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Drosophila PIWI associates with
chromatin and interacts directly
with HP1a

Brent Brower-Toland,'° Seth D. Findley,>*’ Ling Jiang,® Li Liu,* Hang Yin,* Monica Dus,’
Pei Zhou,® Sarah C.R. Elgin,'® and Haifan Lin>*3

'Department of Biology, Washington University, Saint Louis, Missouri 63130, USA; *Department of Cell Biology, Duke
University Medical School, Durham, North Carolina 27710, USA; 3Department of Biochemistry, Duke University Medical
School, Durham, North Carolina 27710, USA; “Yale Stem Cell Center, Yale University School of Medicine, Connecticut
06509, USA; *Watson School of Biological Sciences, Cold Spring Harbor, New York 11724, USA

The interface between cellular systems involving small noncoding RNAs and epigenetic change remains
largely unexplored in metazoans. RNA-induced silencing systems have the potential to target particular
regions of the genome for epigenetic change by locating specific sequences and recruiting chromatin modifiers.
Noting that several genes encoding RNA silencing components have been implicated in epigenetic regulation
in Drosophila, we sought a direct link between the RNA silencing system and heterochromatin components.
Here we show that PIWI, an ARGONAUTE/PIWI protein family member that binds to Piwi-interacting RNAs
(piRNAs), strongly and specifically interacts with heterochromatin protein 1a (HP1a), a central player in
heterochromatic gene silencing. The HP1a dimer binds a PxVxL-type motif in the N-terminal domain of PIWIL.
This motif is required in fruit flies for normal silencing of transgenes embedded in heterochromatin. We also

demonstrate that PIWI, like HP1a, is itself a chromatin-associated protein whose distribution in polytene
chromosomes overlaps with HP1a and appears to be RNA dependent. These findings implicate a direct
interaction between the PIWI-mediated small RNA mechanism and heterochromatin-forming pathways in

determining the epigenetic state of the fly genome.
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RNA-induced gene silencing operates both post-tran-
scriptionally and transcriptionally. Post-transcriptional
gene silencing (PTGS) utilizes target gene-derived
double-stranded RNA (dsRNA) or independently tran-
scribed microRNAs (miRNAs) either to destroy a target
mRNA or to modulate its translation (Tomari and
Zamore 2005; Valencia-Sanchez et al. 2006). In contrast,
transcriptional gene silencing (TGS) represents the inter-
face between RNA silencing pathways and the chroma-
tin modification system (Matzke and Birchler 2005). In
TGS, small RNAs are incorporated into specialized ef-
fector complexes able to regulate chromatin modifica-
tion, resulting in reduced access for the transcriptional
machinery to chromatin. The TGS system that contrib-
utes to initiation and maintenance of heterochromatin
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formation in Schizosaccharomyces pombe is particu-
larly well characterized (Verdel and Moazed 2005;
Grewal and Jia 2007). In S. pombe, the RNA silencing
system targets histone 3 Lys 9 (H3K9) methylation and
recruits HP1 homolog Swi6 to the MAT locus and to
repetitive elements in pericentric heterochromatin, set-
ting up a heterochromatin spreading/maintenance loop
that is dependent on the interaction of Swi6 with the
Clr4 histone methyltransferase (HMT) (Grewal and Jia
2007). In plants, a specialized small RNA pathway uti-
lizes heterochromatic RNAs to direct DNA methylation
and presumably other chromatin modifications to effect
silencing of target loci (for review, see Vaucheret 2007).
In Caenorhabditis elegans, a single episode of RNA in-
terference (RNAI) exposure can induce silencing inher-
ited over many generations; mutations that abolish in-
heritance are all involved in chromatin structure, sug-
gesting a chromatin-based mechanism (Vastenhouw et
al. 2006). While the work in fission yeast and plants pro-
vides a possible paradigm for RNAi-dependent TGS in
metazoans, a specialized TGS effector complex has not
yet been characterized in an animal.
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All RNA silencing complexes characterized to date
contain a member of the ARGONAUTE (AGO)/PIWI
protein family (Hall 2005). This protein family can be
divided into AGO and PIWI subfamilies. The AGO sub-
family proteins bind to ~21-nucleotide (nt) small inter-
fering RNAs (siRNAs) and miRNAs derived from long
double-stranded transcripts and miRNA genes, respec-
tively. In contrast, PIWI subfamily proteins bind to 24- to
30-nt Piwi-interacting RNAs (piRNAs) that are likely de-
rived from long single-stranded precursors (Lin 2007).
Five AGO/PIWI proteins are found in Drosophila: PIWI,
AUBERGINE (AUB), AGO1, AGO2, and AGO3. Among
them, PIWI binds to 24- to 26-nt piRNAs that are largely
derived from repetitive sequences in the genome (Vagin
et al. 2006; Brennecke et al. 2007) and has been broadly
implicated in gene silencing (Pal-Bhadra et al. 2004; Saito
et al. 2006; Vagin et al. 2006). Here we report that PIWI
associates with chromatin and interacts directly with
heterochromatin protein la (HP1a), a nonhistone chro-
mosomal protein that plays diverse and critical roles in
chromatin structure, transcription, DNA replication,
chromosome segregation, and genomic stability (James
et al. 1989; Hiragami and Festenstein 2005; Peng and
Karpen 2007). Furthermore, a transgene with a mutation
in PIWI that abrogates HP1 binding fails to rescue silenc-
ing in a PIWI-depleted line, demonstrating that this in-
teraction has an important epigenetic function. The
physical and functional interaction between HP1 and
PIWI may represent a key link between small RNA path-
ways and TGS in Drosophila.

Results

PIWI interacts specifically with HP1a

To search for PIWI interactors, we conducted yeast two-
hybrid (Y2H) screens of a high-complexity ovarian
c¢DNA library using three PIWI baits: full-length (PIWI-
FL), N-terminal half (PIWI-NT), and C-terminal half
(PIWI-CT) (Fig. 1A; see Supplemental Material). We
screened 12.5, 7.5, and 2.5 million primary transfor-
mants with the three baits and recovered 102, 100, and O
strong positives, respectively. Forty-four of 102 positives
for PIWI-FL and 39 of 100 positives for PIWI-NT encoded
c¢DNAs for Drosophila HP1a. HP1a binding to PIWI is
strong and highly specific; HP1a does not interact with a
panel of unrelated baits (Fig. 1B). The Drosophila mela-
nogaster genome encodes two additional HP1-like chro-
matin proteins: HP1b and HP1c (Smothers and Henikoff
2001). However, a Y2H assay indicates that PIWI inter-
acts specifically with HP1a, but not HP1b or HP1c (Fig.
1C). In turn, HP1a also fails to interact with two other
PIWI subfamily proteins, AUB and AGO3, or the two
AGO subfamily proteins, AGO1 and AGO2 (Fig. 1C).
Note that AGOI is expressed as strongly as PIWI,
whereas AGO2 and AGO3 are expressed at much higher
levels than PIWI in this yeast cell system (Fig. 1D). All of
these proteins enter the budding yeast nucleus, as deter-
mined by two transcriptional blocking assays (Fig. 1E;
see Materials and Methods)

PIWI-HP1a interaction on chromatin

In order to determine whether the Y2H interaction
observed between HP1a and PIWI occurs in vivo, coim-
munoprecipitation assays were performed. Immunopre-
cipitates from 6- to 18-h Drosophila embryo nuclei gen-
erated with specific antibodies against HP1a are enriched
for PIWI protein, by comparison with control immuno-
precipitates with normal rabbit serum (Fig. 1F). The con-
verse is also true: Anti-PIWI antibody immunoprecipi-
tates also contain HP1la (Fig. 1F). The small amount of
coprecipitating protein, as suggested by the relative band
intensities displayed, implies that only a small fraction
of the PIWI and HP1a pools are involved in this particu-
lar complex.

PIWI colocalizes with HP1a at many
chromosomal sites

The presence of PIWI in Drosophila nuclei and in con-
densed regions of nurse cell polytene chromosomes has
been reported (Cox et al. 2000; Lei and Corces 2006), but
direct interaction with HPla raises further questions
about the global chromosomal distribution of PIWI.
To more precisely locate PIWI within Drosophila nu-
clei, we utilized antibodies directed against a peptide
sequence in the C terminus of the protein to stain poly-
tene nuclei and chromosomes. This antibody recognizes
a single 95-kDa (PIWI-sized) band in salivary gland and
Kc cell extracts as shown by Western blot (Supplemen-
tary Fig. S1). Immunostaining of Drosophila embryos
with this antibody further demonstrates the presence
of PIWI in all nuclei of stage 5 embryos, where it colo-
calizes with HP1a (Fig. 2A). PIWI protein appears to be
more abundant in prospective germline (pole cell and
embryonic gonad) nuclei than in somatic nuclei, but is
easily detected by immunostaining in all nuclei of em-
bryos throughout embryogenesis (data not shown). Con-
sistent with a role in tissues other than the germline,
RT-PCR analysis indicates that PIWI is expressed in so-
matic tissues throughout development (Supplementary
Fig. S2).

Immunostaining of larval polytene chromosomes
with the above anti-PIWI antibody reveals a complex
banded distribution on polytenes that is partially coin-
cident with HPla (Fig. 2B). Confirming its specificity
for endogenous PIWI protein, the pattern generated by
this antibody on chromosomes and in Western blots is
completely blocked by the peptide antigen used to gen-
erate the antiserum (Supplementary Figs. S1, S3) and is
virtually absent in chromosomes from larvae homozy-
gous for the protein-null piwi® allele (Supplementary Fig.
S3).

While HPla prominently localizes to the chromo-
center (an agglomeration of pericentric heterochromatin)
and to the largely heterochromatic fourth chromosome,
it is also found in all telomeres and in >200 bands along
polytene chromosome arms (James et al. 1989; Fanti et
al. 2003). A prominent site of HP1a binding on the chro-
mosome arms is cytological region 31A, wherein HPla
localizes to eight discrete bands and functions in a man-
ner distinct in many ways from its action in the chro-
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Figure 1. HPla interacts specifically with
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are indicated. (B) HP1a is a strong PIWI inter-
actor. Three independent transformants for
each bait/prey combination were plated to as-
sess LacZ activity of reporter plasmid pSH18-
34. HP1la interacts strongly with PIWI-FL and
PIWI-NT baits, but not with PIWI-CT or
unrelated baits, including the LexA moiety
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by the Western blot analysis. (E) AGOI, E
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mocenter (Fanti et al. 2003; Cryderman et al. 2005). PIWI
colocalizes with HP1a in a complex pattern at multiple
classes of chromatin loci (Fig. 2B,C,F2), but is completely
absent from region 31A (Fig. 2F2). While HPla is uni-
formly distributed within the chromocenter, PIWI has an
irregular and particulate distribution within the pericen-
tric heterochromatin of each chromosome (Fig. 2C). The
uniform distribution of HP1a reflects its role as a foun-
dational building block in pericentric chromatin,
whereas the focal distribution of PIWI may indicate a
localized function at a subset of sequences. PIWI depo-
sition also overlaps with HPla in polytene telomeres
(Fig. 2B,F2; Supplementary Fig. S4). Furthermore, there is
significant overlap between HPla-positive and PIWI-
positive euchromatic bands along the arms of chromo-
somes 1-3 (Fig. 2B). In chromosome 4, PIWI is restricted
to a subset of distinct bands relative to HP1a (Fig. 2B,C).
Chromosome 4 is a mosaic of alternating heterochroma-
tin and euchromatin with a high density of repetitive
sequence elements. The mechanism whereby inter-

2302 GENES & DEVELOPMENT

spersed heterochromatin domains are established in
chromosome 4 is unknown, but there are indications
that certain repetitive elements participate in this pro-
cess, possibly by an RNA-induced silencing mechanism
(Sun et al. 2004; Haynes et al. 2006).

To further verify the colocalization of PIWI and HP1a
on chromosomes, we conducted chromatin immunopre-
cipitation (ChIP) assays to isolate MYC-PIWI-associated
chromatin from a lysate of adult flies that carry a fully
functional myc-piwi transgene (Cox et al. 2000; see Ma-
terials and Methods). Chromatin precipitated by MYC-
PIWI antibodies was recovered and the DNA was assayed
by real-time PCR to quantify the association of MYC-
PIWI with the F and 1360 elements—two transposable
elements known to be preferentially bound by HP1a (De
Lucia et al. 2005). MYC-PIWI is enriched at F and 1360
elements 2.8- and 2.0-fold, respectively, over the house-
keeping gene rpL32 (Fig. 3). These results further support
the colocalization of PIWI and HP1a at specific genomic
sites.
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Figure 2. PIWI is associated with chromatin, where it colocalizes with HP1a. All images are from wild-type (Oregon R) embryos or
larval salivary glands. In merged images showing PIWI (green channel) and HP1 isoforms (red channel), the overlap is yellow. On
merged images, arrowheads indicate cytological region 31; the fourth chromosome is denoted by an asterisk. (A) PIWI colocalizes with
HP1 in all nuclei of stage 5 embryos; PIWI is more abundant in pole cell nuclei (posterior pole is shown at higher magnification at right
of each embryo image). (B) PIWI shows extensive colocalization with HP1a to euchromatic bands along polytene chromosome arms,
to telomeres, and to distinct regions of the chromocenter. HP1a is most concentrated in the chromocenter and along chromosome 4.
(C) PIWI partially colocalizes with HP1a in the chromocenter and at distinct bands on the largely heterochromatic chromosome 4.
(D-E) PIWI localization is distinct from and largely nonoverlapping with HP1b and HP1c. PIWI does not overlap with HP1b or HPlc
in region 31. (F) Enlargements from merged images in C-E, emphasizing that PIWI colocalizes with HP1a at telomere 2L, is not
concentrated in region 31A, and is distinct from both HP1b and HP1c in the chromocenter.
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Figure 3. PIWI is enriched in the HPla-rich F and 1360 ele-
ments. Shown are the ratios of the abundance of PIWI-associ-
ated DNA of F and 1360 elements versus rpL32 DNA obtained
by MYC-PIWI immunoprecipitation of cross-linked chromatin.
The results represent the average values of six independent
samples.

PIWI does not colocalize with HP1b or HP1c
on chromosomes

Given the specificity of the Y2H interaction observed
between HP1a and PIWI, we hypothesized that HP1b and
HP1c would not share the same chromosomal colocal-
ization. Upon immunostaining with antibodies specific
for HP1b or HPlc, we found that unlike HP1a, neither
HP1b nor HP1c displayed significant colocalization with
PIWI on chromosomes. HP1b and HP1c each localizes to
many bands along the euchromatin arms, none of which
appears to overlap with strong PIWI signals (Fig. 2D-F).
This is consistent with a previous report indicating that
neither HP1b nor HP1c shows significant overlap with
HPla in the chromocenter or euchromatic polytene
bands (Smothers and Henikoff 2001), and is in agreement
with our Y2H results, which indicate that PIWI associa-
tion is HP1a specific.

PIWI is localized at genomic sites enriched
for methylated H3K9

The ability to visualize PIWI on chromosomes permits
us to investigate the relationship between PIWI, HP1a,
and the epigenetic mark—methylated H3K9 (H3K9me).
In Drosophila and other organisms, much (but not all)
stable localization of HP1la depends on the H3K9me2/3
mark provided by the SUVAR3-9 family of HMTs. The
H3K9me2 staining pattern of Drosophila polytene chro-
mosomes and proper targeting of HP1a have a weak de-
pendence on piwi gene function, seen in piwi® homozy-
gous larvae (Pal-Bhadra et al. 2004). As would be ex-
pected given its colocalization with HPla, PIWI is
present at sites enriched for H3K9me2 (Fig. 4A). A
simple explanation is that initial HPla deposition de-
pends on RNA-induced, PIWI-directed targeting; subse-
quent interaction of HPla with H3K9 HMTs results in
H3K9 methylation, perhaps as a nucleation step of het-
erochromatin formation. This hypothetical mechanism
would predict that PIWI localization should not depend
on the presence of HP1a. This prediction is borne out in
Figure 4B, which demonstrates that PIWI localization in
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chromatin is not globally altered in Su(var)2-5 animals
that are largely depleted of HP1a at this stage (Fig. 4B).
However, it should be noted that because of maternal
loading of chromosomal proteins into the zygote, both
HP1a and PIWI are presumably present in the embryos of
the respective homozygous or heteroallelic mutant ani-
mals (recovered by crossing heterozygous mutant par-
ents) (Megosh et al. 2006), and so are present when het-
erochromatin is first established.

PIWI association with chromatin is RNA dependent

This hypothetical mechanism, in which PIWI acts as the
core of a TGS effector complex, also predicts that PIWI
binding to chromosomes is RNA dependent. We tested
this prediction by assessing the impact of ribonuclease
(RNase) treatment of chromosomes on PIWI and HP1la
distribution; we found that mild treatment with the
single-stranded RNA-specific RNase A markedly re-
duced PIWI localization on chromosomes without sig-
nificantly altering the distinctive HP1a-binding pattern
at the chromocenter, chromosome 4, telomeres, or re-
gion 31A (Fig. 4C,F2), in keeping with previously pub-
lished analyses of HP1a (Piacentini et al. 2003). In mam-
malian cells, HP1 binding to pericentric chromatin was
disrupted by digestion with RNase A (Maison et al.
2002). However, those experiments were performed un-
der more extensive digestion conditions, using 100-fold
more RNase A and longer digestion times than were
used here.

The sensitivity of PIWI chromatin binding to RNase A
digestion raises questions regarding the nucleic acid tar-
gets of the PIWL:RNA complexes presumed to dictate the
PIWI pattern on chromosomes. Does PIWI utilize its
guide RNA to identify sequences in genomic DNA, or to
identify associated RNA transcripts? We used RNases
with specificity for dsSRNA (RNase III) and RNA:DNA
heteroduplex (RNase H) to address this question and
found that the PIWI pattern is partially sensitive to each
of these nucleases. While PIWI binding in the polytene
arms and at telomeres is most sensitive to RNase III
digestion (Fig. 4D,F3), PIWI protein in heterochromatic
domains is most sensitive to RNase H digestion (Fig.
4E,F4). These results suggest that RNA-dependent PIWI
chromatin association occurs by at least two distinct
mechanisms. In the chromosome arms and at telomeres,
PIWI appears to bind via hybridization with RNA tar-
gets, probably nascent transcripts. In heterochromatin,
where active transcription is rare, PIWI may bind instead
through hybridization with genomic DNA. We note
that, like RNase A, neither of these nucleases perturbs
binding of HP1a in its characteristic locations, presum-
ably reflecting the redundant modes of binding that sta-
bilize HP1a in chromatin.

HP1a binds to a PxVxV motif in the N-terminal
domain of PIWI

To gain more insight into the molecular mechanism of
PIWI-HPIla interaction we mapped the intermolecular
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Figure 4. PIWI chromatin binding overlaps H3K9 methylation and depends on RNA hybrids but not HPla. Images from indirect
immunofluorescent detection of PIWI and HP1a. Labels and color channels are as in Figure 3. All images are of wild-type (Oregon R)
chromosomes, except B, which shows Su(var)2-5 mutant chromosomes. (A) PIWI shows significant overlap with dimethyl-H3K9 in the
chromocenter and fourth chromosome but not region 31 (arrowhead). (B) PIWI localization to polytene chromosomes is not globally
perturbed in the absence of HP1a. Su(var)2-5 chromosomes are shown at higher magnification because of their small size by com-
parison with wild-type chromosomes. (C-F) Patterns of PIWI and HP1a (determined by indirect immunofluorescence) on chromosomes
treated with different RNase activities. In each case, the HPla-binding pattern remains essentially the same as on untreated chro-
mosomes. On all merged images the fourth chromosome is indicated by an asterisk. (C) Mild treatment with RNase A eliminates the
PIWI-binding pattern seen on untreated chromosomes without perturbing HP1a. (D) RNase III treatment results in loss of PIWI binding
to bands in the euchromatic arms without abolishing PIWI bound in pericentric chromatin and in bands on chromosome 4. Delocalized
PIWI is concentrated in ring-like bodies that may represent nucleolar fragments in the polytene preparation. (E) PIWI binding in
pericentric chromatin and chromosome 4 is abolished by RNase H digestion; binding along the euchromatic arms is diminished at
some sites more than others, but not abolished. (F) Enlargement of chromocenters from merged images in C-E with a representative
image from untreated chromosomes for comparison. Arrows point to the brightly staining PIWI bands in euchromatic arms, not
affected by RNase H treatment.

contacts between the two proteins. We pinpointed PIWI- mains (Fig. 5A): an N-terminal chromodomain (CD) that
HPla interaction requirements using two approaches: mediates binding to H3K9me2/3, a flexible hinge region,
Y2H and NMR. HP1 family proteins contain three do- and a C-terminal chromoshadow domain (CSD) that me-

GENES & DEVELOPMENT 2305


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on November 3, 2017 - Published by Cold Spring Harbor Laboratory Press

Brower-Toland et al.

BAIT
d PIWI-FL PIWI-NT Control
YOk
o Y XY
Ceivag ¢ U
%o vee UG
] ."‘
O awly
fTltlers N&Q
tagvdcel@

(98]
34d

A

Figure 5. HPla requires an intact CSD dimer interface
to bind PIWI. (A) PIWI requires an intact CSD dimer
interface to bind HPla. Cartoon of the HPla deletion | (G
series used to map PIWI-binding requirements. The
206-residue HP1a contains a CD, a hinge domain, and a
CSD. Domain junction residue numbers are indicated
(WT, full-length, wild type). (B) Only prey possessing
the CSD (prey A, E, F, and G) interact with PIWI-FL and
PIWI-NT baits. (C,D) PIWI interaction is lost with HP1a
mutations predicted to disrupt either its target binding
interface within the intact CSD dimer (W200A mutant)
or dimerization (191E mutant), but not with a mutation
in the CD (V26M). Positions of the respective point mu-
tations are indicated by stars. (E) Only baits containing
the N domain of PIWI (baits A-D) interact with HP1a-
FL. (F) Cartoon of the PIWI deletion series used to map
HP1la binding requirements. Domain junction residue
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required for HPla interaction. Wild type and V130A
PIWI mutant produce comparably strong LacZ signals,  piw
whereas the signal in V30A or the V30A/V130A double
mutant is undetectable. (H) Western blot of protein ex-
tracts of yeast strains in G. Each bait is expressed at
comparable levels, as detected by polyclonal antibody
to LexA, the DNA-binding moiety common to each
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PIWI BAIT

bait. (Lane 1) Wild-type PIWIL. (Lane 2) V30A. (Lane 3)
V130A. (Lane 4) V30A/V130A. (Lane 5) BICOID ho- ||
meodomain. The LexA-PIWI baits (red arrow) are pre-
dicted to be 120.2 kDa. (I) Model of the HPla CSD
dimer in complex with the PIWI peptide (TSRGSGDG-
PRVKVFRGSSSGD). Top and side views are shown in
Ieft and right panels, respectively. Each monomer of the
HPla CSD dimer is color-coded (green or blue). The
CSD-binding motif (PxVxV) in the PIWI peptide is
shown in stick models (magenta). Side chains of the
conserved residues (P,V,V) are displayed. Chemical shift
perturbations are calculated as dcg = [, + (0.28)*]'/2.
Residues of HP1a that experience significant resonance
perturbation (3¢ > 0.06 ppm) during PIWI peptide titra-
tion are colored in dark green and dark blue and are
mapped on the CSD surface and the ribbon diagram.
The homology model of the complex was built using
the XLOOK program (Lee 1993), and the figure was gen-
erated by PyMOL (Delano Scientific).

diates dimerization and interaction with many HP1 tar-
get proteins (Hiragami and Festenstein 2005). Deletion
analysis demonstrates that the HP1a CSD alone is nec-
essary and sufficient for binding to NT-PIWI and FL-
PIWI baits (Fig. 5B). To investigate further, we utilized
two Drosophila HP1a point mutations analogous to the
well-characterized mouse HP1-f (mHP1B) mutations
that disrupt CSD dimerization or target interaction
(Brasher et al. 2000; Thiru et al. 2004; Hines 2006). In
mHPI1B, two CSDs symmetrically dimerize to form the
interface for the asymmetrical binding of a single target
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peptide (Thiru et al. 2004). The Drosophila W200A mu-
tant is equivalent to mHP1g W170A, which does not
affect dimerization but abolishes HP1 binding to the
PXVXL motif in targets, whereas the I1191E mutant is
equivalent to mHP18 W161E, which disrupts the dimer-
ization interface (Fig. 5C; Brasher et al. 2000; Thiru et al.
2004; Hines 2006). The inability of the Drosophila 1191E
HP1a to dimerize has been validated by in vitro studies
(Hines 2006). PIWI binding is lost in the presence of
these HP1a mutations (Fig. 5D). In contrast, PIWI inter-
action in the Y2H assay is maintained in the HP1la CD


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on November 3, 2017 - Published by Cold Spring Harbor Laboratory Press

mutation V26M (Fig. 5D), which abolishes H3K9me2/3
binding (Jacobs et al. 2001). Thus, HP1a requires an in-
tact CSD dimer interface for binding to PIWL

We then used a PIWI deletion series to map the region
of PIWI that interacts with HP1a by the Y2H assay (Fig.
5E). Each AGO/PIWI protein contains an N-terminal do-
main, a Mid domain, and highly conserved PAZ and
PIWI domains (Fig. 5F). Deletion analyses indicate that
HP1la requires only the N-terminal domain of PIWI for
interaction (Fig. 5E). This domain contains two se-
quences similar to a known vertebrate HP1-binding mo-
tif, the monomeric PxVxL motif (Lechner et al. 2005)
that binds the dimerized CSD. By phage display, Dro-
sophila HP1a binds a similar consensus, PxVx [M or L or
V] (Smothers and Henikoff 2000). The PIWI N-terminal
domain contains two PxV sequences: PRVKYV, centered
on V30, and PRVRM centered on V130 (Fig. 1A). Mutat-
ing V30 to alanine (Fig. 5G) abolishes HP1a binding. In
contrast, mutating V130, which lies in an equally good
consensus sequence, to alanine does not impact the in-
teraction (Fig. 5G). Each PIWI mutant bait is expressed at
levels comparable with the wild type, ruling out differ-
ences attributable to differential bait stability (Fig. 5H).

To confirm the V30 interaction, we synthesized a
21mer PIWI peptide centered on V30 of the HP1a-bind-
ing sequence for NMR titration with the HPla CSD
dimer (Fig. 5I; Supplementary Fig. S5). The 'H and '°N
chemical shifts of a number of residues of the HP1a CSD
showed significant perturbations after peptide addition,
suggesting that these residues are involved in PIWI bind-
ing. The exchange rate was slow on the NMR time scale,
consistent with tight binding between the HPla CSD
dimer and the PIWI peptide. A structural model of Dro-
sophila HP1a CSD dimer complex was built based on its
high degree of sequence homology with the mHPIB
CSD, which binds the CAF-1 peptide (Fig. 5I; Thiru et al.
2004). Consistent with such a structural model, where a
single PIWI peptide binds across the HP1la CSD dimer,
CSD residues that experience significant resonance per-
turbation during NMR titration are primarily distributed
along the B-strands close to the PIWI peptide, the C-
terminal portion of the central helices, and the C-termi-
nal extended loop.

The HP1a-interacting PRVKV motif is required
for the silencing function of PIWI

The direct interaction between dimerized HP1a CSD and
the PIWI V30-binding motif potentially represents a very
direct means by which PIWI protein could act to recruit
heterochromatin-forming components to specific sites
in the Drosophila genome. In order to test the functional
significance of the PIWI-HP1a interface defined here for
gene silencing, we introduced transgenes encoding either
the wild-type or V30A mutant form of PIWI under the
native piwi promoter in flies. The endogenous function
of the V30A mutant product was compromised; when
introduced into a (lethal) piwi-null genetic background,
only the wild-type transgene was able to rescue viability
(data not shown). Previous work has shown that hypo-
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morphic alleles of piwi act as dominant suppressors of
heterochromatic gene silencing (Pal-Bhadra et al. 2004,
Haynes et al. 2006). We tested the capacity of either
transgene to rescue dominant silencing defects produced
in flies heterozygous for the protein-null piwi® allele. In
the haplo-insufficient piwi background, the presence of
one or two copies of the wild-type transgene supported
greater silencing of variegating white reporters than did
the presence of the V30A transgene (Fig. 6). These data
strongly suggest that the V30 motif is directly involved
in silencing observed at white reporters embedded in
constitutive heterochromatin.

Discussion

We showed that Drosophila PIWI interacts directly with
HPla and is distributed on chromosomes in a pattern
overlapping HP1a. Association of PIWI with constitutive
heterochromatin domains including pericentric hetero-
chromatin, telomeres, and part of the banded portion of
chromosome 4 is consistent with the profile of PIWI-
associated small RNAs, which includes sequences ho-
mologous to telomeric and centromeric repetitive ele-
ments as well as some that are overrepresented in chro-
mosome 4 (Saito et al. 2006; Brennecke et al. 2007;
Gunawardane et al. 2007). We determined that the PIWI-
HPla interaction is mediated through binding of a
PxVxL-type motif by dimerized CSDs of HP1a. Further-
more, we showed that the intact PxVxL motif is required
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Figure 6. A PIWI transgene bearing the V30A mutation is de-
ficient in rescuing dominant defects in white reporter silencing
produced by the piwi® mutation. Eye pigmentation of PTIWIWT,
piwi?/CyO;P[w"] flies are compared with pigmentation in
PIWIV3%4, piwi?/CyOQ;P[w"™] flies. Variegating white reporters
(P[w"™]) analyzed are embedded in pericentric (118E-10) or
fourth chromosome (39C-12) heterochromatin. (F) Female; (M)
male.
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in vivo for effective heterochromatic silencing. This is
consistent with the wealth of data implicating PIWI at
the interface of RNA silencing mechanisms with epige-
netic phenomena, in particular heterochromatin-in-
duced silencing. PIWI is a nuclear protein (Cox et al.
2000) required for silencing of transposons and retrovi-
ruses (Sarot et al. 2004; Vagin et al. 2006). PIWI is re-
quired for effective silencing of multiple copies of dis-
persed transgenes (Pal-Bhadra et al. 2002), of tandem re-
peats of the white gene at euchromatic insertion sites,
and of white reporter genes in the pericentric heterochro-
matin or fourth chromosome (Pal-Bhadra et al. 2004,
Haynes et al. 2006). Silencing in the latter two cases is
dependent on HP1a (Wallrath and Elgin 1995; Fanti et al.
1998; Haynes et al. 2006). Here we showed that PIWI
interacts directly with HP1a. Some PIWI signal overlaps
with HPla in polytene chromosomes, suggesting that
PIWI and HP1a together regulate the epigenetic state of
diverse regions in the genome. This overlap is spatially
complex and could therefore represent numerous varied
roles for PIWI, HPla, and the PIWI-HPla interaction.
Heterochromatin is first assembled early, while the Dro-
sophila embryo is still a syncytium (nuclear division
cycles 10-14). This is critical for the silencing observed
in PEV, which may be compromised later in develop-
ment (Lu et al. 1998). While the HP1a-PIWI association
observed on polytene chromosomes might be similar to
that inferred in the embryo, it might also represent a
different function (e.g., see Piacentini et al. 2003).

Recently, PIWI has been shown to bind in the germline
to piRNAs, many of which are from heterochromatic
regions (Saito et al. 2006; Brennecke et al. 2007). The
colocalization of PIWI and HPla in pericentric hetero-
chromatin may indeed reflect a simple relationship be-
tween the piRNA pathway, histone modification, and
heterochromatin formation similar to the S. pombe sys-
tem wherein AGO1-mediated TGS locally targets H3K9
methylation to create a binding site for the HP1 homolog
Swib6 (Volpe et al. 2002; Noma et al. 2004). In Drosophila,
our data on the specific interaction between PIWI and
HP1la raise the possibility of an alternate pathway to
HP1la-mediated heterochromatinization: A PIWI-piRNA
complex might directly recruit HPla to piRNA-corre-
sponding genomic sequences, which could then recruit
HMTs such as SU(VAR)3-9 to effect nucleation/spread-
ing. This would represent an H3K9me-independent
mode for initial HP1 localization, an alternative but po-
tentially equally effective means for triggering local for-
mation of heterochromatin. Conversely, if heterochro-
matin formation is targeted by a different mechanism,
the presence of HP1a could allow stable binding of PIWI
to heterochromatin for PTGS, a process that might be
necessary to maintain silencing throughout the lifetime
of the fly.

Materials and methods
Y2H screens and assays

The PIWI Y2H screens assays were conducted using the Clon-
tech Matchmaker LexA Two-Hybrid System according to the
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manufacturer’s protocols (Clontech). For details, see the Supple-
mental Material.

Protein expression, purification, and NMR spectroscopy

The DNA sequence corresponding to the Drosophila HP1a CSD
(residues 132-206) was cloned into the pET-15b vector to pro-
duce an N-His, tagged protein (EMD Biosciences-Novagen). The
recombinant protein was overexpressed in BL21(DE3)STAR
cells (Invitrogen Corp.), purified using a Ni**-NTA column, and
digested by thrombin to remove the N-His, tag. The resulting
fragment, which contained the additional GSHM residues N-
terminal to the HP1a CSD domain, was further purified by size
exclusion chromatography and was renumbered to 1-79 in
NMR studies. NMR buffer contained 25 mM sodium phos-
phate, 100 mM KCIl, and 10% D,O (pH 7.0). The '3C-/'*N-la-
beled protein sample was prepared by growing bacterial cells in
M9 minimal media with '>N-NH,CI and '*C-glucose as the sole
nitrogen and carbon sources. NMR experiments were carried
out at 27°C using a Varian INOVA 600-MHz spectrometer.
Backbone resonances were collected using a suite of triple-reso-
nance experiments [HNCA/HN(COJCA, HN(CA)CB/HN(CO-
CA|CB, and HA(CA)NH/HA(CACOJNH] (Clore and Gronen-
born 1993; Ferentz and Wagner 2000); these resonances were
assigned using PACES (Coggins and Zhou 2003) and were con-
firmed by manual analysis. NMR data were processed using
NMRPIPE (Delaglio et al. 1995) and were analyzed by XEASY
(Bartels et al. 1995). NMR titration was performed by adding
increasing amounts of the unlabeled PIWI peptide to '*N-la-
beled HP1a CSD at molar ratios of 0:1, 1:3, 2:3, 1:1, 2:1, and 3:1.
A series of "H-'>N HSQC experiments were collected at 27°C
on a Varian INOVA 600-MHz spectrometer. The exchange rate
of the HP1a CSD/PIWI peptide complex was found to be slow on
the NMR time scale, and the binding ratio was estimated to be
one PIWI peptide per HP1a CSD dimer.

Drosophila cultures, stocks, and genetic analysis

Mutants Su(var)2-5°% and Su(var)2-5% were used for HP1 deple-
tion experiments (Eissenberg et al. 1992). Each of these alleles
was balanced over CyO-GFP, and GFP-negative third-instar lar-
vae were selected from heteroallelic crosses for cytological in-
vestigation. The piwi® mutant allele (Lin and Spradling 1997)
was likewise balanced over CyO-GFP; GFP-negative third-in-
star larvae were selected from appropriate crosses for cytological
investigation.

Construction of the wild-type and V30A piwi genomic
transgenic animals

The piwi V30A mutant transgene is identical to the previously
described piwi genomic P-element-based rescue construct,
PRCI12 (Cox et al. 1998), except that the wild-type V30 codon
was replaced with an alanine codon. This was accomplished in
the following multistep procedure in which the numbers (in
parentheses) refer to nucleotides within the 6484-base-pair (bp)
EcoRV-HindIII piwi genomic rescue fragment of pRC12. First,
the 1518-bp Pmel(2195)-Swal(3713) fragment of pRC12 was
transferred to a cloning vector (SDF-SP728s) to generate clone
SDF164.1. Mutagenesis was accomplished using the Stratagene
QuikChange 1T site-directed mutagenesis kit under conditions
recommended by the manufacturer (Stratagene). The following
oligonucleotides were used to mutagenize piwi’s V30 codon
(GTG) to an alanine codon (GCC), resulting in clone SDF165.1:
GV3OMTOP, 5'-AATGCTTTCATGCAGCGGGCCAAAGTA
TTCAGAGGATCTTC-3’; GV30MBOT, 5-GAAGATCCTCT
GAATACTTTGGCCCGCTGCATGAAAGCATT-3' (the ala-
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nine codon 30 and its reverse complement are indicated in bold).
Finally, the internal 1274-bp PflfI(2439)-Swal(3713) fragment of
SDF165.1 was substituted for the wild-type 1274-bp PflfI(2439)-
Swal(3713) fragment of pRC12, resulting in clone SDF178-50.
Transgenic animals of pRC12 and SDF178-50 were generated
using standard embryo microinjection techniques.

For PEV assays involving the piwi wild-type and V30A trans-
genes, stable fly lines were created with each transgene in a
genetic background including the piwi® mutation balanced over
CyO and variegating white reporters embedded either in the
pericentric chromatin (118E-10) or the banded portion of the
fourth chromosome (39C-12). Six sets of 10 flies of each geno-
type (five male/five female) were selected at random for pigment
assays performed as detailed in previous publications (Rabinow
et al. 1991). Digital images of variegating eye phenotypes were
selected to represent median eye pigmentation for each geno-
typic population.

Embryo preparation, polytene chromosome preparation,
and RNase treatment

Embryos were collected and prepared for immunostaining using
standard methods (Sullivan et al. 2000). Chromosomes were
prepared as described previously (Stephens et al. 2004). RNase
treatment of chromosomes was carried out in situ in the sali-
vary glands. Briefly, dissected glands were incubated at room
temperature with the appropriate RNase in Cohen Buffer (Al-
fageme et al. 1976) for 10 min. Ribonuclease digest concentra-
tions were DNase-free RNase A (10 png/mL; Promega Corp.),
recombinant RNase H (0.05 U/uL; Ambion, Inc.), and recombi-
nant RNase III (0.05 U/uL; New England Biolabs). All reactions
were quenched by the addition of yeast tRNA (100 pg/mL), and
the glands were transferred to formaldehyde fixative for 10 min
and squashed.

Immunostaining of polytene chromosomes and embryos

Rabbit sera against PIWI C-terminal peptide (C)SIPQNALEK-
KFYYL were prepared and affinity-purified as described previ-
ously (Caudy et al. 2002) and was used at 1:200 on polytene
chromosomes and embryos. Rabbit sera against the N-terminal
portion of the protein (four tested) were not effective in this
assay. The monoclonal serum C1A9 against HP1 (James et al.
1989) was used throughout this investigation at 1:20 to detect
HP1la in polytene chromosomes and at 1:100 in embryos. Poly-
clonal antibodies against other HP1 isoforms were raised in
guinea pigs with peptide antigens (HP1b antigen, CPESIR-
SKRKSFLEDDTEEQK; HPlc antigen, CRHIAMRMKGVPEEL-
RLAASR) representing unique portions of each protein. Rabbit
anti-H3dimethylK9 (catalog no. 07-441, Upstate Biotechnology)
was used at 1:25. Indirect immunofluorescent staining of poly-
tene chromosomes from third instar larvae of D. melanogaster
was performed as described (Stephens et al. 2004). Secondary
antibodies (Invitrogen-Molecular Probes) were labeled with Al-
exa Fluor 488 or 594. Competition of anti-PIWI antibodies with
peptide antigens was accomplished by incubation of diluted an-
tiserum with 50 pug/mL peptide antigen for 30 min at room
temperature prior to staining. Controls were prepared with an-
tisera incubated with an equivalent quantity of a peptide unre-
lated to the specific antigen.

ChIP and quantitative PCR

Purification of nuclei from adult myc-piwi flies was performed
following standard procedures. Briefly, adult whole flies were
ground in liquid nitrogen, and the powder was suspended in
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buffer A+ and homogenized sequentially in a ground-glass ho-
mogenizer (Pyrex) and a Wheaton Dounce homogenizer. The
homogenate was filtered through two layers of Miracloth. The
resulting filtrate was layered on a 2-mL buffer AS cushion and
centrifuged at 2200g for 10 min at 4°C. The nuclear pellet was
resuspended in buffer A+ by Dounce homogenization with a
loose pestle and centrifuged as previously. The resulting pellet
was resuspended in buffer A by Dounce homogenization with a
tight pestle and centrifuged as previously. Buffer A: 60 mM KClI,
15 mM NaCl, 1 mM EDTA, 0.1 mM EGTA, 20 mM HEPES (pH
7.5), 15 mM spermine, 0.15 mM spermidine, ] mM DTT, 1x
Complete Mini, EDTA-free proteinase inhibitor cocktail; buffer
AS: buffer A with 0.3 M sucrose; buffer A+: buffer A with 0.5%
NP40.

One gram of purified nuclei was suspended in 0.5 mL of ChIP
buffer (50 mM HEPES at pH 7.5, 60 mM KCl, 15 mM NaCl, 2
mM MgCl,, 1 mM EDTA, 0.1% deoxycholate.Na,, 1% Triton
X-100, 1 mM DTT, 1x Complete Mini, EDTA-free proteinase
inhibitor cocktail) and cross-linked with 1% formaldehyde for
15 min at room temperature with continuous rotation. The
cross-linking reaction was quenched by the addition of glycine
to a final concentration of 0.125 M for 5 min. Cross-linked
nuclei were fragmented by sonication on ice (Branson Digital
Sonifier 450, output 30%, 15 sec per pulse, 30 rounds), and
insoluble material was removed by centrifugation at 12,000g for
10 min at 4°C. Nuclear lysate was incubated overnight at 4°C
with anti-MYC monoclonal antibody (1:50). Fifty microliters of
salmon sperm DNA/protein G agarose beads (Upstate Biotech-
nology) were added, and samples were incubated for an addi-
tional 2 h at 4°C. Beads were collected and washed once with
low-salt RIPA buffer (50 mM HEPES at pH 7.5, 150 mM NaCl,
2 mM EDTA, 1% Triton X-100, 0.1% SDS), once with high-salt
RIPA buffer (50 mM HEPES at pH 7.5, 500 mM NaCl, 2 mM
EDTA, 1% Triton X-100, 0.1% SDS), once with LiCl washing
buffer (50 mM HEPES at pH 7.5, 0.25 M LiCl, 1 mM EDTA, 1%
NP-40, 1% Deoxychloate.Na,), and once with TE buffer. Cross-
links were reversed overnight at 65°C, followed by proteinase K
digestion. DNA was purified from the beads by phenol/chloro-
form extraction and ethanol precipitation.

Quantitative PCR was conducted on a Roche LightCycler 2.0
system with the Roche SYBR Green Master mix using the fol-
lowing primer sets: F element (forward, 5-ATCACGGTA
GAAGAGCCGCA-3’; reverse, 5-TGTGAAGACGGATTTT
CAGCTC-3'), 1360 element (forward, 5-GGAGCTCTGCG
TATAGCCAACTT-3’; reverse, 5'-ACCTAAACCGCCGAGT
CCTG-3'); RpL32 (forward, 5'-CGATCTCGCCGCAGTAAAC
3'; reverse, 5'-CTTCATCCGCCACCAGTCG-3'). The quanti-
ties of F element and 1360 DNA precipitated by anti-MYC an-
tibody were normalized against those of RpL32. These ratios are
further normalized against those from ChIP input DNA, which
gives the relative enrichments of PIWI at F element and 1360
sequences.

Immunoblot analysis

Western blot analysis was performed by standard methods. The
rabbit antibody against PIWI was used at 1:2000. Chemilumi-
nescent detection of HRP-conjugated goat secondary antibodies
was performed by standard methods. Peptide competition was
performed using the same ratio of antiserum:antigen described
for polytene chromosome-staining experiments above. Results
are shown in Supplementary Figure 1.

Immunoprecipitation

Nuclear sonicate from 6- to 18-h Oregon R embryos was diluted
to 1 g of embryo equivalent per milliliter in IP lysis buffer (50
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mM Tris at pH 7.5, 150 mM NaCl, 1.0 mM EDTA, 0.1% Triton
X-100, 10% glycerol, 1.0 mM DTT, 1x protease inhibitor cock-
tail). Lysate from 0.25 g of embryo was incubated with 5 uL of
the appropriate antibody for 4 h at 4°C with rotation. Antibod-
ies were either rabbit anti-PIWI-C or rabbit anti-HP1a (WA184).
Fifty microliters of protein A Sepharose (50% slurry in IP lysis
buffer) were added to this mixture and incubated for 1 h at 4°C
with rotation, after which immunoprecipitates were collected
and washed four times with 500-uL volumes of wash buffer (50
mM Tris at pH 7.5, 150 mM NaCl, 1.0 mM EDTA, 1% NP40,
0.1% SDS, 1.0 mM DTT, 1x protease inhibitor cocktail). Immu-
noprecipitates were denatured and solubilized by boiling in 1x
Laemmli sample buffer, fractionated, blotted, and probed with
either rabbit anti-PIWI-C (1:2000) or mouse anti-HPla (C1A9,
1:1000).

RT-PCR

RT-PCR was performed to examine piwi expression in different
developmental stages and tissues. Total RNA was extracted
from embryo, third instar larvae, pupae, ovary, testis, adult fe-
male carcass, and adult male carcass. The primer used in the RT
reaction was 5'-CAAACTGCTGGCACTCGT-3’, and primers
for the subsequent PCR reaction were sense primer (5-TAC
TTCCCGAGGTAGTGGTGATGG-3') and antisense primer
(5'-CCACGGCTTTCGCTCTGTCG-3').
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