Drosophila GAGA factor directs histone
H3.3 replacement that prevents
the heterochromatin spreading
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Epigenetic maintenance of the expression state of the genome is critical for development. Drosophila GAGA
factor interacts with FACT and modulates chromatin structure for the maintenance of gene expression. Here
we show that the GAGA factor-FACT complex and its binding site just downstream from the white gene are
crucial for position effect variegation. Interestingly there is a dip of histone H3 Lys 9 methylation and a peak

of H3 Lys 4 methylation at this site. The GAGA factor and FACT direct replacement of histone H3 by H3.3
through association of HIRA at this site, and maintain white expression under the heterochromatin
environment. Based on these findings we propose that the GAGA factor and FACT-dependent replacement of
Lys 9-methylated histone H3 by H3.3 counteracts the spreading of silent chromatin.
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Chromatin can transmit genetic information without
changes in primary DNA sequence from one cell genera-
tion to the next. The method of transmission, termed
epigenetic gene expression, depends on post-transla-
tional modifications of four core histones. Recent stud-
ies have demonstrated that the degree or the pattern of
the selected histone modification on the nucleosome is
tightly correlated with the regulation of gene expression
(Jenuwein and Allis 2001). Two types of epigenetic gene
expression have been studied extensively in Drosophila.
One is maintenance of Hox gene expression governed by
Polycomb and trithorax group genes (Simon and
Tamkun 2002; Ringrose and Paro 2004). The other is
position effect variegation (PEV) (Reuter and Spierer
1992; Grewal and Elgin 2002). Silencing and counteract-
ing maintenance of the active state are involved in the
phenomena. The silencing is achieved through methyl-
ation of histone H3 at K27 and/or K9 followed by binding
of Polycomb group or heterochromatin proteins recog-
nizing these silent marks (Rea et al. 2000; Czermin et al.
2002; Grewal and Flgin 2002; Miiller et al. 2002;
Ringrose and Paro 2004). To elucidate the mechanism for
the maintenance of the active state, we focused on the
Trithorax-like (Trl) gene encoding the GAGA factor. Trl
is a member of trithorax group, and Trl mutation is an
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enhancer of PEV (Farkas et al. 1994), suggesting a com-
mon mechanism underlying the maintenance of Hox
gene expression and PEV. Previous study has revealed
that the GAGA factor interacts with a Drosophila coun-
terpart of human FACT (Orphanides et al. 1998, 1999)
and that the GAGA factor-FACT complex facilitates
chromatin remodeling and contributes to the mainte-
nance of Hox gene expression (Shimojima et al. 2003).
However, it remained elusive how the GAGA factor-
triggered chromatin alterations lead to the maintenance
of gene expression. Here we addressed the issue by fo-
cusing on PEV. Our data demonstrate a critical role for
the GAGA factor and FACT in the replacement of K9-
methylated histone H3 by H3.3 to counteract the spread-
ing of silent chromatin.

Results

GAGA factor-FACT complex is involved in PEV

When an actively transcribed white (w) gene is juxta-
posed with centromeric heterochromatin by chromo-
some inversion such as In (1) w™* (Fig. 2A, below), its
expression is subject to variable but heritable silencing,
which gives rise to variegated eye color. This phenom-
enon, termed PEV, provides evidence for a critical role
for chromatin structure in gene expression (Muller 1930;
Tartof et al. 1984). In our genetic background, In (1) w™*
showed almost red eye with small white spots (Fig. 1A).
The variegated eye color phenotype of w™? was en-
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Figure 1. GAGA factor-FACT complex is involved in PEV.
(A—F) Functional interaction between Trl and Spt16 as revealed
by enhancement of PEV. Male eyes of w™? (A), w4 Trl'3¢/+
(B), w™Aspti6/+ (C), wm%Asptl6  TrI'3¢/+ (D), and
w? P[spt16*[;Aspt16 TrI'3>C/+ (E). (F) Eye pigmentation in the
indicated lines. Error bars represent SD throughout the paper.
Asterisks indicate statistical significance: (***) P <0.001.
(G) RT-PCR for relative abundance of w, CG32795, and rp49
mRNAs.

hanced in a Trl**¢/+ line as revealed by expanded white
regions (Fig. 1, A vs. B,F; P <0.001). This confirms the
previous conclusion that Trl is an enhancer of PEV (Far-
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kas et al. 1994). Similarly, the PEV was enhanced when
a single dose of spt16 was removed in the w™* back-
ground (Fig. 1, A vs. C,F; P < 0.001). The PEV was further
enhanced in flies doubly heterozygous for Trl'3¢ and
Aspt16 than in each single heterozygote (Fig. 1, D vs.
B,C,F). This effect was reversed by expression of dSPT16
from a transgene (Fig. 1, E vs. D,F). As a negative control,
reduction of a single dose of scf (Kobayashi et al. 1998)
did not enhance the PEV of w7 (data not shown). These
results indicate that the GAGA factor-FACT complex
plays a role in PEV.

To confirm the involvement of the GAGA factor-
FACT complex in PEV, we compared w expression in
embryos 10-22 h after egg laying (AEL) among w*, w™?,
w2 Tr]*3€ /+ and w™% Aspt16/+ lines. At this stage, w is
expressed mainly in the Malpigian tubules (Fjose et al.
1984), and its expression is subject to PEV (Schultz 1956).
Actually, the TrI*3*¢/+ or Aspt16/+ population consisted
of embryos heterozygous for the mutation (50%), homo-
zygous for the mutation (25%), and homozygous for a
balancer (25%), but we call the population simply
TrI*3¢/+ or Aspt16/+ here. As expected, expression of w
or its neighboring gene CG32795 measured by RT-PCR
was lower in w™? than in w*, and its expression was
further decreased in w™%Trl*3“/+ and w™?% Aspt16/+,
while expression of a control gene rp49 was almost the
same among the four lines (Fig. 1G). By contrast, reduc-
tion of a single dose of either Trl or spt16 or both did not
affect w or CG32795 expression when these genes are
located on their normal chromosomal positions (Supple-
mentary Fig. S1). These results support the involvement
of the GAGA factor-FACT complex in PEV.

GAGA factor-FACT complex on a site just
downstream from w plays a role in PEV

If the GAGA factor-FACT complex directly participates
in the maintenance of w expression, these proteins
should be present in the w locus. Using chromatin im-
munoprecipitation (ChIP) assays, we analyzed the pres-
ence of the GAGA factor on 12 potential GAGA factor-
binding sequences around the w locus (Fig. 2A, ul-u7
and d1-d5) in embryos 10-22 h AEL. Significant amounts
of the GAGA factor were detected only in a site termed
d1 (Fig. 2B). This site seems to be important because it is
present between w and heterochromatin in the w™# con-
text and just downstream from w. w transcription ap-
pears to terminate before d1 because no transcripts were
detectable on d1 by RT-PCR (Supplementary Fig. S2).
We then compared occupancies of the GAGA factor
and FACT on w exons 2, 4, 6, and d1 among w*, w™?, and
w4 Tr]*3€ /1 lines. The GAGA factor was detectable on
d1 but not on w exons. Compared with w*, the level of
the GAGA factor on d1 reduced in w™? and further re-
duced in w4 Trl*®“/+ (Fig. 2C). Consistent with the pre-
vious observation that virtually all GAGA factors are
associated with FACT in embryonic nuclei (Shimojima
et al. 2003), FACT was also present on dl, and its level
reduced in a similar manner as the GAGA factor (Fig.
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Figure 2. GAGA factor-FACT complex is pres-
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2D). The reduced level of FACT is not due to diminished
expression because Western analyses showed that ex-
pression of the FACT subunits is normal in w™? and
w4, Trl'3¢/+ (Supplementary Fig. S3). Taken together,
the results presented thus far suggest that the GAGA
factor-FACT complex on dl plays a role in the mainte-
nance of w expression under the heterochromatin envi-
ronment.

Importance of d1 in PEV

To assess the importance of d1 in the protection of gene
expression from the heterochromatin spreading, we
made transgenic fly lines harboring the mini w gene with
the d1 sequence encompassed by FRTs, a 201-base-pair
(bp) spacer DNA, and GAL4-UAS (Fig. 3A). Note that the
conventional mini w terminates just before d1 and lacks
it). ChIP assays showed that the GAGA factor and FACT
are present at d1 on the transgene (Supplementary Fig.
S4). Most of the lines showed normal red eye color before
or after flip out of d1 (Fig. 3B). However, when GAL4-
HP1 fusion proteins were expressed, we observed varie-
gated eye color in the lines with d1 (Fig. 3C, left). The
variegation was further enhanced in the lines without d1
(Fig. 3C, right). These results suggest an importance of d1
in PEV, but the effect could be due to the diminished
distance between mini w and GAL4-UAS after excision
of d1. To exclude the possibility, we made similar trans-
genic fly lines in which the GAGA factor-binding site
was destroyed by base substitutions keeping the distance
between the functional units. These lines also showed
the enhanced variegation in the presence of GAL4-HP1,
while the same lines showed normal red eye color in the
absence of GAL4-HP1 (Fig. 3D). The enhanced levels of
variegation in the presence of GAL4-HP1 were almost
the same as those without d1 (Fig. 3, cf. D and C, right
panel). These data reveal a critical role for the GAGA
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factor-binding sequence at d1 to prevent the heterochro-
matin spreading. One of the lines with the wild-type
GAGA factor-binding sequence showed variegation even
without expression of GAL4-HP1 due to the transgene
insertion into a region neighboring centromeric hetero-
chromatin on the second chromosome in the order of
mini w-dl-heterochromatin (Fig. 3E, left). This variega-
tion was also enhanced upon excision of d1 (Fig. 3E,
right), demonstrating that d1 is functional at a place
many kb away from the centromeric heterochromatin as
in the w™# context. These observations indicate that the
d1 sequence is necessary and sufficient to counteract the
heterochromatin spreading.

d1 is a DNase-hypersensitive site

What is the mechanism underlying the protection from
the heterochromatin spreading? To address the issue we
analyzed the chromatin states around the w locus. As
the GAGA factor-FACT complex stimulates chromatin
remodeling around the GAGA factor-binding site (Shi-
mojima et al. 2003), some alterations of chromatin struc-
ture would also occur at d1. To test the possibility, we
carried out nuclease sensitivity assays using nuclei iso-
lated from embryos 10-22 h AEL. DNase I preferentially
cleaved at w* d1 within a 1.6-kb region encompassing
two NspV sites (Fig. 4A). The DNase I hypersensitivity
at d1 became less prominent in w™* and w™%Tr[*3“/+
than in w*. To make quantitative comparison of the
nuclease sensitivity at d1 among the three lines, we per-
formed restriction enzyme accessibility assays. Figure 4B
shows that an Spe I site neighboring the GAGAG cluster
in d1 was highly accessible in w*. The accessibility re-
duced in w™* and further reduced in w4 TrI**“/+ (Fig.
4C; P < 0.001). By contrast, the accessibilities of Spe I at
other chromosomal regions were low, and no significant
changes were detectable among the three lines (data not
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Figure 3. Importance of d1 for counteracting the heterochro-
matin spreading. (A) Transgene construct. (B,C) Male eye and
eye pigmentation of a typical transgenic line with or without d1
before (B) or after (C) expression of GAL4-HP1. (D) Male eye and
eye pigmentation of a typical transgenic line carrying base sub-
stitutions in the GAGA factor-binding sequence in the presence
(right panel) or absence (left panel) of GAL4-HP1. (E) Male eye
and eye pigmentation of another line (B2) carrying the wild-type
GAGA factor-binding sequence with or without d1. Asterisks
indicate statistical significance: (**) P < 0.005; (***) P < 0.001.

shown). These results clearly show that d1 is a DNase-
hypersensitive site, and suggest that the GAGA factor
promotes chromatin remodeling at d1.

GAGA factor directs histone H3.3 replacement

Histone H3 K4 methylation peaks and H3 K9
methylation dips at d1

Next we compared distribution of K4-methylated his-
tone H3 and K9-methylated histone H3 around the w
locus among w*, w4 and w4 Trl*3¢/+ lines. The eu-
chromatin marker K4-methylated histone H3 was pres-
ent on w* exons and d1 and its level decreased in w™*
and further decreased in w24, TrI*>¢/+ (Fig. 5A). The ob-
served decrease in the level of K4 methylation in the
TrI*3¢/+ line could be due to decrease in the absolute
number of K4-methylated histone H3 or due to more
pronounced masking of the K4-methyl epitope through
the spreading of heterochromatin. Whatever the reason
may be, the data are consistent with the idea that the
GAGA factor counteracts the spreading of heterochro-
matin. By contrast, the heterochromatin marker K9-
methylated histone H3 was barely detectable on w" ex-
ons and dl, but its level increased in w™? and further
increased in w™; Trl*3“/+ (Fig. 5B). Site d6 is very close
to the centromeric heterochromatin in the w™# context
(Fig. 2A) and was heavily loaded with the K9-methyl-
ation signal in w™% and w™?; TrI*3“/+ but not in w*. The
level of K9 methylation on w exons in w4 TrI*3¢/+ was
as high as that on dé6 (Fig. 5B; P < 0.001). These results
strongly support the importance of the GAGA factor on
d1 for protection from the heterochromatin spreading.
The results also highlight interesting properties of dl:
There are a dip of K9 methylation (Fig. 5B) and a peak of
K4 methylation (Fig. 5A) at d1.

GAGA factor and FACT direct histone H3
replacement by H3.3 at d1

The K9 methylation could be removed at d1 by histone
replacement or demethylation. We considered replica-
tion-independent replacement of histone H3 by its vari-
ant H3.3 (Ahmad and Henikoff 2002) rather than de-
methylation because histone H3.3 is a preferred target of
K4 but not K9 methylation (McKittrick et al. 2004),
while a demethylated histone H3 could be a target of K9
methylation again. To test the possibility, we made
transgenic fly lines expressing Flag-tagged histone H3 or
Flag-tagged histone H3.3 and analyzed occupancies of
these histones on d1 and other control sites. The expres-
sion level of the tagged H3 or H3.3 was ~1% the level of
endogenous histone H3 (Supplementary Fig. S5). ChIP
assays using an anti-Flag antibody showed that the his-
tone H3.3 to H3 ratio was high at d1 compared with w
exon 2 or d6 in the wild type (Fig. 6A). This is due to an
increase in the H3.3 level and a decrease in the H3 level
at d1 (data not shown). However, in TrI*3“/+ or Aspt16/+,
the ratio reduced significantly at d1 (P < 0.001) but not at
exon 2 or d6 (Fig. 6A). These results suggest that the
GAGA factor and FACT direct replacement of histone
H3 by H3.3 at d1. As expected, reChIP assays showed
that histone H3.3 but not histone H3 received K4 meth-
ylation at d1 (Supplementary Fig. S6).

HIRA is a chaperone specific for H3.3 deposition
(Tagami et al. 2004). If the GAGA factor and FACT criti-
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Figure 4. GAGA factor induces DNase-hypersensitive
site at d1. (A) DNase I hypersensitivity assay. Thick
line and filled box in the restriction map represent the
probe for hybridization and the GAGAG cluster in d1,
respectively. The DNase I-cut products are marked by
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an arrowhead. (B,C) Restriction enzyme accessibility G{,sGA
assay. A typical example of the assay (B) and a summary Sall

of the results (C). Asterisks indicate statistical signifi-
cance: (**) P <0.005; (***) P <0.001.

cally participate in the replacement of histone H3 by
H3.3, these factors may physically interact with HIRA.
To test the possibility, we carried out immunoprecipita-
tion experiments and ChIP assays. We found that HIRA
was coimmunoprecipitated with anti-GAGA factor an-
tibodies (Fig. 6B, top panel; Supplementary Fig. S8). In a
reciprocal test, anti-HIRA antibodies immunoprecipi-
tated the GAGA factor (Fig. 6B, bottom panel; Supple-
mentary Fig. S8). We also observed occupancy of HIRA at
d1 but not at exon 2 or d6 (Fig. 6C). The amounts of
HIRA at d1 decreased to 70% and 40% of the wild-type
level in Aspt16/+ and Trl*®“/+, respectively. The reduced
level of HIRA at d1 in TrI*3“/+ or Aspt16/+ is not due to
decreased expression of HIRA in these mutants (Supple-
mentary Fig. S7). Furthermore, a mutation in the Dro-
sophila hira gene (Loppin et al. 2005) enhanced PEV (Fig.
6D [left], E; P < 0.005). Importantly, no difference in the
variegation was observed between wild type and the mu-
tant when the GAGA factor cannot access to the w re-
gion due to excision of d1 (Fig. 6D [right], E). Taken to-
gether, these findings indicate that the GAGA factor and
FACT participate association of HIRA to d1 for the his-
tone H3.3 replacement, and prevent the spreading of het-
erochromatin.

GAGA factor and FACT-dependent histone H3
replacement by H3.3 in Fab-7 boundary
of Abdominal-B

Is the GAGA factor and FACT-dependent replacement of
histone H3 by H3.3 specific to d1 or a general mecha-
nism? To address the issue, we examined the histone
H3.3 to H3 ratio at the DNase-hypersensitive site (HS) 1
in the Fab-7 boundary of Abdominal-B (Abd-B). We
chose the HS1 because there exists a nice cluster of six
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GAGAG sequences within the site (Fig. 7A). As shown
in Figure 7B, the histone H3.3 to H3 ratio was high at the
HSI1 in the wild type. However, the ratio reduced signifi-
cantly in TrI*3“/+ or Aspt16/+ (P < 0.001), while these
mutations did not affect the ratio at a control site lacking
the GAGA factor-binding sequence. These results sug-
gest that the GAGA factor and FACT-directed replace-
ment of histone H3 by H3.3 also occurs at the DNase
HS1 in the Fab-7 boundary of Abd-B.

Discussion

In this study, we show that the GAGA factor-FACT
complex is present on d1, a site just downstream from w,
and participates in PEV. d1 appears to be a peculiar site
where histone H3 K4 methylation peaks and H3 K9
methylation dips, and necessary and sufficient to coun-
teract the heterochromatin spreading. The GAGA factor
and FACT contribute to replacement of histone H3 by
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Figure 5. Histone modifications around w as revealed by semi-
quantitative ChIP assays. Distribution of K4-methylated his-
tone H3 (A) or K9-methylated histone H3 (B) around w in w*,
wm? and w™¥,Trl"3¢/+. Asterisks indicate statistical signifi-
cance: (*) P <0.05; (***) P <0.001.
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Figure 6. GAGA factor and FACT direct replacement of histone H3 by H3.3 at d1. (A) Occupancies of Flag-histone H3 or Flag-histone
H3.3 at d1, exon2, and d6 as measured by semiquantitative ChIP assays using an anti-Flag antibody in wild type, TrI**¢/+, or Aspt16/+.
H3.3 abundance is shown by ratio of Flag-H3.3 to Flag-H3. Asterisks indicate statistical significance: (***) P < 0.001. (B) Physical
interaction between GAGA factor and HIRA. (Top panel) Proteins in a nuclear extract from a transgenic line expressing Flag-HIRA
from the cognate promoter (Loppin et al. 2005) were immunoprecipitated with preimmune serum or anti-GAGA factor antiserum, and
detected with the anti-Flag antibody. (Bottom panel) Proteins in a nuclear extract from a transgenic line expressing Flag-GAGA factor
(Shimojima et al. 2003) were immunoprecipitated with preimmune serum or anti-HIRA antiserum (Loppin et al. 2005), and detected
with the anti-Flag antibody. (C) GAGA factor and FACT participate in association of HIRA to dl. ChIP assays using anti-HIRA
antibodies (Loppin et al. 2005) in wild type, TrI*3%/+, or Aspt16/+. (D,E) PEV is enhanced by a hira mutation in a d1-dependent manner.
(D) Male eyes of the mini-w transgenic line B2 (see Fig. 3E) with the indicated genotypes with or without d1. (E) Eye pigmentation in
the indicated lines. Asterisks indicate statistical significance: (**) P < 0.005. (N.S.) Not significant.

H3.3 through association of HIRA to d1, and maintains
w expression under the heterochromatin environment.
Based on these data, we propose the following model for
the maintenance of the active state against the spreading
of silent chromatin (Fig. 8). Heterochromatin is marked
by K9-methylated histone H3 and its binding protein
HP1, and has a tendency to spread into neighboring re-
gions (Rea et al. 2000; Grewal and Elgin 2002). Histone
H3.3 replacement is thought to be achieved through ei-
ther eviction of a nucleosome and deposition of a H3.3-
containing nucleosome or stepwise disassembly-reas-
sembly without eviction of a nucleosome. As the GAGA

factor-FACT complex facilitates chromatin remodeling
(Shimojima et al. 2003) and the GAGA factor is known
to generate a nucleosome-free region around its binding
site (Lu et al. 1993), it is most likely that eviction or
disassembly of a nucleosome occurs at the DNase-hyper-
sensitive site of d1. The GAGA factor and FACT partici-
pate association of HIRA to d1 and the histone replace-
ment would be accomplished by subsequent deposition
or reassembly of a H3.3-containing nucleosome. This
process would be repeated constantly to eliminate K9-
methylated histone H3 at d1 and counteract the spread-
ing of silent chromatin.
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Figure 7. GAGA factor and FACT-dependent replacement of
histone H3 by H3.3 in the Fab-7 boundary of Abd-B. (A) Sche-
matic presentation of the Fab-7 region. Small horizontal bars
indicate the PCR regions in the ChIP assays. Each filled oval
represents the GAGAG sequence. (B) Occupancy of Flag-his-
tone H3 or Flag-histone H3.3 at the DNase HSI1 in the Fab-7
boundary and at a control site in iab-6 lacking the GAGA factor-
binding sequence was measured as in Figure 6A. Asterisks in-
dicate statistical significance: (***) P < 0.001.

Schwartz and Ahmad (2005) have reported histone
H3.3 replacement triggered by transcription elongation.
However, genome-wide profiling has shown histone
H3.3 replacement from upstream of to downstream from
transcription units (Mito et al. 2005). Although some of
the replacement may be explained by elongation during
intergenic transcription, the histone H3.3 replacement
at d1 appears to occur independent of transcription elon-
gation. Thus, the present study indicates a distinct path-
way for histone H3.3 replacement.

In FlyBase, transcription of the w adjacent gene
CG32795 has been reported to start immediately after
the GAGA factor-binding sequence of d1, suggesting that
dl is a part of the promoter region of CG32795. There-
fore, we examined the effect of Trl and spt16 mutations
on expression of CG32795. The reduction of a single
dose of Trl or spt16 affected the CG32795 expression in
the w™* context (Fig. 1) but not in the w" context
(Supplementary Fig. S1). These data are consistent with
the idea that d1 is a functional promoter element of
CG32795 in the w' context, although Trl and spt16 be-
come haplo-insufficient only when the accessibility of
the GAGA factor-FACT complex to d1 decreased under
the heterochromatin environment. This raises the pos-
sibility that the protection from heterochromatin
spreading by the GAGA factor and FACT at d1 is a con-
sequence of their function within the CG32795 pro-
moter. However, conventional promoters do not have a
barrier function against heterochromatin silencing. For
example, the presence of GAL4 (or E2F) on a promoter
carrying GAL4 (or E2F)-binding site did not modify PEV
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of the attached reporter gene (Seum et al. 2000). Ge-
nome-wide profiling of H3.3 replacement in Drosophila
has revealed the clear dip of H3.3-containing nucleo-
somes at immediately upstream of the transcription
start sites of active genes (Mito et al. 2005). This is in
sharp contrast with the case of d1, where we observed
peaks of both the H3.3/H3 ratio and the actual H3.3
level, and illuminates the difference between d1 and or-
dinary promoters. Furthermore, the GAGA factor-depen-
dent histone H3.3 replacement was detected also at the
DNase HS1 in the Fab-7 boundary of Abd-B (Fig. 7),
where no promoter activity has been demonstrated.
These findings indicate that the GAGA factor and
FACT-dependent histone H3.3 replacement can occur
without promoter functions. Nevertheless, the barrier
function could be assisted by the putative promoter ac-
tivity of d1 such as formation of a transcription initia-
tion complex.

The GAGA factor-binding sequence at d1 consists of
(GAJg. As the GAGA factor forms an oligomer through
its BTB domain, the factor can make a cooperative and
stable binding to closely spaced GAGAG elements (Kat-
sani et al. 1999). This is presumably the reason why d1
gave a prominent signal among the GAGAG sequences
around w in our ChIP assay (Fig. 2B). Because the GAGA
factor occupies many closely spaced GAGAG sequences
within the Drosophila genome (Lu et al. 1993; van
Steensel et al. 2003) including the Polycomb/trithorax
response elements of Hox genes, the proposed mecha-
nism (Fig. 8) may operate not only in loci juxtaposed
with heterochromatin but also in other loci such as the
regulatory regions of Hox genes. Indeed we observed the
GAGA factor and FACT-dependent histone H3.3 re-
placement in the Fab-7 boundary of Abd-B. High levels
of histone H3.3 have been also reported at the locus con-

Active chromatin Silent chromatin

GAGA
factor

Brect]
asasd— /)

Eviction or
Disassembly

Deposion or
Nucleosome Reassembly

Histone H3.3-
containing
nucleosome

Figure 8. Model for GAGA factor and FACT-dependent his-
tone replacement to counteract the heterochromatin spreading.
We propose that the replacement is achieved through the
GAGA factor-FACT complex-dependent eviction or disassem-
bly of a nucleosome, the GAGA factor, and FACT-dependent
association of HIRA, and the subsequent HIRA-mediated depo-
sition or reassembly of a H3.3-containing nucleosome. See the
text for details. It remains unknown whether the GAGA factor
interacts with HIRA directly or through other GAGA factor-
associated proteins.

K9-methylated
histone H3 and HP-1



trol region of the chicken folate receptor gene (Jin and
Felsenfeld 2006), suggesting that the barrier function
against the chromatin silencing via histone H3.3 replace-
ment may be evolutionarily conserved up to vertebrates.

Materials and methods

Fly stocks

To obtain transgenic fly lines expressing Flag-histone H3 or
H3.3, we inserted an entire ORF of histone H3 or H3.3 with a
six-amino-acid spacer (SRPVAT) and a Flag peptide at its C ter-
minus into a pCaSpeR-hsp83-Act5C-EGFP vector in which the
mini w marker of pCaSpeR-hsp83 (Horabin and Schedl 1993)
was replaced with the Act5C-EGFP marker and used it for germ-
line transformation. Transgenic fly lines carrying the 212-bp d1
sequence (FlyBase, Chr. X: 2646116-2645905) were made by in-
serting a DNA fragment FRT-d1-FRT-a spacer DNA-GAL4UAS
after mini w of the pCaSpeR-hsp83 vector. We also made trans-
genic lines as above in which the GAGA factor-binding se-
quence at dl, (TC)s, was replaced with ACACAGCCG
GCACACA. Excision of d1 was carried out by crossing with a
line P[B,-Tubulin FLP] expressing the flippase. Tr['®€ is a P-
element insertion line (Farkas et al. 1994). The Adspt16 and
Adspt16 TrI**¢ lines have been described (Shimojima et al.
2003). P[Act5C-EGFP, spt16*] line was prepared by inserting an
entire ORF of spt16* into pCaSpeR-hsp83-Act5C-EGFP and the
chromosome containing the P-element was introduced into the
Aspt16 TrI*3€ line to yield a rescue line P[Act5C-EGFP, spt16*];
Aspt16 TrI'3C. hira®??°K is ssm'8°? described by Loppin et al.
(2005).

PEV analysis

To observe PEV, w¥ females were crossed to males of yw;
+/TM3y*, yw; Aspt16/TM3y*, yw; Trl'3¢/TM3y*, yw; Asptl6
TrI*3C¢|TM3y"*, or yw;P[Act5C-EGFP, spt16*]; Asptlé TrI'3¢/
TM3y*. After raising at 18°C, the eye colors of male offsprings
were observed within 6 h after eclosion. To examine the effect
of d1 on w variegation, the flies in which d1 had been flipped out
or not were crossed with GHP1-6 (Seum et al. 2000), then the
fusion protein GAL4-HP1 was expressed by heat shock at day 7
AEL for 30 min in a 37°C water bath, and the eye colors were
observed after raising at 25°C. To measure eye pigmentation, 10
(w™ lines in Fig. 1F) or 30 (transgenic lines in Figs. 3, 6E) male
adult heads within 24 h after eclosion were homogenized in 20
pL of 0.1% NH,OH. The homogenates were extracted once
with chloroform. Absorbance of the supernatants was measured
at 485 nm.

ChIP assays

Embryos from each line were collected 10-22 h AEL and decho-
rionated. ChIP assays were performed as described (Orlando et
al. 1998; Andrulis et al. 2000) without the CsCl centrifugation
step. After incubation with chromatin fragments derived from
50-mg embryos, antibody-loaded protein A agarose beads were
washed seven times with RIPA buffer (10 mM Tris-HCI at pH
8.0, 1 mM EDTA at pH 8.0, 0.5 mM EGTA at pH 8.0, 140 mM
NaCl, 0.1% SDS, 0.1% sodium deoxycholate, 1% Triton X-100),
once with RIPA high-salt buffer (RIPA containing 500 mM
NaCl), once with LiCl wash buffer (250 mM LiCl, 10 mM Tris-
HCI at pH 8.0, 1 mM EDTA at pH 8.0, 0.5% sodium deoxycho-
late, 0.5% NP-40), and then once with TE (10 mM Tris-HCI at
pH 8.0, 1 mM EDTA at pH 8.0). After washing, the beads were
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resuspended in 300 uL of reverse cross-link buffer (300 mM
NaCl, 0.5% SDS, and 300 pg/mL Proteinase K in TE) and incu-
bated overnight at 65°C. The beads were spun down and the
supernatant was saved. The beads were washed with 150 pL of
reverse cross-link buffer and spun down, and the supernatant
was saved. DNA was recovered from the combined supernatant
by phenol-chloroform treatment followed by ethanol precipita-
tion and resuspended in 50 pL of TE, and a 1-uL portion was
used for PCR. The PCR products were resolved by 10% poly-
acrylamide gel electrophoresis, visualized with SybrGreen I
(Molecular Probe), and quantitated using Luminolmager LAS
1000 (FujiFilm). Primers used were 5'-AGATGTCAGACAGG
GACAGC-3'" and 5-GCAGTTCGTGTTTGCTATCTG-3' for
ul, 5-CAGGCGACTGGGCTGCAATT-3' and 5'-GGCCGT
GGGATTTCCTTCTG-3' for u2, 5'-CACCAACAACCAACAA
CGAAAC-3" and 5-CTGTGAAATACTTACGAAGAAAC-3’
for u3, 5-CATAATGTCAAATGTTGTGGCAC-3' and 5'-
AGCCAAGGGAGCGAGATCC-3' for u4, 5'-CTTAGAAATA
ATTCCCGAATTGG-3' and 5'-TGCGCATTTCGAAAAGTT
GTT-3’ for u5, 5'-TCGCGCACATACACTGCAAC-3’ and 5'-
CTCATCTGTGCAACAGTTGCG-3' for u6, 5-CTAACTAT
GTGACCCGAACCC-3’ and 5-GAGTTTTCCGGGGGCCAA
GG-3' foru7, 5'-GCTTGGATTTCACTGGAACTAG-3' and 5'-
AAAAACACACTGCCCACACGC-3' for dl, 5-GCAGAA
GAGGACAACAATGCG-3' and 5-GATTGCTCGATTTAA
TTTGCC-3’ for d2, 5'-CCATATGTCACACTCACACATG-3'
and 5'-AACACGAAAAATTGAAACGATGC-3' for d3, 5'-CT
AAAGAGATTTAATAGCAAG-3’ and 5-AATGAAAATGAA
AATGAAAGACAGAC-3' for d4, 5'-GCTTATGCTGATTTC
GTATC-3’and 5’ TTTTTTTTAGTGCACAAATAGC-3’ for d5,
5-CGTCGAGTGTAAACGCTGTG-3" and 5-CGGCAGGAC
TTTTGCGGAAT-3' for d6, 5-GCCAACTAGCCGAGAA
CCTC-3' and 5'-TAGTCCGCGTGTCCGGTTGA-3’ fore2, 5'-
ACAGGTGTTGGCCGTTGTGC-3' and 5'-CATATCCCGGG
CTACTTTGC-3' for e4, 5'-AGCCGGGCGAAATTAGCTGC-3’
and 5'-TGGCCAGACCCACGTAGTCC-3’ for e6, 5-CTAA
CAAGATTTCAAGCTGTGTG-3" and 5'-GCGCGTTGATAT
GCCCCAATG-3’ for HSI in Fab-7 boundary, and 5'-CGAGC
CGTGTCTTTGCCACTG-3' and 5'-CGAGGACGAGCAACG
GACGTC-3' for a control site in iab-6. To generate antiserum
against GAGA factor, a histidine-tagged factor lacking N-termi-
nal five amino acids was expressed in Escherichia coli BL21
(DE3) pLys S, purified by Ni-NTA chromatography followed by
Mono S column chromatography, and then used for immuniza-
tion of a rabbit. Polyclonal antibodies against histone H3 K4 di-
or trimethyl were raised by using each H3 peptide carrying di- or
trimethylated K4 and affinity-purified. Other antibodies were
anti-dSSRP1 and anti-dSPT16 (Shimojima et al. 2003), anti-
HIRA (Loppin et al. 2005) (a gift of B. Loppin, Université Claude
Bernard, Villeurbanne, France), antihistone H3 K9 dimethyl
(Upstate Biotechnology), and anti-Flag antibody M2 (Sigma). In
Figures 2, C and D; 5, A and B; 6A; and 7B, averages and SDs
(standard deviations) from at least five independent experi-
ments are shown.

Immunoprecipitation

Nuclear extracts were prepared as described (Shimojima et al.
2003) from yw, yw; P[w*, Flag-HIRA]/TMé6B (Loppin et al.
2005), or yw;P[w*, Flag-GAGA] embryos 10-22 h AEL and dia-
lyzed against binding buffer (20 mM HEPES at pH 8.0, 150 mM
NaCl, 3 mM MgCl,, 0.1 mM EGTA, 5% glycerol, 0.05% NP-40,
0.5 mM DTT, protease cocktail [Sigma]). Portions of nuclear
extract containing 500-600 ug of proteins were incubated with
anti-GAGA, anti-dSSRP1, or anti-HIRA antibody-loaded Pro-
tein G agarose (Upstate Biotechnology) for 2 h at 4°C. Then the
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beads were collected and washed with binding buffer containing
200 pg/mL BSA.

Nuclease accessibility assay

Restriction enzyme or DNase I accessibility assays were carried
out as described (Thomas and Elgin 1988). PCR primers 5'-GG
TAGCGGTCCGGTTGTTTTC-3’ and 5'-CACTCGTTTTTCA
GCGAATCG-3’ were used to prepare a probe for Southern hy-
bridization.

RT-PCR

First strand cDNAs were prepared by using random primers on
total cellular RNA from embryos. PCR primers used were 5'-
AACGGAGCCATCTTCCTCTTCC-3" and 5'-GGGCCTCCC
TCATAAAAACTGGC-3' for w, 5-TACTCAACGTAATTG
GACTGATAATG-3’ and 5'-GGTCAGGGTGCAGTAGTAC
CAG-3' for CG32795, and 5-CCACCAGTCGGATCGATA
TG-3’ and 5'-CACGTTGTGCACCAGGAACT-3' for rp49.
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