.e., KAP1, HP1, SETDBI, etc.) were
determined from densitometric traces of X-ray films and normalized to the
expression levels of a loading control (i.e., B-actin or Rbap48).

ChIP. Cells were plated into 100-mm dishes and grown in medium containing
either 0.1% ethanol or 500 nM 4-OHT for the indicated times. Cells were fixed
with 1% formaldehyde for 10 min at 37°C. Excess formaldehyde was quenched
by adding a 1/10 volume of 1.25 M glycine for 5 min at room temperature.
Approximately 2 X 10° cell equivalents were lysed in 100 pl of SDS-lysis buffer
(50 mM Tris, pH 8.0, 10 mM EDTA, 1% SDS, 0.1 M phenylmethylsulfonyl
fluoride, 10 wg/ml leupeptin, 10 wg/ml aprotonin, 10 wg/ml pepstatin, 1 mM
benzamidine). Lysed cells were sonicated using a Branson 450 sonicator with a
3-mm two-step tapered microtip at power setting 2 and 70% duty for 12 pulses/
cycle and nine cycles (~5-W output for 8 to 10 seconds). Clarified, sonicated
chromatin was diluted 20-fold in chromatin immunoprecipitation (ChIP) dilution
buffer (16.7 mM Tris, pH 8.0, 1.2 mM EDTA, 167 mM NacCl, 1.1% Triton X-100,
0.01% SDS), bringing the final concentration of SDS to 0.5%. Antibodies used
to immunoprecipitate chromatin were RNA polymerase IT (MMS-126R; Co-
vance), histone H3 (ab1791; Abcam), acetyl-H3 (06-599; Upstate Biotechnol-
ogy), histone H3-AcK9 (ab4441; Abcam), histone H3-AcK14 (ab2381; Abcam),
acetyl-H4 (06-866; Upstate), histone H4 AcK16 (ab1762; Abcam), histone H3-
2XmeK4 (07-030; Upstate), histone H3-3XmeK4 (ab8580; Abcam), histone
H3-2XmeK9 (07-441; Upstate), histone H3-3XmeK9 (07-442; Upstate), histone
H3-3XmeK27 (07-449; Upstate), histone H3-3XmeK36 (ab9050; Abcam), his-
tone H4-3X-meK20 (07-463; Upstate), antigen-purified custom polyclonal GAL4
(DNA binding domain), HP1a, HP1B, HP1vy, and SETDBI1 (55) immunoglob-
ulin G. Antigen-DNA complexes were eluted in 200 pl of elution buffer (50 mM
NaHCO;, pH 9.0, 1% SDS), cross-links were reversed for 5 h at 65°C, and the
DNA was purified by using spin columns (MoBio Laboratories). A 1/10 volume
of purified DNA was amplified under the following PCR conditions: 1 mM
MgCl,, 1 puM primer, 200 pM deoxynucleoside triphosphate, and 0.25 U Tag
DNA polymerase. DNA was denatured for 4 min at 94°C, followed by 28 cycles
of 15 seconds at 94°C, 15 seconds at 55°C, and 30 seconds at 72°C. Primer
sequences used to amplify immunoprecipitated DNA were as follows: (i)
GALA(DBS), 5'-CACACAGGAAACAGCTATGAC-3' (sense) and 5'-GAAT
TCGCCAATGACAAGAC-3' (antisense); (ii) HSVTK promoter, 5'-GGATCC
GACTAGATCTGACTTC-3' (sense) and 5'-CCAGGAACCAGGGCGTATCT
C-3' (antisense); (iii) LUC3’, 5'-TACTGGGACGAAGACGAACAC-3’ (sense)
and 5'-TCGTCCACAAACACAACTCC-3' (antisense); (iv) poly(A), 5'-CACA
CAGGCATAGAGTGTCTG-3' (sense) and 5'-GATACATTGATGAGTTTG
GAC-3' (antisense). PCR-amplified products were run on a 2% agarose gel and
visualized by ethidium bromide staining. The fluorescence was captured by an
eight-bit digital camera, and signal intensities were quantitated using GeneTools
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software from Syngene (Frederick, MD). Signals from specific inmunoprecipi-
tations were normalized to signals from input DNA (0.0625%). Enrichment was
calculated as the ratio of normalized signal of amplified DNA from chromatin
immunoprecipitated from 4-OHT-treated cells to normalized signal of amplified
DNA from chromatin immunoprecipitated from ethanol-treated cells.

RESULTS

The KAP1 corepressor is required for KRAB-mediated re-
pression. Although KRAB-mediated repression of transcrip-
tion correlates with KAP1 binding, the requirement for KAP1
has not been demonstrated. To address this question, we have
stably suppressed the expression of cellular KAP1 by 80 to 90%
in HEK293 cells by constitutively expressing an shRNA di-
rected against the coding sequence of the KAP1 mRNA (Fig.
1A; see also Fig. Sla in the supplemental material). Stable
depletion of KAP1 appeared to have little effect on cellular
morphology, viability, or the steady-state levels of proteins
previously described to interact with KAP1 (data not shown)
(see Fig. S1b in the supplemental material). To test the re-
quirement of KAP1 in KRAB-mediated transcriptional repres-
sion, we used these cells in a transient-transfection reporter
assay with a SXGAL4-TK-luciferase reporter plasmid and a
plasmid that expresses a GAL4-KRAB repressor protein (Fig.
1B). In parental HEK293 cells, we observed a dose-dependent
relationship between the amount of plasmid, expressing
GAL4-KRAB, transfected and the absolute level of transcrip-
tional repression. In contrast, KRAB repression was signifi-
cantly reduced in two independently isolated KAP1 knock-
down cells (Fig. 1C). This observation is consistent with the
hypothesis that KAP1 is an essential cellular factor for KRAB-
mediated transcriptional repression.

Previous site-directed mutagenesis studies have identified
key residues that are required for protein-protein interactions
between KAP1 and HP1, Mi-2a, and SETDB1 (33, 44, 52, 55,
56). These mutations also reduce the repression activity of a
heterologous KAP1 protein (amino acids 293 to 835) when
tethered to DNA in transient-transfection based reporter as-
says (18, 56) (see Fig. S2 in the supplemental material). To test
the effect of these mutations on the corepressor activity of
full-length KAP1, we exogenously expressed alleles of KAP1
in knockdown cells that are refractory to the shRNA and
possess deleterious amino acid substitutions in the HP1BD,
PHD finger, and bromodomain (Fig. 2A). As illustrated in
Fig. 2B, expression of wild-type KAP1 complemented the
repression defect in the KAP1 knockdown cells. This obser-
vation suggests that the repression defect observed in the
stable KAP1 knockdown cells is unlikely to be the result of
an off-target effect of the shRNA. Although expressed at
near-equal levels or higher, exogenous expression of a
KAP1 protein unable to interact with HP1 (RV487,488EE)
was incapable of restoring wild-type levels of repression
(Fig. 2B and C). We also observed that exogenous expres-
sion of this mutant protein in parental cells dominantly
inhibited GAL4-KRAB repression in a dose-dependent
manner (data not shown). This observation implies that the
interaction between KAP1 and HP1 is essential for KAP1
corepressor activity. Expression of proteins with mutations
in either the PHD finger or bromodomain partially comple-
mented the repression defect of the stable KAP1 knock-
down cells. The combination of these observations suggests
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FIG. 1. KAP1 is required for KRAB-mediated repression.
(A) Western blot analysis of endogenous KAP1 expression in two
independent stable knockdown cell lines, using antibodies that recog-
nize either the N terminus (anti-RBCC) or C terminus (anti-PHD/
bromo) of KAP1. Detection of Rbap48 (p48) was used as a loading
control. (B) Schematic illustration of the SXGALA4-TK-luciferase re-
porter and GAL-KRAB repressor protein. (C) Stable KAP1 knock-
down cells (cl4 and cl10) were transiently transfected with the
pSXGALA-TK-luciferase reporter and the indicated amounts of plas-
mid that expresses the GAL4-KRAB repressor protein. Luciferase
activity was measured 48 h posttransfection and normalized for trans-
fection efficiency. Repression (n-fold) represents the ratio of normal-
ized luciferase activity in the absence of any effector plasmid to the
activity measured in the presence of the indicated amount of GAL4-
KRAB plasmid transfected. The data represent the averages of two
independent experiments done in triplicate. Error bars represent the
standard deviations of the means.

that repression of gene transcription by KRAB-zfps depends
on the network of proteins that directly interact with KAP1,
especially HP1.

Establishment of GAL4-TK-luciferase cell lines. Our data
indicate that KAP1 is an essential factor required for transcrip-
tional repression by the KRAB-zfp superfamily. Therefore, it
was important to investigate structure-function relationships of
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FIG. 2. The corepressor activity of KAP1 depends on its interaction with HP1 and a functional PHD finger and bromodomain. (A) Schematic
illustration of KAP1’s domain structure and location of synthetically introduced mutations. (B) Stable KAP1 knockdown cells were transiently
transfected with the pSXGAL4-TK-luciferase reporter, 100 ng of pM1-KRAB, and increasing amounts of a plasmid that expresses FLAG-tagged
KAP1 (wild type [WT], RV487, 488EE, W664A, and F761A). Luciferase activity was measured 48 h posttransfection and normalized for
transfection efficiency. Repression was calculated as described for Fig. 1. Data are representative of two independent experiments done in
triplicate. Error bars represent the standard deviations of the means. The apparent absence of error bars indicates a standard deviation too small
to be physically illustrated. (C) Western blot analysis of transfected HEK293 cells, confirming stable exogenous expression of the FLAG-KAP1
proteins (using anti-FLAG and anti-RBCC antibodies). -Actin represents a loading control.

the HP1BD, PHD finger, and bromodomain of KAP1 in tran-
scriptional repression of a chromatin template. In the absence
of well-characterized endogenous genes regulated by KRAB-
zfps, we developed a modification of our previous strategy to
conditionally regulate transcription of a chromatinized re-
porter transgene (4, 55). As schematically represented in Fig.
3A, we employed a sequential transfection strategy to establish
cells that possess a stably integrated GAL4-TK-luciferase trans-
gene and a hormone-responsive repressor protein. The advantage

of this approach is that we can directly compare the consequences
of mutations in KAP1 on regulation of gene transcription at an
isogenic locus.

We initially established cell lines possessing a stably inte-
grated copy of the SXGAL4-TK-luciferase reporter (Fig. 1B).
Basal expression of this transgene is driven by a minimal her-
pes simplex virus thymidine kinase promoter, which can be
regulated by heterologous proteins that bind GAL4 DNA
binding sites positioned immediately 5’ to the TK promoter
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FIG. 3. Establishment of cell lines with a hormone-regulatable re-
porter transgene. (A) Strategy to generate cell lines that possess a
stably integrated SXGALA4-TK-luciferase reporter and constitutive ex-
pression of a hormone-responsive repressor protein. (B) Schematic
illustration of heterologous hormone-responsive repressor proteins.
The KRAB domain (Kox1 amino acids 1 to 90) or amino acids 293 to
835 of KAP1 (wild type, RV487, 488EE, W664A, L720A, and F761A)
were fused in frame to the C terminus of the ERHBD-GAL4 DNA
binding domain fusion.

sequences. DNA for the pSXGAL4-TK-luciferase plasmid and
a second plasmid conferring puromycin resistance were co-
transfected into HEK293 cells. We chose this two-plasmid
transfection approach so that we could select for cells whose
luciferase transcription was not influenced by the promoter
activity driving puromycin resistance during the selection pro-
cess. Approximately 100 puromycin-resistant cell colonies were
isolated and expanded. Southern blot analysis of genomic
DNA isolated from a representative selection of clones indi-
cated that the copy number of the transgene ranged from 1 to
10 copies, depending on the cell line, and integrated at multi-
ple independent loci (see Fig. S3b in the supplemental mate-
rial). The normalized basal luciferase activities of the individ-
ual clones varied from 5 to 200 light units/optical density unit
of protein (see Fig. S3c in the supplemental material). The
variability of basal luciferase expression in each cell clone
could be a direct reflection of the transgene copy number
incorporated into the host cell genome or its site of integration.
Regardless, the detection of stable luciferase activity in these
clones is indicative of the transgene integrating in a transcrip-
tionally permissive euchromatic environment.
Hormone-regulated repressor proteins. In order to condi-
tionally regulate the transcription of the chromatinized lucif-
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erase transgene, we engineered our GAL4-KAP1 repressor
protein to be hormone regulated by fusing a tamoxifen-sensi-
tive derivative of the estrogen receptor hormone binding do-
main (ERHBD) to the N terminus of the GAL4 DNA binding
domain (Fig. 3B). The ERHBD is 1,000-fold less responsive to
serum estrogens and contains no intrinsic transcriptional acti-
vation potential (38). Unlike other conditional expression sys-
tems that are transcriptionally controlled, our chimeric repres-
sor proteins are constitutively expressed. The transcriptional
regulatory activity of these proteins is posttranslationally con-
trolled by the addition of 4-OHT to the tissue culture medium.
Hormone-regulated GAL4-KAP1 fusion proteins were created
for the wild-type KAP1 sequence (amino acids 293 to 835) and
mutations in the HPIBD (RV487,488EE), PHD finger
(W664A), and bromodomain (L720A, F761A). Each of these
mutations disrupts the tertiary structure of these modular do-
mains, which significantly affects the ability of KAP1 to interact
with HP1, Mi-2a, and SETDBI, respectively, and attenuates
KAPI1-mediated transcriptional repression (Fig. 3B). Thus, this
set of KAP1 mutant repressor proteins enabled us to compre-
hensively investigate the functional role of these different do-
mains in KAP1-mediated regulation of transcription and chro-
matin structure. As a control, an ERHBD-GAL4-KRAB
protein was engineered which contained the 90-amino-acid
KRAB domain of Kox1. This minimal domain is sufficient to
bind KAP1 and is a very potent, DNA binding-dependent
repressor in vivo (3, 4, 55). In a transient-transfection reporter
assay experiment, we confirmed that the wild-type ERHBD-
GAIL4-KRAB and ERHBD-GAL4-KAPI proteins functioned as
both hormone-dependent and DNA binding-dependent tran-
scriptional repressors (data not shown). Most importantly, repres-
sion was tightly regulated by 4-OHT, as defined by a less-than-
twofold change in basal luciferase activity in the absence of
hormone.

Individual subclones of stable GAL4-TK-Luc cells were
transfected with plasmid DNA encoding either the ERHBD-
GAL4-KRAB or ERHBD-GAL4-KAP1 proteins (Fig. 3A).
For each repressor protein introduced, we isolated between 5
to 10 independent clones that demonstrated 4-OHT-depen-
dent repression of the chromatinized reporter. Repression of
the transgene’s expression by the wild-type ERHBD-GAL4-
KRAB and ERHBD-GAL4-KAP1 repressor proteins was de-
pendent on the concentration of 4-OHT, with maximal effects
being reached between 125 and 250 nM (see Fig. S4a in the
supplemental material). Reduced luciferase activity also cor-
related with a quantitative reduction in steady-state levels of
the transgene’s mRNA (see Fig. S4b). Chromatin immunopre-
cipitation experiments with anti-GAL4 immunoglobulin G
demonstrated that repression of the transgene was tightly as-
sociated with 4-OHT-induced DNA binding of the repressor
proteins to the GAL4 DNA binding sites and the HSVTK
promoter sequences (data not shown) (see Fig. 6, below).

Hormone-dependent repression of chromatin templates by
ERHBD-GAL4-KRAB is dependent upon KAP1. To study tem-
poral characteristics of transcriptional repression by the
KRAB-KAP1 complex, we incubated cells expressing
ERHBD-GAL4-KRAB with growth medium containing either
0.1% ethanol or 500 nM 4-OHT for various amounts of time.
Steady-state repression of the chromatinized transgene was
approached between 72 and 96 h of continuous 4-OHT treat-
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FIG. 4. Hormone-dependent repression of the chromatin template by ERHBD-GAL4-KRAB requires KAP1. (A, upper panel) Kinetics of
hormone-dependent repression by ERHBD-GAL4-KRAB. Cells were grown in medium containing either 0.1% ethanol or 500 nM 4-OHT for the
indicated times. Repression (n-fold) was calculated as the ratio of normalized luciferase activity in the absence of the hormone to normalized
luciferase activity in the presence of the hormone. The data represent the averages of three independent experiments done in triplicate, and the
error bars represent the standard deviations of the means. (Lower panel) Expression of ERHBD-GAL4-KRAB (arrow) in the indicated cell clones
was detected using an antibody against the GAL4 DNA binding domain. Detection of Rbap48 (p48) was used as a loading control. (B) Overview
of the experimental scheme. 12.10Kr cells were subjected to two rounds of transfection with 100 nM of independent dsRNA oligonucleotides
designed to reduce expression of KAP1 prior to treatment with either 0.1% ethanol or 500 nM 4-OHT for 48 h. (C) Western blot analysis of
whole-cell extracts prepared on day 6 from transfected cells with the indicated siRNA. (D) Transient depletion of KAP1 by independent siRNA
molecules targeted to different regions of the KAP1 mRNA results in attenuation of hormone-dependent KRAB-mediated repression. Repression
was calculated as described for panel A. Data are representative of two independent experiments done in triplicate. The error bars represent the
standard deviations of the means. UT, untransfected.

ment (Fig. 4A). Cells expressing a mutant KRAB domain general, the extent to which KRAB-mediated repression was
(DV18,19AA) which lacked the ability to bind KAP1 failed to inhibited correlated with the efficiency of KAP1 depletion by
repress the chromatinized transgene at any time point (data the siRNA transfection. Furthermore, transient depletion of
not shown). Furthermore, hormone-dependent repression of the highly related TIF1a and TIF1y proteins by siRNA trans-
the reporter transgene was not due to enhanced expression of fection had no effect on hormone-dependent KRAB-mediated

the repressor protein in cells treated with 4-OHT (data not transcriptional repression of a chromatin template (see Fig. S5
shown). To investigate the role of KAP1 in KRAB-mediated and S6 in the supplemental material).
repression of chromatin templates, we developed an experi- Direct tethering of KAP1 to a chromatin template is suffi-

mental strategy to transiently deplete KAP1 by siRNA trans- cient to repress transcription. Our data indicate that KAP1 is
fection (Fig. 4B). The rationale for this scheme was to ensure an essential cellular factor for KRAB-mediated transcriptional
sufficient knockdown in steady-state levels of KAP1 prior to repression. To investigate whether directly tethering KAP1 to
treating with 4-OHT. Similar to the transfection-based re- DNA was sufficient to repress transcription of a chromatin
porter assays illustrated in Fig. 2, transient depletion of KAP1 template, we incubated cells expressing ERHBD-GAL4-KAP1
by siRNA significantly crippled hormone-dependent KRAB- with growth medium containing either 0.1% ethanol or 500 nM
mediated repression of the chromatinized reporter (Fig. 4C 4-OHT for various amounts of time. In contrast to the
and D; see also Fig. S5 in the supplemental material). In ERHBD-GAL4-KRAB repressor protein, direct tethering of
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KAP1 to DNA demonstrated lower levels of absolute repres-
sion but more rapid kinetics of transcriptional repression, with
steady-state repression reached within 48 to 72 h following
4-OHT treatment (Fig. 5A). Furthermore, we observed dis-
crete differences in the absolute level of repression and subtle
variations in the kinetic patterns of repression for the ERHBD-
GAL4-KAP1 repressor protein in the different clones ana-
lyzed. We attribute these variations to differences in the ex-
pression levels of the repressor proteins and/or the transgene’s
integration site. Regardless, the combination of these data
validate this model system as a tool to further investigate the
mechanism by which KAP1 coordinates changes in histone
modifications (i.e., histone deacetylation, methylation, etc.)
and deposition of HP1 proteins to alter chromatin structure
and repress transcription of a highly transcribed gene.

The HP1 interaction with KAP1 is required for repression of
chromatinized reporter transgenes. An advantage of our ex-
perimental system is that we can analyze the consequences of
biochemically well-defined amino acid substitutions in KAP1
on the transcriptional repression of a chromatinized reporter
transgene, positioned at an isogenic locus. To investigate the
requirements of the HP1BD, the PHD finger, and bromodo-
main of KAP1 and their associated activities in the transcrip-
tional repression of a chromatin template, clone 12 cells (see
Fig. S3 in the supplemental material) were stably transfected
with plasmid DNA encoding the ERHBD-GAL4-KAP1 re-
pressor containing the RV487,488EE, W664A, L720A, or
F761A mutation. We isolated between 5 and 10 independent
antibiotic-resistant cell clones that expressed either the wild-
type or each mutant KAP1 repressor protein (Fig. 5C). Two
representative cell clones for each mutant protein were grown
in growth medium containing either 0.1% ethanol or 500 nM
4-OHT for 96 h in order to characterize functional conse-
quences associated with these specific mutations on KAP1-
mediated transcriptional repression. As illustrated in Fig. 5D,
two independent cell clones expressing wild-type ERHBD-
GAL4-KAP1 displayed a steady state of 10- to 14-fold repres-
sion. In contrast, the cell clones expressing mutant forms of
KAP1 demonstrated significantly attenuated levels of tran-
scriptional repression, despite the expression levels of these
mutant proteins being equal to or greater than the wild-type
protein (Fig. 5C). Temporal analysis of hormone-dependent
transcriptional repression in these cell clones indicated that the
difference in absolute repression between the wild-type repres-
sor protein and the various mutant proteins was not the result
of delayed kinetics (data not shown). Furthermore, decreased
repression activity appears to be intrinsic to the mutant KAP1
repressor proteins, as Western blot analyses revealed little
variation in HP1a, HP1B, HP1vy, Mi-2a, and SETDBI expres-
sion levels between the different clones (see Fig. S7 in the
supplemental material). Moreover, we observed similar results
in three additional cell clones that express the wild-type and
each mutant repressor protein (data not shown). Overall, these
data demonstrate a fundamental requirement for these do-
mains and their associated activities in KAP1-mediated tran-
scriptional repression of a chromosomally integrated target.

Hormone-dependent repression by KAP1 correlates with re-
duced recruitment of RNA polymerase II and dynamic
changes in histone tail modifications. To determine molecular
events that correlate with 4-OHT-induced transcriptional re-
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pression of the chromatinized transgene by ERHBD-GALA4-
KAP1, we did chromatin immunoprecipitation experiments.
To define spatial relationships between histone modifications
and specific DNA sequences within the transgene, we analyzed
four loci along the transgene (Fig. 6A). Following a 96-h in-
cubation with 4-OHT, we observed a hormone-dependent en-
richment (four- to sixfold) of the ERHBD-GAL4-KAP1 pro-
tein at sequences that overlapped with the GAL4 DNA
binding sites, HSVTK promoter, and the transcription start
site (Fig. 6b; see also Fig. S8 in the supplemental material).
Binding of the repressor protein was coincident with a fourfold
reduction in hypophosphorylated RNA polymerase II occu-
pancy at proximal regulatory sequences. Analysis of total his-
tone H3 revealed a twofold hormone-dependent increase in
histone H3 occupancy throughout the reporter transgene, cou-
pled with a concomitant decrease in acetylated H3 K9/K14.
Analysis of site-specific histone H3 methylation (i.e., K4, K9,
K27, and K36) indicated that both dimethyl and trimethyl
H3K4 were reduced by ~2-fold at promoter sequences follow-
ing 4-OHT treatment. Moreover, we observed enrichment of
dimethyl histone H3K9 (2-fold) and trimethyl histone H3K9
(2.5- to 6-fold), H3K27 (2.5- to 6-fold), H3K36 (2- to 4-fold),
and histone H4K20 (3-fold) (Fig. 6B). When we analyzed se-
quences ~1.5 kbp and ~2.5 kbp distal to the transcription start
site in the 3’ coding region of the luciferase mRNA and poly-
adenylation signal sequence, respectively, we observed a pro-
gressive reduction in trimethyl H3K4, H3K36, and histone
H4K20 associated with a transcriptionally repressed transgene.
In contrast to proximal promoter sequences, the extent of
hormone-dependent changes in di- and trimethyl H3K9 and
trimethyl H3K27 levels was less dramatic in nucleosomes po-
sitioned in this region of the reporter transgene. Immunopre-
cipitations with antisera against HP1a, HP1@3, and HP1vy re-
vealed a twofold hormone-dependent enrichment of HP1a and
HPI1B at promoter sequences of the transgene (Fig. 6B; see
also Fig. S8 in the supplemental material). Similar results were
observed with additional, independent antibodies raised against
the HP1 proteins (data not shown). We also observed in-
creased binding of the histone H3 lysine 9-selective methyl-
transferase SETDB1 to promoter sequences following treat-
ment with 4-OHT, which was coincident with the elevated
levels of trimethyl H3K9 we detected in this region. These data
indicate that direct tethering of the KAP1 corepressor protein
to a chromatinized reporter transgene is sufficient to coordi-
nate dynamic changes in histone modifications that support the
recruitment and deposition of HP1 proteins to form a localized
heterochromatin-like environment that blocks the recruitment
of RNA polymerase II.

Our data indicate that disruption of the interaction between
KAP1 and HP1 cripples the corepressor activity of KAP1. Thus,
to begin to understand at a molecular level the consequences of
this mutation on 4-OHT-induced changes in the chromatin struc-
ture of the transgene, we did chromatin immunoprecipitation
experiments in cells that express ERHBD-GAL4-KAP1
(RV487,488EE). As illustrated in Fig. 7, we observed a hor-
mone-dependent increase in the amount of GAL4-KAP1 re-
pressor protein bound to promoter sequences of the transgene.
Despite the recruitment of the mutant repressor protein to the
transgene’s promoter, we did not observe any decrease in hy-
pophosphorylated RNA polymerase recruitment to promoter
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FIG. 5. Hormone-dependent repression of chromatin templates by ERHBD-GAL4-KAP1. (A) Kinetics of hormone-dependent transcriptional
repression by ERHBD-GALA4-KAP1 in the indicated cell clones. Cells were grown in medium containing either 0.1% ethanol or 500 nM 4-OHT
for the indicated times. Repression was calculated as described for Fig. 4A. The data represent the means of two independent experiments done
in triplicate, and the error bars represent the standard deviations of the means. (B) Expression of ERHBD-GAL4-KAP1 (arrow) in the indicated
cell clones was detected using an antibody against the GAL4 DNA binding domain. B-Actin expression was used as a loading control. (C) Western
blot analysis of stable cell lines expressing the indicated ERHBD-GAL4-KAP1 proteins (wild type [WT], RV487, 488EE, W664A, L720A, and
F761A). Numbers at the bottom represent the expression level (arbitrary units) of each ERHBD-GAL4-KAP1 protein, normalized to B-actin
expression. (D) The indicated cell lines were grown in medium containing either 0.1% ethanol or 500 nM 4-OHT for 96 h. Repression was
calculated as described in the legend for Fig. 4. The data represent the averages of three independent experiments done in triplicate, and the error
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FIG. 6. Chromatin immunoprecipitation analysis of a luciferase transgene repressed by ERHBD-GAL4-KAPI. (A) Schematic illustration of
the 5XGALA4-TK-luciferase transgene. Bold lines represent four regions of the transgene amplified by PCR in DNA recovered from immuno-
precipitations. (B) Formaldehyde-cross-linked chromatin from 12.32KA cells grown in medium containing either 0.1% ethanol or 500 nM 4-OHT
for 96 h was immunoprecipitated with antibodies against the indicated antigens. The immunoprecipitated DNA was PCR amplified at the indicated
loci to detect hormone-dependent changes in hypophosphorylated RNA polymerase II recruitment, histone H3 occupancy, and histone modifi-
cations (left panel) and changes in HP1 and SETDB1 occupancy (right panel). Input DNA represents 0.25, 0.125, and 0.0625% of the total amount

of DNA immunoprecipitated, respectively.

sequences. Similarly, we observed very little 4-OHT-dependent
change in any of the histone modifications we examined. Most
striking was the absence of hormone-induced enrichment of
trimethyl H3K9, H3K27, H3K36, or histone H4K20 at pro-
moter sequences. Furthermore, we did not observe hormone-
dependent binding of either SETDBI or any of the HP1 iso-
forms to promoter sequences, a result that is consistent with
the lack of hormone-dependent enrichment of trimethyl H3K9
(Fig. 7B). ChIP analyses in cells expressing either a PHD finger

mutant (W664A) or bromodomain mutant (F761A) ERHBD-
GAL4-KAP1 protein yielded nearly identical results as the
HP1BD mutant protein (see Fig. S9 in the supplemental ma-
terial). In summation, our ChIP data indicate that the binding
of HP1 to KAP1 is necessary to induce changes in patterns of
histone modifications that correlate with KAP1-dependent re-
pression of transcription. Moreover, these data are consistent
with a role for KAP1 in de novo assembly of highly localized
microenvironments of HP1-demarcated heterochromatin.
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FIG. 7. Disruption of the KAP1-HP1 interaction fails to induce hormone-dependent changes in RNA polymerase II recruitment, histone
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96 h was immunoprecipitated with antibodies against the indicated antigens. Promoter and 3’ luciferase coding sequences recovered from the
immunoprecipitations were PCR amplified. Input DNA represents 0.25, 0.125, and 0.0625% of the total amount of DNA immunoprecipitated.

HP1 and SETDBI1 are required for KRAB-mediated repres-
sion of chromatin templates. Our data demonstrate that
KRAB repression is dependent upon KAP1 and the network
of proteins that interact with the HP1BD, PHD finger, and
bromodomain of KAP1. To test the role of known KAP1-
interacting proteins in hormone-dependent KRAB repression
of a chromatinized transgene, we transiently depleted KAP1,
HPla, HP1B, HP1y, and SETDBI1 using a siRNA approach
(Fig. 4B). Western blot analysis of protein extracts from cells
transfected with siRNAs targeting the mRNAs of HPla,
HP1B3, HP1vy, and SETDBI indicated that the expression of
these proteins was depleted by =75% (Fig. 8A; see also Fig.
S$10 in the supplemental material). Interestingly, we observed a
slight reduction in the expression of HPla in KAP1 knock-
down cells, too. In contrast to the reduction of cellular levels of
KAP1, depletion of each HP1 isoform individually resulted in
little effect on KRAB repression, suggesting that the HP1
proteins are redundant in terms of function with KAP1 (Fig.
8B). However, simultaneous depletion of all three HP1 iso-
forms resulted in a greater-than-50% loss of KRAB repressor
activity. We observed a similar effect on hormone-dependent
KRAB-mediated repression in cells where SETDB1 was tran-
siently depleted. Collectively, these genetic data support our
biochemical data and further suggest that the HP1 proteins
and SETDBI have a fundamental role in site-specific regula-

tion of chromatin structure and transcriptional repression by
the KRAB-zfp—-KAP1 repressor-corepressor complex.

DISCUSSION

The KAP1 protein fulfills several important criteria that
define it as a corepressor protein for the KRAB-zfp superfam-
ily of transcriptional repressors. However, the abundance of
endogenous KAP1 has hindered the ability to investigate its
dependence in KRAB-mediated repression. Here we have
demonstrated that KRAB-mediated repression of both tran-
siently transfected and chromatinized reporter transgenes was
attenuated in cells where the endogenous level of KAP1 was
reduced between 50 and 90%. The use of multiple indepen-
dent siRNAs against KAP1 inhibited KRAB repression to
varying extents which correlated with the expression level of
the KAP1 protein, suggesting that a critical threshold level of
KAP1 is required for KRAB repression. Furthermore, reex-
pression of the wild-type KAP1 protein in stable knockdown
cells complemented the defect in KRAB repression. These
data strongly argue against the repression defect arising com-
pletely from an off-target effect of the siRNAs. In addition,
transient depletion of TIF1a and TIF1y did not affect KRAB-
mediated repression. This observation is consistent with in
vitro biochemical experiments demonstrating selective interac-



8634 SRIPATHY ET AL.

A.
[
2
SETDB{ |w=

KAP1
HP1a
HP1B
HP1y

| HP1aBy
SETDB1

=

KAP1

B-Actin

HP1a |-— _—

HP1’Y|——_-‘

-
(<]

14 4

|_|

10 4

Fold Repression
©

UT  KAP1 HPia HPIp HPly aBy SETDB1

siRNA oligonucleotides transfected

FIG. 8. Hormone-dependent KRAB repression of a chromatin
template requires KAP1, HP1, and SETDBI1. 12.10Kr cells were sub-
jected to two rounds of transfection with dsSRNA oligonucleotides to
transiently reduce levels of the indicated proteins, as described in the
legend for Fig. 4B. For the triple knockdown of HP1a, -3, and -y, cells
were transfected with 50 nM siRNA to each target. (A) Western blot
analysis of whole-cell extracts prepared on day 6 of cells transfected
with the indicated siRNA. UT, untransfected. (B) Transient depletion
of KAP1, HP1, and SETDBI attenuates hormone-dependent KRAB
repression of a chromatin template. The data represent the averages of
two independent experiments done in triplicate. Error bars represent
the standard deviations of the means.

tion between the KRAB repression module and KAP1/TIF1B
(1, 27, 50, 51). Although we cannot rule out that depletion of
KAP1 from cells does not directly or indirectly affect the levels
of known and unknown cellular proteins that cooperate with
KAP1 to optimally repress transcription, the combination of
these data is consistent with the conclusion that KAP1 is an
essential cellular factor necessary to repress transcription by
KRAB-zfps.

To further study the role of KAP1 and KAPI-interacting
proteins in mediating transcriptional repression of a chromatin
template, we investigated regulation of a stably integrated
GAL4-responsive TK-luciferase transgene by hormone-re-
sponsive GAL4-KRAB and GAL4-KAP1 repressor proteins,
respectively. In contrast to previous studies that have utilized a
similar experimental strategy (4), we first created a series of
cell lines that stably express luciferase from a randomly inte-
grated transgene. Subsequently, we transfected these cells with
plasmids to stably express either wild-type or mutant repressor
proteins. This particular approach enabled us to study the
effects of site-directed mutations in KAP1 on its function as
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a transcriptional repressor within the context of an isogenic,
chromosomal locus.

Although direct tethering of KAP1 to a chromatin template
is sufficient to rapidly repress transcription, the absolute level
of steady-state repression is significantly less compared to teth-
ering a heterologous KRAB repressor protein. Thus, the col-
lection of our data indicates that KAP1 is necessary but may
not be sufficient for KRAB repression. We speculate that the
reduced efficiency of the heterologous KAP1 repressor protein
may be a consequence of the fact that endogenous KAP1 is a
trimer in solution (50) and that this native oligomerization
state is not maintained by the ERHBD-GALA4-KAP1 protein.
Furthermore, it is possible that in addition to facilitating oli-
gomerization and the direct interaction between KAP1 and the
KRAB repression module, the RBCC/TRIM domain may bind
to additional cellular factors that are required for optimal
levels of KAP1-mediated corepression of transcription. Future
studies will be needed to determine whether the RBCC/TRIM
domain of KAP1 contributes to transcriptional repression be-
yond simple recognition of the KRAB domain. Alternatively,
our data suggest that KRAB-mediated repression results from
the additive nature of a very rapid KAP1-dependent mecha-
nism and a slower KAP1-independent mechanism. While our
data set does not completely eliminate this possibility, time
course experiments in 12.10Kr and 7.18Kr cells in which KAP1
had been either transiently or stably depleted by RNA inhibi-
tion-based approaches failed to demonstrate any level of re-
pression following growth in medium containing 4-OHT for
144 h (S. P. Sripathy and D. C. Schultz, unpublished data).
Thus, if KRAB-mediated repression were indeed the additive
result of a fast KAP1-dependent mechanism and a slow KAP1-
independent component, then our data would support a hy-
pothesis that the initiation of the slow component would be
dependent upon the presence of KAPI1.

Previous studies have defined several KAP1 polypeptides
that have the ability to autonomously repress transcription
when directly tethered to DNA via a heterologous DNA bind-
ing domain. However, the importance of these repression do-
mains in the context of the full-length KAP1 protein, and also
their role in regulating transcription of a chromatin template,
has not been studied. Data from transient-transfection re-
porter assays suggest that the repression mechanisms of the
PHD finger/bromodomain and the HP1BD may be additive.
Alternatively, these domains may work independently of one
another and the different functions of these domains may be
invoked depending on the nature of the target or the cell type.
Our data demonstrate an obligate role for the interaction be-
tween KAP1 and HP1 in KRAB-KAPI repression. In contrast,
mutations in the PHD finger and bromodomain, respectively,
display quite different results depending on the context of the
assay. In transient-transfection reporter assays, mutations in
either the PHD finger or bromodomain mildly impair KAP1-
dependent repression relative to the wild-type protein but do
not ablate its function like the HP1BD mutation. However, our
data demonstrate an essential role for these domains in KAP1-
mediated transcriptional repression of chromatin templates. In
fact, mutations in these domains appear to be epistatic with the
HP1BD mutation in KAP1 repression. These observations are
not entirely surprising, given that these motifs are almost ex-
clusively found in proteins that have a role in regulating chro-
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matin structure and function (7, 25) and have been shown to
bind specific posttranslational modifications of the histone pro-
teins (17, 24, 37, 46, 48, 59, 68). Therefore, one might predict
that mutations in these domains may have a more pronounced
effect on the transcriptional regulation of a chromatin tem-
plate. Further insights into the functions of these domains in
KAPI1-directed transcriptional repression will be dependent
upon defining the specificity of the potential interactions these
domains have with epitopes on histones, nucleosomes, or higher-
order chromatin structure and the identification of native tar-
get genes regulated by KRAB-zfps.

Our understanding of transcriptionally silent chromatin as-
sembly has been largely limited to studies of cytologically de-
fined heterochromatin in Saccharomyces cerevisiae, Drosophila
melanogaster, and mammalian X-chromosome inactivation (6,
14, 21, 60). Thus, how heterochromatin domains are formed
and how they function to repress transcription in euchromatic
loci remain important questions. An advantage of our experi-
mental system is that we can induce transcriptional silencing of
a well-defined, highly transcribed transgene embedded in a
chromatin environment. Therefore, our system has great utility
to address fundamental questions regarding targeted gene si-
lencing in time and space. Our ChIP data indicate a reduced
steady-state level of hypophosphorylated RNA polymerase II
at promoter sequences of a repressed transgene, suggesting
that recruitment of RNA polymerase II has been altered. In S.
cerevisiae, the formation of heterochromatin does not exclude
the binding of preinitiation complex components to transcrip-
tionally silenced genes but rather appears to attenuate produc-
tive initiation and/or elongation of transcription by RNA poly-
merase II (58). The disparity between these two observations
may represent fundamental differences in heterochromatin as-
sembly in budding yeast and higher eukaryotes. In this regard,
S. cerevisiae lacks methylation of histone H3K9 and an HP1
orthologue. Alternatively, these differences may be attributed
to unique characteristics of the genomic loci targeted for si-
lencing. Thus, further insights into the impact of heterochro-
matin on RNA polymerase II activity will require the identifi-
cation and characterization of endogenous targets that become
transcriptionally silenced in association with formation of lo-
calized heterochromatin environments.

The increase in histone H3 occupancy throughout the trans-
gene under repressed conditions may represent an indirect
measurement of increased nucleosome ordering. We have pre-
viously shown that repression of a chromatinized reporter
transgene by a KRAB repressor protein reduces accessibility of
DNA sequences to restriction endonucleases in situ (4). In D.
melanogaster, HP1 has been shown to induce long-range or-
dering of nucleosomes associated with transgenes embedded
within heterochromatin environments (61). Although our
ChIP data indicate a bias in HP1 deposition at sequences
surrounding the promoter of the transgene, we did detect
hormone-dependent increases in the levels of HP1 within the
coding sequences of the transgene. These data could be indic-
ative of HP1 spreading, ultimately leading to increased order-
ing of nucleosomes throughout the transcription unit. Interest-
ingly, recent data indicate that methylation of histone H1K26
can be recognized by the chromodomain of HP1 (15, 19, 30).
Histone H1 is instrumental in the organization of oligonucleo-
somes into higher-order structures and, therefore, it would be
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intriguing to investigate the potential role of KAP1 in the
recruitment, methylation, and codeposition of methylated his-
tone H1 with HP1. Thus, one possibility is that the KRAB-
KAP1 repression complex directs the assembly of a highly
organized chromatin environment that sterically interferes
with the binding of transcriptional activator proteins and the
ultimate recruitment/engagement of RNA polymerase II.

While many studies have investigated the correlation be-
tween a specific histone modification and a particular cytolog-
ical domain or transcriptional state of a gene, few studies have
looked into the temporal and spatial patterns of multiple mod-
ifications during gene silencing. In our study we looked at the
spatial distribution of general histone occupancy, histone acet-
ylation, and site-specific histone methylation. Induction of
transcriptional silencing by direct tethering of the KAP1 core-
pressor to DNA is characterized by increased histone occu-
pancy and a concomitant decrease in histone H3 acetylation,
H3K4 methylation, an increase in trimethylation of H3KO,
H3K27, H3K36, and H4K20, and enrichment of the HP1 pro-
teins at proximal regulatory elements of the transgene. The
enrichment of the H3K9 trimethyl epitope, HP1, and SETDB1
at promoter sequences is consistent with our previous data (4,
55). Furthermore, hormone-dependent KRAB repression is
attenuated in cells where SETDBI1 has been transiently de-
pleted. The preference for trimethylated H3K9 is consistent
with the observation that the SETDB1/mAM enzyme complex
possesses processivity to trimethylate substrates (66). Despite
recent data linking H3K9 trimethylation and HP1+y localization
to coding regions of actively transcribed genes (63), we have
not quantitatively detected high levels of these antigens in the
coding region of our actively transcribed transgene. The en-
richment of trimethyl histone H4K20 is not entirely surprising,
as this epitope cytologically localizes to constitutive hetero-
chromatin domains in a histone H3K9 methylation-dependent
manner (54). This dependency may possibly explain the ab-
sence of a 4-OHT-dependent increase at transgene sequences
in cell lines that express the mutant ERHBD-GAL-KAP1 pro-
teins. Moreover, this observation may suggest that the forma-
tion of a highly localized domain of heterochromatin mimics
the structure of constitutive heterochromatin domains. The
enrichment of trimethylated H3K27 is an intriguing observa-
tion; however, the patterns of H3K27 methylation consistently
mirror the H3K9 methylation patterns, suggesting that this
result may be due to cross-reactivity of this antibody with
methylated H3K9 or H1K26. Preliminary experiments that
transiently depleted EZH2 and EHMT1/GY%a, two enzymes
that methylate H3K27 in vivo, did not alter hormone-depen-
dent KRAB repression (Sripathy and Schultz, unpublished
data). Thus, the relevance of this observation relative to KAP1
repression cannot be fully defined by the current study.

In addition to enhanced methylation of H3K9, H3K27, and
H4K20, we observed an increase in histone H3K36 methyl-
ation associated with the DNA sequence in the proximal reg-
ulatory elements of the transgene. Methylation of histone
H3K4, -K36, and -K79 is commonly associated with transcrip-
tional competence (20). Indeed, we did observe a 4-OHT-
dependent decrease in H3K4 methylation throughout the
transgene and H3K36 methylation associated with DNA se-
quences in the downstream transcriptional unit, as would be
expected for a repressed transcript. However, the precise func-
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tion of increased H3K36 methylation at promoter sequences in
transcriptional repression is unclear at this time. Interestingly,
our data suggest that H3K4 and H3K9 methylation may coexist
within the same regions of a transcriptionally silenced trans-
gene. This result may be explained by the fact that SETDBI1
can methylate substrates that possess methylation on K4 (55).
To determine whether these modifications coexist in the same
nucleosome or even on the same histone, reimmunoprecipita-
tion experiments will need to be done in the future. Regard-
less, these data are in contrast with locus-wide data from the
Schizosaccharomyces pombe mating type locus, which demon-
strate an inverse correlation between these two modifications
(45). These data indicate that H3K4 methylation does not need
to be completely removed in order for the transcription of a
gene to be repressed and, therefore, our data may represent a
fundamental difference between constitutive and localized het-
erochromatin domains. Interestingly, removal of 4-OHT from
the growth medium reactivates luciferase gene expression with
kinetics that are nearly identical to the time (48 to 72 h) it takes
the ERHBD-GAL4-KAP1 protein to reach steady-state re-
pression of the transgene (Sripathy and Schultz, unpublished
data). The presence of histone H3K4 and H3K36 methylation
may explain the rapid kinetics of the transgene’s transcrip-
tional reactivation following withdrawal of 4-OHT. Although
these data are the first to define the repertoire of histone
modification patterns associated with a transcriptional unit
repressed by KAP1 future studies are needed to examine the
temporal changes in the patterns of histone modifications as a
gene transitions from a transcribed state to a transcriptionally
repressed state.

Another unique advantage of our experimental system is
that we can evaluate the consequences of well-defined muta-
tions in the various domains of KAP1 on molecular changes in
chromatin structure of a target gene. Cells that express the
HP1 binding mutant KAP1 repressor protein fail to repress
transcription of the integrated target. Consistent with this re-
sult, the simultaneous reduction of HP1a/B/y reduced the ef-
ficiency of KRAB-mediated repression. Interestingly, cells that
only express a KAP1 protein possessing a mutation in the HP1
binding domain fail to undergo endodermal differentiation in
vitro (11). The combination of these data suggests that the
HP1-binding-deficient allele of KAP1 in these cells fails to
repress transcription of endogenous KRAB-zfp target genes
required for the cell to differentiate. The major question that
remains is how HP1 mechanistically influences the transcrip-
tional state of a KRAB-zfp target gene. At a molecular level,
our data are consistent with a hypothesis that KAP1 and HP1
direct the assembly of a localized microenvironment of hetero-
chromatin at gene-specific loci. In our experiments, the HP1-
binding-deficient KAP1 mutant protein not only failed to re-
cruit HP1 to the target locus but also failed to induce
methylation of H3K9. Furthermore, the magnitude of other
changes in histone modifications appeared to be less severe
when compared to the wild-type repressor protein. These data
suggest that HP1 has additional functions in KAP1-mediated
transcriptional repression beyond simple recognition of meth-
ylated H3K9 or H1K26. The binding of HP1 to KAP1 may lead
to a change in structural conformation of the corepressor re-
quired for the functions of the PHD finger and bromodomain.
Alternatively, the binding of HP1 may trigger the translocation
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of target genes from eu- to heterochromatin in order to silence
gene expression, including the coordination of activities that
modulate changes in histone modifications. This latter mech-
anism has been proposed for the transcription factor Ikaros,
which regulates the expression of genes involved in T-cell ac-
tivation (8, 9). The potential role for HP1-directed nuclear
compartmentalization in KRAB-KAPI regulation of gene ex-
pression is underscored by several pieces of experimental data.
First, KAP1 that is unable to interact with HP1 fails to asso-
ciate with cytologically defined heterochromatin following
stimulation of cellular differentiation in vitro (12). Second,
transcriptional repression of an integrated transgene by a hor-
mone-responsive KRAB repressor protein correlated with an
increased frequency of association with cytologically defined
heterochromatin (4). Finally, the KRAB-zfps KRAZ1 and
KRAZ2 colocalize with KAP1 and HP1 proteins within 4’,6'-
diamidino-2-phenylindole-stained heterochromatin in fibro-
blasts (41). Future experiments are needed to identify genes
that are direct targets of KRAB-KAP1 transcriptional regula-
tion and how the KAP1 interaction with HP1 regulates the
transcription of these genes during cellular differentiation, or-
ganismal development, and possibly human disease.
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