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productively with potential DNA sequences for
target sampling. The inactive conformation of apo
Cas9, as well as the additional conformational
changes required for the complex to reach its ultimate catalytically active state, could help to avoid
spurious DNA cleavage within the host genome
and hence minimize off-target effects in Cas9based genome editing.
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GENE SILENCING

Epigenetic silencing by the HUSH
complex mediates position-effect
variegation in human cells
Iva A. Tchasovnikarova,1* Richard T. Timms,1* Nicholas J. Matheson,1
Kim Wals,1 Robin Antrobus,1 Berthold Göttgens,2 Gordon Dougan,3
Mark A. Dawson,4 Paul J. Lehner1†
Forward genetic screens in Drosophila melanogaster for modifiers of position-effect
variegation have revealed the basis of much of our understanding of heterochromatin.
We took an analogous approach to identify genes required for epigenetic repression in
human cells. A nonlethal forward genetic screen in near-haploid KBM7 cells identified the
HUSH (human silencing hub) complex, comprising three poorly characterized proteins,
TASOR, MPP8, and periphilin; this complex is absent from Drosophila but is conserved
from fish to humans. Loss of HUSH components resulted in decreased H3K9me3 both
at endogenous genomic loci and at retroviruses integrated into heterochromatin. Our
results suggest that the HUSH complex is recruited to genomic loci rich in H3K9me3,
where subsequent recruitment of the methyltransferase SETDB1 is required for further
H3K9me3 deposition to maintain transcriptional silencing.

T

he positioning of a normally active gene
into heterochromatin can result in epigenetic silencing, a phenomenon known
as position-effect variegation (PEV) (1).
Forward genetic screens in the fruit fly

Drosophila melanogaster for mutations that
act as suppressors or enhancers of PEV have
identified a range of key regulators of heterochromatin (2). These include heterochromatin protein 1 (HP1) (3) and Su(var)3-9 (4),
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binding affinity for the RNA (fig. S10). Together,
these results indicate that despite forming a stable
complex with Cas9 (fig. S11), the crRNA:tracrRNA
scaffold region of the sgRNA alone fails to induce
the target recognition–competent conformation
of Cas9.
To assess the molecular mechanism of Cas9mediated RNA-DNA hybridization, we first used
size exclusion chromatography to evaluate the
effects of DNA length on the formation of Cas9sgRNA-ssDNA (single-stranded DNA) ternary
complexes. This analysis showed that target
ssDNA length must be at least 10 nt to form a
kinetically stable ternary complex with Cas9sgRNA (Fig. 3B), in good agreement with the
requirement for a 10- to 12-bp RNA-DNA heteroduplex to ensure strand propagation observed
in Cas9 single-molecule experiments (9, 24). To
further explore the importance of the seed region for Cas9-mediated DNA cleavage, we conducted endonuclease activity assays using both
plasmid and oligonucleotide DNA substrates and
our truncated guide RNAs. The plasmid cleavage
assay revealed that the 12-bp seed:DNA heteroduplex is necessary for Cas9-mediated supercoiled
plasmid cleavage, which proceeds by nicking first
by the RuvC nuclease domain, then by the HNH
nuclease domain (Fig. 3C and table S2). These
data are consistent with structural observations
indicating that the flexible HNH domain can
adopt multiple non–catalytically productive states
during sgRNA binding and target DNA recognition. In line with previous studies (25), the
oligonucleotide cleavage assay showed that
the N17 guide RNA displays an almost comparable cleavage rate but much reduced RuvC 3′-5′
exonuclease-trimming activity (3) relative to
the N20 guide RNA (Fig. 3C). This trimming
activity is more pronounced with the H840A
nickase version of Cas9 relative to the D10A
nickase version (fig. S12). This observation may
explain why the D10A nickase is more efficient
than the H840A nickase version of Cas9 when
using a double-nicking strategy to enhance genome editing specificity (26).
We propose that the preordered PAM recognition region of the Cas9-sgRNA complex initiates
DNA interrogation, followed by base pairing between a short PAM-proximal segment of DNA
(1 or 2 bp) and the 3′ end of the seed sequence in
the sgRNA (Fig. 4). Conformational changes of
Cas9 upon initial DNA binding then accommodate guide RNA strand invasion into and beyond
the seed region, triggering additional structural
changes necessary for Cas9 to reach a cleavagecompetent state. Recent crystal structures of human
Argonaute2 bound to a microRNA guide and
short RNA target sequences underscore the importance of seed region base pairing for accuracy
of target selection (27).
Our results suggest the apparent convergent
evolution of a similar mechanism for CRISPRCas9. Collectively, our structural and biochemical
data show that Cas9 is subject to multilayered
regulation during its activation. The preordered
RNA seed sequence and protein PAM-interacting
cleft enable the Cas9-sgRNA complex to interact
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which respectively bind and deposit the key
repressive histone modification: trimethylated
Lys9 of histone H3 (H3K9me3) (5, 6). Here, we
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set out to identify genes involved in PEV in
human cells, using an analogous forward genetic screen in the haploid human KBM7 cell
line.
We transduced KBM7 cells with a lentiviral
construct encoding a green fluorescent protein (GFP) fusion protein driven by the spleen
focus-forming virus promoter (SFFV) (Fig. 1A).
Although the majority of transduced cells displayed high GFP expression, ~20% of the cells
exhibited lower GFP expression (Fig. 1B), likely because of reporter integration into a rep-

ressive chromatin environment. To identify
the genes required for this epigenetic suppression, we isolated the population of GFPdim cells
by fluorescence-activated cell sorting (FACS),
mutagenized them with a gene-trap retrovirus, and enriched for rare mutant GFPbright
cells via two rounds of FACS (Fig. 1C). Mapping the gene-trap integration sites among the
GFPbright cells identified several genes that were
significantly enriched for inactivating insertions relative to an unselected control population, including SETDB1, FAM208A, MPHOSPH8
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Fig. 1. A haploid genetic screen identifies a requirement for the HUSH
complex for epigenetic repression in human cells. (A) Schematic view
of the GFP reporter construct (14). LTR, long terminal repeat; SFFV, spleen
focus-forming virus; HLA, human leukocyte antigen; WPRE, woodchuck hepatitis
virus posttranscriptional regulatory element. (B) Transduction of KBM7 cells
with the GFP reporter results in a majority GFPbright population plus a repressed
GFPdim population. (C) A haploid genetic screen to identify genes required for
repression of the GFP reporter. (D) Bubble plot illustrating the hits from the
screen. Bubble size is proportional to the number of independent inactivating
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gene-trap integrations identified (shown in parentheses). (E and F) Validation
of the screen hits in HeLa cells, using an independent lentiviral reporter (E) and
a nonviral reporter containing the phosphoglycerate kinase 1 (PGK) promoter
driving GFP delivered by transfection (F). Histograms were gated on GFP+ cells.
(G) TASOR, MPP8, and periphilin form a complex. Endogenous TASOR, MPP8,
and periphilin were immunoprecipitated (IP) from KBM7 cells, and the
indicated coimmunoprecipitating proteins were identified by immunoblot (IB).
We were unable to blot for periphilin because the antibody does not recognize
its epitope after NP-40 lysis.
sciencemag.org SCIENCE
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transcript levels (C). *P < 0.05, **P < 0.01, ***P < 0.001. (D) Subcellular
fractionation showing that HUSH subunits are found in the chromatin
fraction. GAPDH, Rb, and HP1a were used to validate the fractionation. (E)
V5-tagged HUSH subunits bind to a repressed GFP reporter as assessed by
ChIP-qPCR. (F) Coimmunoprecipitation of TASOR and MPP8 with SETDB1.
(G) Knockdown of HUSH components results in impaired recruitment of
SETDB1 to a GFPdim reporter, as assessed by ChIP-qPCR.

Fig. 3. The HUSH complex functions at genomic loci rich in H3K9me3.
(A) HUSH represses the majority of GFPdim reporter integrations. Populations of GFPdim and GFPbright cells were isolated by FACS and subjected to
knockdown of TASOR. (B to D) The HUSH complex acts at genomic loci
marked by high levels of H3K9me3. Reporter integration sites were mapped
among the GFPdim and GFPbright populations (B). Correlating integration sites

with ENCODE ChIP-seq peaks for K562 cells showed that GFPdim integration sites were most enriched in proximity to H3K9me3 (C). Examples of the
top “dim” and “bright” genes are shown in (D). (E and F) HUSH-mediated
repression of a GFP reporter construct targeted to ZNF594. (G) Reestablishment of reporter repression upon reconstitution of a HUSH triple knockout clone.
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Fig. 2. The HUSH complex functions through H3K9me3 via the targeted
recruitment of SETDB1. (A) GFPdim integrations are marked by H3K9me3
but not H3K27me3. H3K9me3 and H3K27me3 levels across the reporter
were assessed by ChIP combined with quantitative polymerase chain reaction
(ChIP-qPCR) in sorted GFPdim and GFPbright populations. (B and C) Knockdown of HUSH components results in a loss of H3K9me3 across a GFPdim
reporter as assessed by ChIP-qPCR (B), concomitant with an increase in GFP
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[encoding M-phase phosphoprotein 8 (MPP8)],
and PPHLN1 (encoding periphilin) (Fig. 1D and
fig. S1A). The uncharacterized gene FAM208A
was renamed TASOR (transgene activation
suppressor).
We validated the role of these four genes by
short hairpin RNA (shRNA)–mediated knockdown in KBM7 cells (fig. S1, B and C) and with
the use of an independent GFP reporter construct in HeLa cells (Fig. 1E and fig. S2). This
effect was not limited to retroviral constructs,
because stably integrated reporter constructs
delivered by transfection were similarly repressed (Fig. 1F and fig. S3), and was apparent
using both viral and cellular promoters (fig.
S4). The variable proportion of GFPdim cells
observed with different reporter constructs,
however, did suggest that the DNA sequence
of the reporter may influence the degree of

silencing. Thus, repression by these four genes
appeared to be predominantly governed by
the genomic landscape surrounding the transgene integration site, but could also be modulated by the sequence composition of the
reporter.
To determine whether these genes act as
part of a multiprotein complex, we analyzed
TASOR immunoprecipitates from KBM7 nuclei by mass spectrometry. After discounting
proteins also present in control immunoprecipitates, two putative interacting proteins
remained: MPP8 and periphilin (table S1 and
fig. S5A), the same proteins identified by our
genetic screen (Fig. 1D). Thus, both genetic
and proteomic approaches converged on a repressive complex comprising TASOR, MPP8,
and periphilin, which we named the HUSH
(human silencing hub) complex (fig. S5B).

TASOR, MPP8, and periphilin all localized to
the nucleus (fig. S5, C and D). Interactions between HUSH complex members were readily
confirmed by coimmunoprecipitation experiments (Fig. 1G), and knockdown of each of
the three proteins resulted in decreased levels
of the other HUSH complex subunits (fig. S5,
E and F). This was not the case upon knockdown of SETDB1 (fig. S5G), which did not appear to be a constitutive member of the HUSH
complex.
Because the leading hit in the genetic screen
was the H3K9 methyltransferase SETDB1 (7)
and because the chromodomain of MPP8 binds
H3K9me3 (8–10), our investigation into the mechanism of repression by the HUSH complex focused on the repressive H3K9me3 histone mark.
High levels of H3K9me3 were found on repressed (GFPdim) reporters but not on active
Downloaded from http://science.sciencemag.org/ on October 20, 2019

Fig. 4. The HUSH complex maintains H3K9me3 at endogenous loci
and represses viruses integrated into heterochromatin. (A to C) Loss
of HUSH results in decreased H3K9me3 at endogenous genomic loci.
Global levels of H3K9me3 were measured by ChIP-seq in wild-type HeLa
cells and cells lacking HUSH subunits and SETDB1. The CRISPR/Cas9mediated disruption of TASOR, MPP8, and periphilin resulted in decreased H3K9me3 at shared loci (A). Knockout of SETDB1 resulted in
decreased H3K9me3 at more than 99% of these loci, with the majority
(91%) showing a factor of >3 reduction (B). Four example loci are shown

1484

26 JUNE 2015 • VOL 348 ISSUE 6242

in (C). (D) Loss of HUSH resulted in increased expression of the four
example genes from (C), as measured by quantitative reverse transcription PCR (qRT-PCR). (E to H) Proviral repression by the HUSH complex.
Schematic view of the HIV-1 LTR-Tat-IRES-GFP virus (E) (IRES, internal
ribosome entry site). Infection of Jurkat cells resulted in a range of GFP
expression levels (F); the proviruses in the GFPdim cells were repressed by
the HUSH complex (G) through H3K9me3 (H). Tumor necrosis factor–a
(TNF-a) activates transcription from the HIV-1 LTR through the NF-kB
pathway (18).
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gated upon reconstitution with an MPP8 chromodomain mutant (Trp80 → Ala, W80A) that
cannot bind H3K9me3 (8) (Fig. 3G and fig.
S12A). In contrast, in cells lacking MPP8 alone,
a functional chromodomain was not absolutely critical for re-repression of the reporter,
as the W80A MPP8 mutant could partially
restore reporter repression (fig. S12, B and C).
This result suggested that another member
of the HUSH complex must also contribute
to HUSH localization at target sites. Indeed,
we found that in the absence of either TASOR
or MPP8, periphilin was still able to localize
to chromatin (fig. S12, D and E). Thus, the
chromodomain of MPP8 was required for the
initial targeting of the HUSH complex to
H3K9me3-marked loci, but periphilin also contributed to the maintenance of the complex at
chromatin.
Given that the HUSH complex regulates
H3K9me3 levels across integrated reporter constructs, we asked whether it maintains H3K9me3
at endogenous genomic loci. Chromatin immunoprecipitation followed by deep sequencing
(ChIP-seq) in CRISPR/Cas9-generated TASOR,
MPP8, periphilin, and SETDB1 knockout HeLa
cells (fig. S11) identified 918 shared genomic loci
(14) with markedly reduced levels of H3K9me3
upon loss of HUSH subunits (Fig. 4A and table
S2). Furthermore, knockout of SETDB1 resulted in a decrease in H3K9me3 at 916/918
(99.6%) of the shared loci affected by loss of
HUSH, with the majority (91%) showing a factor of >3 reduction (Fig. 4B). This confirmed a
functional association between this critical
methyltransferase and the HUSH complex. At
four example loci, the decrease in H3K9me3
levels as a result of loss of HUSH or SETDB1
(Fig. 4C) resulted in modest increases in gene
expression (Fig. 4D).
Retroviral integration into heterochromatin
is a natural mimic of PEV. As such, we reasoned that viruses—and not merely transgenes
delivered in the context of self-inactivating
vectors—might also be subject to HUSH-mediated
repression. We infected the CD4+ lymphoid
cell line Jurkat with a standard HIV-1 reporter
virus that contains the wild-type HIV-1 LTR
promoter driving both the HIV-1 transactivator Tat and GFP (15) (Fig. 4E). Again we observed a range of GFP expression levels (Fig.
4F). The repressed proviruses in the GFPdim
cells were subject to HUSH-mediated repression, because knockdown of HUSH subunits
resulted in transcriptional activation (Fig. 4G)
accompanied by a decrease in H3K9me3 levels (Fig. 4H). Depletion of HUSH subunits also
resulted in derepression of silent HIV-1 reporter
proviruses in J-Lat clones (fig. S13), a widely
used cellular model of HIV-1 silencing (15, 16),
and similarly in an analogous “K-Lat” model
that we generated in KBM7 cells (fig. S14).
This effect was not limited to the HIV-1 LTR;
we also found that HUSH acted on repressed
murine leukemia virus (MLV) integrations
(fig. S15). Thus, the HUSH complex mediates
epigenetic regulation of both endogenous and

viral genes at heterochromatic loci marked by
H3K9me3.
By replicating a classic Drosophila forward
genetic screen for modifiers of PEV in cultured human cells, we identified the HUSH
complex, which mediates epigenetic repression through the recruitment of SETDB1 and
the deposition of H3K9me3. Surprisingly, we
did not identify a role for canonical heterochromatin regulators required for PEV in Drosophila, such as HP1 (fig. S16) (17). HUSH complex
subunits are absent from Drosophila but conserved from fish to humans, suggesting an
additional, more recently acquired route to
H3K9me3-mediated heterochromatin regulation in mammalian cells.
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(GFPbright) reporters (Fig. 2A and fig. S6). Consistent with a role for the HUSH complex in
facilitating the deposition of H3K9me3, depletion of HUSH subunits resulted in a decrease
in H3K9me3 across the reporter (Fig. 2B), concomitant with an increase in GFP mRNA expression (Fig. 2C). Furthermore, HUSH subunits
were chromatin-associated (Fig. 2D), and we
detected binding of epitope-tagged HUSH subunits to a repressed reporter (Fig. 2E). HUSH
subunits coimmunoprecipitated with SETDB1
(Fig. 2F), and knockdown of HUSH complex
members impaired the recruitment of SETDB1
to a repressed GFP reporter (Fig. 2G). Thus, the
HUSH complex appeared to facilitate the deposition of the repressive H3K9me3 histone
modification through the targeted recruitment
of SETDB1.
HUSH repressed almost all GFPdim reporter
integrations (Fig. 3A and fig. S7). Thus, by
comparing the integration sites of the GFP
reporter in the GFPdim versus GFPbright populations, we could determine where HUSH acted
in the genome (Fig. 3B). GFPdim integrations
were most enriched in proximity to H3K9me3
and were underrepresented in proximity to
histone marks correlated with active chromatin (Fig. 3C and fig. S8A). We also compared
genes that were highly enriched for GFPdim insertions over GFPbright insertions (“dim” genes)
or vice versa (“bright” genes). H3K9me3 levels across dim genes were much higher than
across bright genes (Fig. 3D and fig. S8B).
The majority of the leading dim genes were
KRAB-ZNF genes (fig. S8, C to E), which are
covered with high levels of H3K9me3 (11) deposited by SETDB1 (12). To validate these observations directly, we used the CRISPR/Cas9
system to integrate a nonretroviral GFP reporter
construct at an example KRAB-ZNF gene (Fig.
3E). This construct was indeed subject to HUSHmediated repression (Fig. 3F and fig. S9). Thus,
the HUSH complex preferentially silenced transgenes integrating into chromatin marked by
high levels of H3K9me3.
Recruitment of the HUSH complex to loci
rich in H3K9me3 could be mediated through
the chromodomain of MPP8 (8–10). An H3 peptide trimethylated at Lys9, but not an unmodified H3 peptide, pulled down MPP8 together
with TASOR from a nuclear lysate (fig. S10A).
TASOR recruitment to H3K9me3 was dependent on MPP8 and was lost following MPP8
depletion (fig. S10A). Additionally, the purified chromodomain of MPP8 has been shown
to bind chromatin marked by high levels of
H3K9me3 (fig. S10B) (13), and we detected
binding of epitope-tagged HUSH subunits to
genes rich in H3K9me3 (fig. S10C). To determine whether the chromodomain of MPP8
was essential for reestablishment of reporter
repression, we used CRISPR/Cas9 technology
to generate a HUSH triple knockout reporter
clone lacking expression of TASOR, MPP8,
and periphilin (fig. S11). Reexpression of wildtype HUSH subunits resulted in re-repression
of the reporter, but this was severely abro-
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Keeping quiet one gene at a time
Chromosomal DNA comes in two flavors−−euchromatin, which contains most of the expressed genes, and
heterochromatin, which usually remains quiet. But what keeps genes within heterochromatin silent? Tchasovnikarova et
al. examined the basis for this type of silencing in mammalian cells (see the Perspective by Brummelkamp). They
identified a complex of proteins in human cells they called HUSH that kept particular parts of the genome silent by
changing associated histone methylation marks.
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