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ABSTRACT

The evolutionarily conserved family of Bucentaur (BCNT) proteins

exhibits a widespread distribution in animal and plants, yet its

biological role remains largely unknown. Using Drosophila

melanogaster as a model organism, we investigated the in vivo

role of the Drosophila BCNT member called YETI. We report that

loss of YETI causes lethality before pupation and defects in higher-

order chromatin organization, as evidenced by severe impairment in

the association of histone H2A.V, nucleosomal histones and

epigenetic marks with polytene chromosomes. We also find that

YETI binds to polytene chromosomes through its conserved BCNT

domain and interacts with the histone variant H2A.V, HP1a and

Domino-A (DOM-A), the ATPase subunit of the DOM/Tip60

chromatin remodeling complex. Furthermore, we identify YETI as

a downstream target of the Drosophila DOM-A. On the basis of

these results, we propose that YETI interacts with H2A.V-

exchanging machinery, as a chaperone or as a new subunit of

the DOM/Tip60 remodeling complex, and acts to regulate the

accumulation of H2A.V at chromatin sites. Overall, our findings

suggest an unanticipated role of YETI protein in chromatin

organization and provide, for the first time, mechanistic clues on

how BCNT proteins control development in multicellular organisms.
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INTRODUCTION
The Bucentaur (BCNT) protein family, conserved from yeast to

humans, is characterized by the so-called BCNT domain, a stretch

of 80 amino acids located at the C-terminal end (Fig. 1). Despite

its widespread distribution in animals and plants, however, the

functions of this protein family remain largely unknown (Iwashita

et al., 2003). Sparse information in the literature indicate that

BCNT proteins might perform important cellular functions; the

yeast BCNT protein, Swc5, is a component of the ATP-dependent

chromatin remodeling complex SWR1, involved in the exchange

of the histone variant H2A.Z with the canonical H2A within

euchromatin (Kobor et al., 2004; Mizuguchi et al., 2004). The

Drosophila melanogaster BCNT protein, YETI, was originally

defined as a kinesin-binding protein able to bind both subunits of

the microtubule-based motor kinesin-I (Wisniewski et al., 2003).

Related BCNT proteins have been found in both cytoplasmic and

nuclear fractions (Iwashita and Naoki, 2011), and they have been

shown to asociate with kinetochores in chicken (Ohta et al.,

2010). Additional studies have linked the BCNT proteins to

craniofacial development and osteogenesis, though limited

mechanistic understanding is available. First, the mouse BCNT

protein, called CP27 or CFDP1, plays essential cellular functions

and is required for teeth and bone development (Diekwisch et al.,

1999; Diekwisch et al., 2002). Second, in mouse, downregulation

of the Cfdp1 gene correlates with the induction of cleft palate due

to persistent expression of the PAX3-encoding gene in neural

crest cells (Wu et al., 2008); upregulation of Cfdp1 was also

observed after experimentally induced osteodifferentiation

(Bustos-Valenzuela et al., 2011). Third, the Zebrafish BCNT

gene, called Rltpr, is developmentally expressed in the branchial

arches that will give rise to the craniofacial structures (Thisse,

2004). Finally, the human Cfdp1 gene has been shown to be a

target of TFII-I transcription factors, which in turn are encoded by

genes suggested to be primary candidates for Williams–Beuren

disease, which causes – among others symptoms – craniofacial

abnormalities (Makeyev and Bayarsaihan, 2011).

In this work, we have carried out in-depth functional studies

of the Yeti gene and its encoded product, YETI, in Drosophila

melanogaster. We show that the YETI protein is required

for higher-order chromosome and/or chromatin organization

during development. In addition, our results provide evidence

suggesting that YETI interacts with HP1a and with the H2A.V-

exchanging machinery and participates in the step of H2A.V

deposition.

RESULTS
Associating the vital gene l(2)41Aa with the Yeti gene
of Drosophila
We previously found that l(2)41Aa, a vital heterochromatin gene of

Drosophila melanogaster (Hilliker, 1976; Dimitri et al., 2003;

Rossi et al., 2007), is required for proper chromosome organization

in both mitosis and meiosis (Cenci et al., 2003a). To identify the

actual gene at the molecular level, we screened for P-element-

induced mutations that failed to complement l(2)41Aa alleles and

recovered two non-complementing lethal insertions, denoted LP1

and LP2 (see Materials and Methods). Molecular analysis showed
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*Author for correspondence (patrizio.dimitri@uniroma1.it)

Received 20 January 2014; Accepted 5 March 2014

� 2014. Published by The Company of Biologists Ltd | Journal of Cell Science (2014) 127, 2577–2588 doi:10.1242/jcs.150243

2577

mailto:patrizio.dimitri@uniroma1.it


Jo
ur

na
l o

f C
el

l S
ci

en
ce

that LP1 is a P-insertional allele that, when homozygous, results in
prolonged larval development followed by lethality before
pupation. Mutant larvae exhibited severely reduced imaginal

discs and brains, with melanotic masses in their hemocoel
(Fig. 2A). Cytological examination of DAPI-stained salivary
gland cells from LP1/LP1 homozygous and LP1/Df(2R)B

hemizygous larvae revealed decondensed and disorganized
chromosomes (Fig. 2B); all examined polytene cells displayed
such aberrant chromosome morphology, albeit at different degrees.
Moreover, polytene chromosomes and nuclei of LP1/LP1

homozygous salivary glands are about 40% smaller than those
present in wild-type salivary glands.

The flanking sequences of the LP1 insertional allele were

recovered by inverse PCR, sequenced and used to search the
Drosophila melanogaster genome database. BLAST analysis
using the 39 end flanking sequences of LP1 revealed 100%

identity with the 59 end region of CG40218, also called Yeti, a
967-bp-long gene located in scaffold AABU01002199. The P-
element was found to be inserted within the predicted start codon
ATG of Yeti at position +2. To further verify the connection

between the genetic locus l(2)41Aa and the Yeti gene sequence,
we performed PCR amplification and sequencing of the Yeti

region using genomic DNA from larvae homozygous for EMS-31,

a lethal allele of l(2)41Aa. Sequence inspection revealed that
EMS-31 carried a single base pair mutation (from A to T) at
position 106, where codon AAA for Lys is changed into a TAA

stop codon, most likely producing a truncated protein lacking
,60% of the protein including the evolutionary conserved C-
terminal region (Fig. 1). Taken together, these results indicate

that the l(2)41Aa vital gene corresponds to the Yeti gene.
Northern analysis using the 0.9-kb Yeti cDNA as a probe

revealed a transcript of the expected size (,0.9 kb) in larvae of

the Oregon-R wild-type strain, which was absent in LP1/LP1

homozygotes (Fig. 2C) indicating that LP1 is a null allele of Yeti.
The transcript was detected throughout development in embryos,

larvae, pupae, adults and ovarian RNA (Fig. 2D). To further
confirm whether the Yeti product is required for proper
chromosome organization, we depleted the Yeti gene in S2 cells

using double-stranded RNA (dsRNA)-mediated interference
(RNAi) (Fig. 2E). The RNAi-treated cells displayed abnormally
condensed chromosomes with fuzzy and loose appearance in
,70% of examined metaphases (n5457), versus the 3% baseline

level recorded in mock-treated cells. Remarkably, these defects of
chromosome organization strongly resemble those originally
characterized in l(41A) mutants (Cenci et al., 2003a).

Exogenously expressed YETI protein rescues the
chromosome morphology in Yeti mutants
If Yeti actually corresponds to the vital heterochromatin gene
l(2)41Aa, then reconstituting LP1 homozygous mutant strains
with exogenous Yeti gene product should rescue the defective
phenotypes observed in mutants. To assess whether that was the

case, we generated transgenic flies carrying the full-length
Yeti cDNA. Overexpression of the UAS-Yeti-M17 transgene
transgene using tub-GAL4 to induce the UAS promoter rescued

indeed both the larval lethality and the chromosome morphology
phenotypes associated with LP1 null alleles (supplementary
material Fig. S1A; details in Materials and Methods). To assess

the expression of the YETI protein in LP1/LP1; UAS-Yeti-M17/
tub-GAL4 larvae, we produced polyclonal antibodies directed
against the conserved C-terminal portion of the YETI protein (see

Materials and Methods) and analyzed protein extracts by western
blotting. A single 32-kDa band was detected in extracts from
LP1/LP1; UAS-Yeti-M17/tub-GAL4 larvae (Fig. 2F), but not in

Fig. 1. The BCNT proteins. Blast alignments of YETI and
other BCNT proteins sequences from humans, Mus

musculus, A. thaliana and S. cerevisiae. Note the high
conservation of protein sequence (about 45% similarity) in
the last 80 residues of the C-terminal end. In the EMS-31

lethal allele of Yeti, a single base pair substitution (from A to
T) was found at position 316, where codon AAA for lysine is
changed to a TAA stop codon. The lysine residue changed
in EMS31 allele is located at position 106 (see the asterisk).
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extracts from LP1/LP1; UAS-Yeti-M17/+ larvae, which do not
express the M17 transgene in the absence of the tub-GAL4 driver,

or from LP1/Df null hemizygotes lacking the functional Yeti gene.
These results therefore demonstrate that the Yeti gene (1) fully
complements the vital heterochromatin gene l(2)41Aa, and (2)

encodes a protein required for proper chromosome organization,
which is highly defective in mutant strains.

AYETI–GFP fusion protein localizes to the nucleus and binds
polytene chromosomes
Our previous work with l(2)41Aa (Cenci et al., 2003a) and the

results reported thus far implicate the YETI protein in chromatin
organization. To gain more understanding of how YETI might
perform this function, we sought to localize the protein in salivary
gland polytene chromosomes using anti-YETI in immunostaining

assays, but cytological analyses failed to reveal any clear staining,
suggesting that the antibody, although performing well in western
blot assays of denatured protein extracts (Fig. 2F), could not react

with the protein in its native conformation in whole cells. To
circumvent this problem, we generated transgenic Drosophila

melanogaster lines carrying a UAS-Yeti-GFP transgene (see
Materials and Methods) and induced its expression in salivary
glands and brains using the elav-GAL4 driver (Fig. 3A). Anti-

GFP antibody specifically detected the YETI–GFP fusion protein
in total protein extracts from salivary glands of larvae carrying
the UAS-Yeti-GFP transgene activated by elav-GAL4 driver

(Fig. 3B). GFP immunofluorescence assays in these larvae show
that the YETI–GFP fusion protein is present in all nuclei and is
recruited to hundreds of sites along polytene chromosome arms

(Fig. 3A), yielding a staining pattern that overlaps with that
produced by DAPI-staining. On mitotic cells of neural ganglia
isolated from third-instar larvae, anti-GFP staining was present in
nuclei but non detectable on chromosomes (supplementary

material Fig. S2). Moreover, in LP1/LP1; tub-GAL4/Yeti-GFP

larvae, expressing the Yeti-GFP transgene activated by tub-

GAL4 driver, a rescue of aberrant polytene chromosome

Fig. 2. Cytological and molecular analyses of the Yeti gene. (A) Yeti mutant larvae showing melanotic masses in their hemocoel. (B) DAPI-stained polytene
chromosomes of Oregon-R wild-type (left panel) and Df(2R)B/LP1 hemizygous mutant larvae (right panel). Df(2R)B fails to complement the LP1 allele (see
Materials and Methods). Chromosome organization in Yeti mutant genotypes is clearly perturbed. A similarly abnormal polytene chromosome organization
was detected in LP1 homozygotes. Scale bar: 10 mm. (C) Northern blot analysis of Yeti polyadenylated RNA from wild-type (lane 1) and LP1/LP1 larvae (lane 2).
(D) Northern blots of Yeti polyadenylated RNA from different developmental stages. The rp49 ribosomal protein gene was used as a loading control. Lane 1, 0–
3-hour-old embryos: lane 2, 9–12-hour-old embryos; lane 3, 18–21-hour-old embryos; lane 4, third-instar larvae; lane 5, larval/early pupal stage; lane 6, late
pupae; lane 7, adult males; lane 8, adult females; lane 9, ovaries. (E) RNAi-mediated knockdown of Yeti in Drosophila melanogaster S2 cells. Yeti double-
stranded RNA (15 mg) addition to S2 cell cultures strongly reduced the levels of endogenous mRNA after 72 hours as shown by RT-PCR. DNase
treatment combined with RNAi shows that a residual Yeti-specific amplified band is due to genomic DNA (top panel). RT-PCR amplification of barren mRNA was
used as control. Cytological analysis (bottom panel) revealed a highly defective chromosome organization in RNAi-treated cells (right panel) compared to non-
RNAi controls (left panel); note the fuzzy and loose appearance of condensing chromatin and the highly disorganized morphology of sister chromatids. (F)
Western blotting with anti-YETI antibodies. The YETI protein is recognized by anti-YETI antibody in total extracts of BL21 bacterial cells after 4 hours of
activation with 1 mM IPTG (lane 1). YETI was not detected in extracts from non-activated BL21 cells (lane 2). A band of ,32 kDa is only detectable in protein
extracts from salivary glands and brains of LP1/LP1; UAS-Yeti-M17/tub-GAL4 larvae, and is absent in Yeti-null mutant larvae. Df(2Rh), Df(2R)MS41A1, a
deletion lacking the Yeti gene region (see Materials and Methods). The migration of YETI protein (apparent molecular mass of 32 kDa) is somewhat slower than
predicted (about 27 kDa), as also reported for bovine BCNT proteins, possibly owing to the physical properties of these intrinsically disordered proteins lacking a
stable three-dimensional structure (Iwashita and Naoki, 2011).
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morphology was seen (Fig. 3C) and the staining pattern was
similar to that found in elav-GAL4; Yeti-GFP flies (Fig. 3C). This

result shows that the YETI–GFP fusion protein binds to
chromatin in the absence of the YETI wild-type protein and is
able to rescue the aberrant chromosomal phenotype found in Yeti

mutants.

The BCNT domain is essential for YETI binding to chromatin
The BCNT domain is a highly conserved stretch of about 80
amino acids located in the C-terminal portion of the Bucentaur
protein family (Fig. 1), the function of which is unknown. To test
whether the BCNT domain of YETI is required for chromatin

binding, we constructed three different transgenic Drosophila

melanogaster lines carrying diverse Yeti-36FLAG transgenes: (1)

the Yeti-36FLAG transgene bearing a complete open reading
frame of the Yeti gene, (2) the Yeti-Cter36FLAG transgene

(containing residues 145–241), and deleted for the 59 end, and (3)
the Yeti-Nter36FLAG transgene (containing residues 1–166) and
lacking the 39 end of Yeti, which includes the BCNT domain (at

159–238) (Fig. 3D,E; see Materials and Methods). We next induced
the expression of each transgene in salivary glands by using the
elav-GAL4 driver and performed both immunostaining and western

blot assays using anti-FLAG antibodies (Fig. 3E). A clear staining
of salivary gland nuclei was observed using anti-FLAG in larvae
expressing each of the three transgenes, showing that both truncated
YETI proteins, like YETI–GFP, are able to enter the nucleus (see

the inserts in Fig. 3E). However, when we immunostained polytene
chromosomes, we found GFP fluorescent signals in larvae

Fig. 3. Expression of YETI–GFP proteins in salivary
gland cells. (A) Two lines carrying a different Yeti-GFP

transgene and the w elav-GAL4 driver were examined.
Polytene chromosomes from w elav-GAL4; Yeti-GFP/

Yeti-GFP larvae were stained with DAPI (blue) and
immunostained with anti-GFP (green): YETI–GFP
accumulates in salivary gland nuclei (left panel) and
binds polytene chromosomes arms (right panel).
(B) Western blotting assay showing the specificity of
GFP antibody for YETI–GFP protein in salivary gland
cells in the presence (lane 1) or absence (lane 2) of
elav-GAL4 driver expression. (C) Chromosome
morphology rescue by YETI–GFP protein. Polytene
chromosomes from LP1/LP1; tub-GAL4/Yeti-GFP

larvae were stained with DAPI (blue) and
immunostained with anti-GFP (green). YETI-GFP
(green) binds to polytene chromosomes and its
expression is associated with rescue of chromosome
morphology (left and middle panels). The antibody
decorates the DAPI-intense or -intermediate
fluorescent chromosome bands (right panel). (D) The
full-length YETI amino acid sequence (241 amino
acids); portions present in the truncated YETI-36FLAG
proteins are underscored: YETI-Nter36FLAG (1–166)
in red; YETI-Cter36FLAG (145–241) in blue. The
BCNT domain (80 amino acids, 159–238) is shown in
green. (E) Expression of full-length or deleted YETI-
FLAG tagged proteins in salivary glands specifically
occurs under elav-GAL4 driver (lanes 2, 4 and 6) but
not in the absence of driver expression (lanes 1, 3 and
5). The lower panels show polytene chromosomes
sequentially stained with DAPI (blue) and with anti-
FLAG (green). The inserts show the detail of fixed
salivary glands sequentially stained with DAPI (blue)
and with anti-FLAG (green). Full-length YETI-36FLAG
and YETI-Cter36FLAG and YETI-Nter36FLAG
truncated proteins enter salivary gland nuclei as
indicated by the anti-FLAG staining of salivary gland
nuclei (inserts). Full-length YETI-36FLAG (left panel)
and YETI-Cter36FLAG (middle panel) binds to
polytene chromosomes, whereas YETI-Nter36FLAG
(right panel) does not.
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expressing both full-length Yeti-36FLAG transgene and the Yeti-

Cter36FLAG-transgene, but not in larvae expressing the Yeti-

Nter36FLAG transgene (Fig. 3E). The results of these experiments,
therefore, show that the BCNT domain of YETI is essential for
chromatin binding.

Loss of Yeti function impairs polytene chromosome
accumulation of histone H2A.V variant, nucleosomal
histones and histone modification marks
The SWC5 protein, the yeast ortholog of YETI, is a component of
the SWR1 ATP-dependent remodeling complex and is required
for the recruitment of variant histone Htz1 into chromatin (Kobor

et al., 2004; Mizuguchi et al., 2004; Wu et al., 2005). Such a role
would be consistent with the observed defects in chromosome/
chromatin organization in the absence of YETI function (Cenci

et al., 2003a; this paper). We therefore examined the pattern of
H2A.V histone variant in polytene chromosomes of wild-type and
Yeti mutant strains by immunofluorescence methods. As shown in
Fig. 4A,C, Drosophila melanogaster wild-type salivary glands

show multiple H2A.V sites of varying fluorescence intensity
along the chromosome arms and in the chromocenter, consistent
with previous reports (Leach et al., 2000). Yeti mutants [both

LP1/LP1 homozygotes and LP1/Df(2R)B hemizygotes] showed
instead only residual background fluorescence, with rare faint
signs of banding (Fig. 4A,C). This finding prompted us to assess

whether other histone types are also affected in the mutant. To
address that question we also studied the distribution of H2A,
H2B, H3 and H4 chromosomal histones. We found that, indeed,

the abundance of Histone H2A was dramatically reduced in Yeti

mutant polytene chromosomes, similar to the H2A.V variant
(Fig. 4A,C). The levels of the H2B, H3 and H4 species are also
affected on polytene chromosomes of Yeti mutants, but to a lesser

extent compared to those of H2A.V and H2A (Fig. 4A,C). These
results indicate that loss of Yeti function preferentially impairs the
chromosomal accumulation of H2A.V and H2A.

As loss of Yeti affects the abundance of nucleosomal histones
in polytene chromosomes, we assessed the overall level of
chromosomal epigenetic marks required for the establishment and

maintenance of chromatin organization and function, e.g. histone
acetylation and methylation, in wild-type and mutant strains.
Immunofluorescence experiments showed that levels of H3K9ac,
H3K9me3, H3K4me3 histone modification marks were indeed

strongly reduced in Yeti mutants (Fig. 4A). However, the levels
of H3K9me3, H3K4me3 in the chromocenter were comparable to
that of the controls (Fig. 4A,C).

Distribution of chromatin factors in Yeti mutants
Post-translationally modified histones are recognized by and

interact with different multiprotein complexes that ensure the
organization of chromatin in open or closed states, leading, in turn,
to either activation or repression of neighboring gene expression.

These complexes contain one or more subunits responsible for
histone modification, a chromatin remodeling ATPase and other
chromatin proteins (Hopfner et al., 2012; Simon and Kingston,
2013). We therefore tested a panel of known major chromatin

factors, such as ISWI and DOM-A remodelers, HOAP telomeric
protein (also known as Caravaggio), HP1a and Histone
Deacetylase RPD3 (James et al., 1989; De Rubertis et al., 1996;

Corona et al., 1999; Ruhf et al., 2001; Shareef et al., 2003; Cenci et
al. 2003b; Kusch et al., 2004), for their incorporation in polytene
chromosomes. The chromosomal levels of ISWI and HOAP in Yeti

mutants were comparable to those of wild-type strains; however,

those of DOM-A (Fig. 4B,C) were reduced by ,70%. In addition,
we found reduced chromosomal abundance of HP1a and Histone

Deacetylase RPD3. However, the HP1a levels at chromocenter
were comparable to those of the controls (Fig. 4B,C).

The results thus far indicate a substantial decrease in the
accumulation of both H2A.V and H2A, and of some histone

modifications and chromatin factors, along polytene chromosomes
of Yeti mutants. Western blotting assays of whole protein extracts
(Fig. 5A) depicted a reduced overall protein amount of both

H2A.V and H2A and specifically modified histones in Yeti

mutants; HP1a and RPD3 also showed reduced protein levels in
Yeti mutants.

Loss of YETI yields reduced abundance of products and
transcripts from chromatin protein-encoding genes
In Drosophila melanogaster, the loss of chromatin remodelers,
such as ISWI, leads to defects in higher-order chromosome
structure similar to those found in Yeti mutants and affects
transcriptional regulation (Corona et al., 2007). We next

performed qRT-PCR assays for genes encoding H2A.V,
nuclesomal histones, HP1a and RPD3, to test whether their
transcript abundance is perturbed in LP1/LP1 mutants. The

results of this analysis show that the level of transcripts of genes
encoding H2A.V, nucleosomal histones, HP1a and RPD3 is
indeed affected in LP1 mutants (Fig. 5B): decreased levels of

transcripts for histones and chromatin marks were apparent and
correlated with the reduced protein levels found by both
immunofluorescence and western analyses (Fig. 4; Fig. 5A).

YETI–GFP interacts with H2A.V, HP1a and DOM-A
The Drosophila melanogaster histone variant H2A.V is known to
play roles in HP1a recruitment (Swaminathan et al., 2005).

Consistent with this, our present findings show, among other
chromosomal defects, a poor content of both H2A.V and HP1a in
polytene chromosomes of Yeti mutants (Fig. 4).

Interestingly, loss-of-function mutants for YETI, H2A.V, HP1a
and DOM-A, all have a similar lethal phenotype characterized by
prolonged larval development followed by lethality before

pupation and by the presence of large melanotic masses in the
larval hemocoel (Minakhina and Steward, 2006). Notably, DOM-
A is the ATPase subunit of the Tip60 remodeling complex of
Drosophila (Ruhf et al., 2001; Kusch et al., 2004), which

catalyzes the exchange of phosphorylated H2A.V with H2A during
the repair of DNA damage (Kusch et al., 2004) and is also proposed
to exchange back H2A with H2A.V, thus facilitating incorporation

of the latter in nucleosomes (Baldi and Becker, 2013).
Based on these observations, we decided to investigate

whether YETI might interact with H2A.V, HP1a and DOM-A

proteins. Using the GFP-TRAP system, we immunoprecipitated
H2A.V–GFP fusion protein from extracts of salivary glands
of larvae expressing H2A.V–GFP and then analyzed the

immunoprecipitates by western blotting using antibodies
against YETI or GFP (to visualize H2A.V). As shown in
Fig. 6A, YETI was selectively found in the immunoprecipitate
from H2A.V–GFP extracts, but was absent from control Oregon-

R immunoprecipitate. Reciprocally, H2A.V was found in the
YETI–GFP immunoprecipitate (Fig. 6B). However, HP1a was
not detected in the same YETI–GFP immunoprecipitate (data not

shown). Thus, we also performed GST pulldown experiments
to test the interaction between YETI and HP1a. As shown in
Fig. 6C,D, GST–HP1a, but not GST alone, precipitates YETI

from YETI–GFP-expressing larval salivary gland extracts.

RESEARCH ARTICLE Journal of Cell Science (2014) 127, 2577–2588 doi:10.1242/jcs.150243

2581



Jo
ur

na
l o

f C
el

l S
ci

en
ce

Next, we immunoprecipitated DOM-A from salivary glands
extracts of elav-Gal4; UAS-Yeti-GFP larvae (expressing the
YETI–GFP fusion protein). As shown in Fig. 7A, YETI–GFP was

recovered in the immunoprecipitates with anti-DOM-A antibody.
Taken together, these results suggest that DOM-A interacts
with YETI. The present findings that YETI interacts both with

DOM-A and with H2A.V, together with the known role of DOM-
A in recruitment of H2A.V, would place DOM-A upstream of
YETI and H2A.V in events involved in the recruitment of

chromatin proteins.
We therefore directly asked whether DOM-A is actually

responsible for the recruitment of YETI to chromatin. To this

Fig. 4. Levels of H2A.V, nucleosomal histones, histone modifications and chromatin proteins in polytene chromosomes of wild-type Oregon-R
and Yetimutants. (A) Distribution of H2A.V, nucleosomal histones and histone marks. Not all histones and chromatin proteins tested are equally affected in Yeti

mutants (LP1/LP1) compared to the wild-type Oregon-R. Immunofluorescence analysis reveals that levels of H2A.V and H2A are drastically compromised,
whereas those of H2B, H3 and H4 are reduced to a lesser extent (62%, 45% and 72%, respectively). (B) Distribution of chromatin modifiers. Note that in Yeti

mutants ISWI and HOAP accumulates at comparable levels to those of wild-type; telomeres stained by anti-HOAP are indicated by arrowheads. Notably, HP1,
H3K9met3 and H3K4met3 still yield a significant staining of chromocenters (marked by arrows) in Yeti mutants, suggesting that their reduced accumulation
mainly affects euchromatic chromosome arms. HP1 is also present on telomeres of Yeti mutants (marked by arrowheads). Chromosomes were stained with
DAPI and pseudocolored in blue; antibody staining was pseudocolored in yellow. (C) Histograms showing the quantification of chromosomal levels of H2A.V,
nucleosomal histones, histone modifications and chromatin proteins.
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aim, we examined the distribution of YETI–GFP in polytene

chromosomes of homozygous larvae for domino3 (dom3), a null
allele of domino. The domino mutant larvae undergo prolonged
larval development followed by lethality before pupation and
show large melanotic masses in their hemocoel. By genetic

crosses we obtained dom3/dom3; Tub-Gal4/UAS-Yeti-GFP larvae,
such that YETI could be visualized by its GFP fluorescence, both
in salivary glands in vivo and in fixed polytene chromosomes.

Comparable amounts of YETI–GFP were present in both dom3/

dom3; Tub-Gal4/UAS-Yeti-GFP (lane 1) and dom3/CyS; Tub-

Gal4/UAS-Yeti-GFP control (lane 2) salivary glands (Fig. 7C). As

shown in Fig. 7B, domino mutant salivary gland nuclei exhibit
intensely fluorescent YETI signals, whereas, in contrast, only
a residual background fluorescence is visible on polytene

chromosomes (Fig. 7C). Thus, in domino mutants the YETI–
GFP protein enters the nucleus but its deposition onto chromatin is
abolished. Taken together, these results suggest that YETI is
recruited to chromatin by DOM-A and is in turn implicated in

regulating H2A.V, which is another downstream target of DOM-A.

DISCUSSION
In present study, we have carried out a functional analysis of the
Drosophila melanogaster Yeti gene and its encoded product,
YETI. The results show the Yeti is an essential gene and indicate

a previously unrecognized role of YETI protein as a key
chromatin factor, providing mechanistic clues on possible roles
of the BCNT protein family in eukaryotes. In particular, based on
the chromatin defects found here in Yeti mutants, as well as the

newly emerging interactions of YETI–GFP with H2A.V, DOM-A
and HP1a, we propose that YETI interacts with H2A.V-
exchanging machinery, as a chaperone or as a new subunit of

the Drosophila DOM/Tip60 complex, and participates in the step
of H2A.V deposition.

The loss of YETI perturbs chromatin organization
and function
The functions of the YETI protein were poorly understood thus

far. We found that chromosome structure is drastically perturbed

in Yeti mutants (Cenci et al., 2003a; Fig. 2B,E), suggesting that

YETI is involved in chromosome and/or chromatin organization.
YETI protein has also been proposed to bind both subunits of the
microtubule-based motor kinesin-I (Wisniewski et al., 2003), and
previous immunolocalization experiments have shown both a

nuclear and cytoplasmic localization of epitope-tagged YETI in
Drosophila S2 cultured cells (Wisniewski et al., 2003). In those
experiments, however, it remained unclear whether YETI was

located within the nuclei or associated with the nuclear
membrane.

The present results clearly show that the YETI–GFP fusion

protein is abundant in nuclei and associates with polytene
chromosomes (Fig. 3A,C). Notably, our experiments demonstrate
that the evolutionary conserved BCNT domain is indispensable for

YETI binding to polytene chromosomes (Fig. 3D,E), providing the
first direct evidence for an essential role of this domain in
chromatin binding.

Furthermore, we find that YETI–GFP interacts with H2A.V,

HP1a and DOM-A (Fig 6; Fig. 7A). DOM-A is the ATPase
subunit of the Tip60 remodeling complex that, similar to the
related SWR1 complex in yeast, is likely to incorporate H2A.V

into nucleosomes by exchange of H2A with the variant (Baldi and
Becker, 2013). Like the related yeast SWIR1 protein, DOM-A
might be the platform required for the assembly of the other

subunits of the Tip60 complex. In support of this view, we now
show that YETI–GFP requires DOM-A to be recruited to
chromatin (Fig. 7C).

The defects in higher-order chromosome structure characterized

here in Yeti mutants are accompanied by reduced chromosomal
levels of H2A.V, of nucleosomal histones and of epigenetic marks
(Fig. 4). However, not all tested histones and epigenetic marks are

equally affected in Yeti mutants compared to controls; the
chromosomal levels of H2A.V and H2A are dramatically
decreased, whereas those of H2B, H3 and H4 are reduced to a

lesser extent (Fig. 4A,C). In addition, among tested chromatin
proteins, the chromosomal levels of ISWI and HOAP remained
unaffected, those of DOM-A were decreased by 30% and those of

HP1a only decreased in euchromatin (Fig. 4B,C). Taken together,

Fig. 5. Western blotting and qRT-PCR analyses in wild-type Oregon-R and Yeti mutants. (A) Western blotting analysis showing a decrease in protein
abundance for H2A.V, chromosomal histones and chromatin marks in Yeti mutants compared to wild-type Oregon-R controls; each assay was repeated at least
twice. (B) Quantification of the mRNA levels for histone and chromatin proteins as assessed by qRT-PCR in Yeti mutants and wild-type Oregon-R controls. The
values were calculated from four independent experiments, with three replicates each. The results show the mean6s.d. from four different experiments with
three replicates each.
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these results indicate that the loss of YETI protein does not

generally affect chromatin and/or chromosome organization.
We can also exclude a primary defect on DNA replication, as
that would result in a significant percentage of chromosome
breaks (Branzei and Foiani, 2008), which are not detected in

the Yeti mutants (Cenci et al., 2003a; Fig. 4E). Finally, qRT-
PCR analysis of Yeti mutants showed downregulation of the
genes encoding the proteins tested by immunostaining and

western assays.
It is worth mentioning that the lethal phenotype of Yeti

mutants (prolonged larval development followed by lethality

before pupation and presence of melanotic masses) is highly
reminiscent of that produced by mutations in genes encoding
H2A.V and chromatin proteins, such as DOM-A, HP1a and
Drosophila Rsf1 (Minakhina and Steward, 2006; Hanai et al.,

2008). Interestingly, the Rsf1 remodeler interacts with H2A.V
and members of the Tip60 complex (Hanai et al., 2008),
suggesting a functional link between those chromatin factors.

The lack of essential chromatin regulators that control chromatin

architecture and gene expression might well affect blood
cell differentiation, the alterations of which result in melanotic
tumors. Interestingly, it has been recently found that a network of
epigenetic regulators controls the establishment of hematopoietic

cells in zebrafish (Huang et al., 2013).
In S. cerevisiae the H2A histone variant, called Htz1, is

incorporated into chromatin by the SWR1 ATP-dependent

chromatin-remodeling complex (Wu et al., 2005). The Swc5
subunit of the SWR1 complex, the ortholog of YETI, has been
suggested to be required for eviction of H2A from nucleosomes

prior to Htz1 loading carried out by Swc2 and Swr1 (Lavigne

Fig. 6. YETI interacts with H2A.V and HP1a. (A) Salivary gland protein
extracts from H2A.V–GFP-expressing strains and the Oregon-R wild-type
strain were subjected to immunoprecipitation using the GFP-TRAP
system. Input protein extracts (IN) and GFP-TRAP immunoprecipitates
(TRAP) were separated by SDS-PAGE and transferred onto a nitrocellulose
membrane, then probed with anti-YETI and anti-GFP antibodies. YETI is
present in the H2A.V–GFP immunoprecipitate, but is absent in
Oregon-R control immunoprecipitates. (B) Inverse co-immunoprecipitation
using the GFP-TRAP system in brain and salivary gland protein extracts
from YETI–GFP-expressing and Oregon-R strains. Western blots were
probed with anti-H2A.V and anti-GFP antibodies. H2A.V is present in the
YETI–GFP immunoprecipitate but is absent from the Oregon-R control
immunoprecipitate. (C) Western blotting showing that GST–HP1a (but not
GST alone) interacts with YETI (as detected by anti-GFP antibody)
from YETI–GFP-expressing larval brain extracts. Input is 10% of the
total extract. (D) GST–HP1 and GST bands are revealed by Ponceau
staining.

Fig. 7. DOM-A interacts with YETI–GFP and is responsible for its
recruitment. (A) Immunoprecipitation (IP) of DOM-A from salivary gland
extracts of elav-Gal4; UAS-Yeti-GFP/UAS-Yeti-GFP larvae. YETI–GFP
fusion protein was co-immunoprecipitated from elav-Gal4; UAS-Yeti-GFP

extracts only when anti-DOM-A antibodies were added. IN, input. (B) In vivo

salivary glands of dom3/dom3; Tub-Gal4/UAS-Yeti-GFP larvae showing
GFP fluorescence in all nuclei. Nuclei in the lower layer of the glands are out
of focus and show a lower fluorescence intensity. (C) Immunostaining of
polytene chromosomes of dom3/dom3; Tub-Gal4/UAS-Yeti-GFP and dom3/

+; Tub-Gal4/UAS-Yeti-GFP larvae. GFP staining is present on polytene
chromosomes of dom3/+; Tub-Gal4/UAS-Yeti-GFP larvae (above), but
dom3/dom3; Tub-Gal4/UAS-Yeti-GFP polytene chromosomes fail to reveal
any GFP signals (below). The amount of YETI–GFP is unchanged in dom3/

dom3; Tub-Gal4/UAS-Yeti-GFP (lane 1) and dom3/+; Tub-Gal4/UAS-Yeti-

GFP (lane 2) larvae (right panel).
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et al., 2009; Wu et al., 2009; Morillo-Huesca et al., 2010). Our
findings that H2A.V deposition is perturbed in Yeti mutants and

that YETI interacts with both H2A.V and DOM-A (Fig. 6A,B;
Fig. 7A), strongly suggest that YETI, like his yeast homolog
Swc5, might contribute to loading the variant H2A.V onto
nucleosomes. The dramatic defect in H2A deposition also

found in Yeti mutants (Fig. 4) suggests that, in YETI defective
cells, H2A is removed by the DOM/tip60 complex but not
replaced with H2A.V, resulting in depletion of both histones

and disrupting chromatin integrity and function. A similar
scenario has been proposed in yeast (Morillo-Huesca et al.,
2010).

Moreover, the observation that YETI–GFP interacts with HP1a
in GST pulldown assays (Fig. 6C), suggests that YETI might be
an important mediator in targeting HP1a to chromatin remodeling

regions. Association between HP1a and other chromatin
remodeling factors has been reported (Fischer et al., 2009;
Lavigne et al., 2009). Human HP1a interacts with the BRG1
protein of the SWI/SNF ATP-dependent remodeling complex,

suggesting a direct role for BRG1 in the modulation of HP1a-
containing higher-order chromatin structures (Nielsen et al.,
2002).

How to account for cytological and molecular defects found
in YETI mutant cells?
The loss of Drosophila melanogaster chromatin remodelers such
as ISWI leads to defects in higher-order chromosome structure

similar to those found in Yeti mutants and affects transcriptional
regulation (Corona et al., 2007). H2A variants and HP1 play key
roles in both transcriptional activation and repression control in

different species (Stargell et al., 1993; Dhillon and Kamakaka,
2000; Piacentini et al., 2003; Jin et al., 2005; Swaminathan et al.,
2005; Keogh et al., 2006; Mavrich et al., 2008; Petesch and
Lis, 2008; Henikoff et al., 2009; Cryderman et al., 2011; Kotova

et al., 2011; Baldi and Becker, 2013). The drastic depletion of
both H2A.V and H2A found in Yeti mutants might either directly
or indirectly impair chromatin organization and function.

H2A.V knockdown in Drosophila melanogaster indeed results
in inefficient processing of the histone mRNA (Wagner et al.,
2007), giving rise to a reduction of histone gene transcription and

histone protein synthesis; this can affect in turn the global
transcriptional output (Celona et al., 2011).

In the light of our results, we suggest that the specific

impairment of H2A.V exchange and HP1a recruitment in YETI-
defective cells yields a global chromatin unbalance, which in turn
reverberates on the epigenetic control of gene expression, thus
producing a ‘boomerang’ effect with a generalized impact on

chromatin organization and function.

Concluding remarks
In the past decade, growing lines of evidence indicate that mutations

in genes encoding proteins directly or potentially implicated in
chromatin organization and remodeling are crucial players in human
developmental disorders, including craniofacial development
(Bickmore and van der Maarel, 2003; Fog et al., 2012). Thus, the

identification of new factors required for chromatin dynamics and
organization can expand our understanding of mechanisms
underpinning developmental diseases. Several studies implicate

CFDP1, the human ortholog of YETI, in osteogenesis and
craniofacial development (Diekwisch et al., 1999; Diekwisch
et al., 2002; Thisse, 2004; Wu et al., 2008; Bustos-Valenzuela

et al., 2011; Makeyev and Bayarsaihan, 2011). Future research can

provide a better understanding of BCNT protein functions in
chromatin organization and yield more insight into their role in

developmental disorders.

MATERIALS AND METHODS
Drosophila strains and genetic crosses
Fly cultures and crosses were carried out at 25 C̊ in standard cornmeal

yeast medium. The fly line #5941 of the Bloomington Drosophila Stock

Center expresses H2A.V–GFP. To induce expression of YETI–GFP we

used the fly lines #5138 and #5112 containing the Tub-Gal4 and elav-

Gal4 drivers, respectively. The T(2;3) translocation carrying the

dominant Cy and Tb markers used as balancer of Yeti alleles is

designated ‘ST’ in the text. Df(2R)B is a chromosome carrying a partial

deletion of the heterochromatin of the right arm chromosome 2 (2R) that

fails to complement l(2)41Aa (Hilliker, 1976; Rossi et al., 2007) and LP1.

Df(2R)M41A10 is a large deletion lacking almost all the heterochromatin

of 2R together with all known essential genes and gene models (Corradini

et al., 2003; Rossi et al., 2007). The EMS-31 allele is an EMS-

induced allele of l(2)41Aa (Hilliker, 1976; Cenci et al., 2003a; Dimitri

et al., 2003). To recover insertional alleles of the l(2)41Aa gene, we

induced mobilization of a homozygous viable and fertile P element

[P(w+)19.74.3] that colocalizes cytologically with l(2)41Aa in region h41

of 2R mitotic heterochromatin (Corradini et al., 2003; Fig. 2). By inverse

PCR and sequencing, we found that 19.74.3 is located in scaffold

AABU01002199, about 2 kb from the 59 end of CG40218. P(w+)

19.74.3/Cy S; delta 2-3/TM3, Sb Sr males were generated carrying

simultaneously the P(w+)19.74.3, heterochromatic element and the delta

2-3 element as a constitutive source of transposase. In the germline of

P(w+)19.74.3/Cy S; delta 2-3/TM3 males, the single P element jumps all

around the genome, with some preference for insertion in nearby

heterochromatin (Zhang and Spradling, 1993). P(w+)19.74.3/Cy S; delta

2-3/TM3 males were crossed to Cy S/Sco females to recover

P(w+)19.74.3*/Cy S males carrying putative new insertions

[P(w+)19.74.3*] in the vital heterochromatin genes of chromosome 2. P-

element-induced recessive lethal alleles of vital heterochromatic genes were

selected over Df(2R)M41A10. Complementation tests were performed by

crossing single P(w+)19.74.3*/CyS males to Df(2R)M41A10/CyS females.

The absence of P(w+)19.74.3*/Df(2R)M41A10 Cy+ flies among the

offspring indicated that the tested P(w+)19.74.3* chromosome carries a

lethal mutation uncovered by Df(2R)M41A10. For each lethal mutation,

balanced stocks were established. Lethal mutations were tested for their

ability to complement a collection of EMS-induced lethal alleles of known

genes of 2R heterochromatin. After mobilization of P(w+)19.74.3, out of

1077 tested chromosomes we recovered two chromosomes denoted LP1

and LP2 that resulted in lethality when heterozygous with Df(2R)M41A10

and alleles of l(2)41Aa vital gene.

Constructs and transgenic lines
Yeti-GFP transgenic lines of Drosophila melanogaster were made as

follows: (1) the Yeti cDNA was cloned in-frame with the reporter GFP

sequence in the transformation vector pUASt; (2) the pUAS-Yeti-GFP

construct was injected in pre-blastoderm Drosophila embryos of w1118

genotype; (3) transgenic flies were selected using the white+ phenotypic

marker. Transgenic lines carrying the Yeti-cDNA (M17 and M7) under

control of UAS sequences were also made using the same experimental

strategy.

Yeti-36FLAG transgenic lines of Drosophila melanogaster were made

as follows: full-length, N-terminal and C-terminal sequences of Yeti

cDNA were cloned in frame with the FLAG epitope into the p3xFLAG-

CMV-10 expression vector (Sigma); the different Yeti-36FLAG

fragments were then subcloned into the pUASt destination vector. The

same procedures for injections and selection of transgenic flies were used

for YETI–GFP and YETI–cDNA constructs.

Diffuse expression of Yeti-GFP, Yeti-cDNA (line M17) and Yeti-

36FLAG transgenes was induced by crosses with enhancer trap lines

carrying the ubiquitously expressed tub-GAL4 driver or the elav-GAL4

driver that activates expression in larval neuroblasts and salivary glands.
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To rescue the lethal phenotype of the LP1 null allele, w/w; LP1; tub-

GAL4/T(2;3)ST, Cy Tb females were crossed to w/Y; LP1; UAS-Yeti-

M17/T(2;3)ST, Cy Tb males. In the progeny of this cross, a 2:1 ratio was

found between Cy Tb and Cy+ Tb+ progenies, the latter corresponding to

the LP1/LP1; UAS-Yeti-M17/tub-GAL4 flies.

Antibodies
Rabbit polyclonal antibodies against Drosophila YETI were raised

against a synthetic peptide (CFEMEKKLRLSRRPY) located from

position 227 to position 241 of the C-terminal region of the protein.

Polyclonal antibodies against H2A.V, HP1a, DOM-A, ISWI, HOAP,

RPD3 and GFP (for immunostaining) were kindly provided by

Robert Glazer (Wadsworth Center, Div. Genetic Disorders New York

State Department of Health & University at Albany, USA); Sarah

Elgin (Department of Biology Washington University in St. Louis,

USA); Marie-Laure Rufh; Davide Corona (Dipartimento di Biologia

Cellulare e dello Sviluppo, Università degli Studi di Palermo,

Italy); Laura Ciapponi (Dipartimento di Biologia e Biotecnologie,

Sapienza Università di Roma, Italy); Thomas Rudolph (Institute

of Genetics, Halle University, Germany); and Gianluca Cestra

(Dipartimento di Biologia e Biotecnologie, Sapienza Università di

Roma, Italy), respectively. The following commercial antibodies

against Drosophila proteins were used: anti-H2A, anti-H2B, anti-H3

and anti-H4 (Millipore), anti-HP1a, anti-H3K9me3 and anti-H3K9ac

(Abcam), anti-Tubulin (Sigma), anti-GFP-HRP (vector).

Cytology and immunostaining
Polytene chromosome squashes and immunolocalization experiments to

Drosophila polytene chromosomes performed as described previously

(Deuring et al., 2000). Rabbit antibodies against GFP, H3K9ac, ISWI,

H2A.V or H2A, and mouse antibodies against H3met K9 were used at

1:100 dilution. Rabbit antibodies against HOAP were used at 1:50

dilution; as a secondary antibody a rabbit monoclonal Alexa-Fluor-

conjugated antibody (Life technologies) was used at 1:300 dilution.

Rat anti-DOM-A antibodies were used at 1:500 dilution; secondary

rat monoclonal Alexa-Fluor-conjugated antibody antibodies (Life

technologies) was used at 1:200 dilution. Chromosomes were analyzed

by a computer-controlled Nikon Eclipse 50i epifluorescence microscope

equipped with a CCD camera. Quantification of chromosomal levels of

H2A.V, nucleosomal histones, histone modifications and chromatin

proteins were performed using the NIS-Elements software provided by

Nikon.

Cell cultures and RNAi treatments
Drosophila S2 cells were cultured at 25 C̊ in Shields and Sang M3

medium (Sigma-Aldrich, St. Louis, MO) supplemented with 10% heat-

inactivated FBS (Sigma-Aldrich). RNAi treatments were carried out

according to Clemens et al. (Clemens et al., 2000). Production of dsRNA

and cytological analysis of RNAi-treated cells were performed according

to Somma et al. (Somma et al., 2002).

RNA preparations, northern blotting and western blotting
Total RNA and proteins were extracted from larval brains and salivary

glands. Total RNA preparations, and northern and western blotting were

according to standard protocols (Crowley et al., 1984; Sambrook et al.,

2001). Antibodies against histones and a-Tubulin were used at the

following dilution: 1:2500. Rabbit, mouse and rat secondary antibodies

were used at 1:5000 dilution. The bands were immunodetected using the

ECL kit from BIORAD.

Quantitative RT-PCR and inverse PCR
Total RNA was extracted from wandering third-instar larvae with the Tri

Reagent (Sigma) according to the manufacturer’s instruction. RNA (2 c)

were retrotranscribed with the RETROscript kit (AM1710) according to

the manufacturer’s instruction. RT-qPCR was performed on an ABI 7300

Real-Time PCR System, according to the supplier protocol and using the

following PCR conditions: 10 min at 95 C̊, 406(15 s at 95 C̊, 1 min at

the annealing/extension temp of 60 C̊) 10 min at 72 C̊. Primers and

annealing temperatures were as follows: H2A-F, 59-CGGCCAGAT-

ATTCCATTACG-39; H2A-R, 59-GGCTGCTCCTACTGATCCTG-39;

H2B-F, 59-TGACACCGGAATTTCGTCGA-39; H2B-R, 59-TTGGTTC-

CCTCACTGACAGC-39; H2A.V-F, 59-CGAAACCGAATTCCGTA-

GAA-39; H2A.V-R, 59-GCCAGCCATTTCTGTTCAAT-39; H3-F, 59-

GCTCGGTGCTCTTTTGGTAG-39; H3-R, 59-ATGGCTCGTACCAAG-

CAAAC-39; H4-F, 59-GTGTGAAGCGCATATCTGGA-39; H4-R, 59-

TAACCGCCAAATCCGTAGAG-39; HP1-F, 59-CAAGCGAAAGTCC-

GAAGAAC-39; HP1-R, 59-ACCATTTCTGCTTGGTCCAC-39; RPD3-

F, 59-CAAGGACACCAACAGCAAC-39; RPD3-R, 59-TCGCTGCGGC-

ATCATTATC-39; Rpl32-F, 59-GCGCACCAAGCACTTCATC-39; Rpl32-

R, 59-TTGGGCTTGCGCCATT-39.

Data were analyzed according to Livak and Schmittgen (Livak and

Schmittgen, 2001). Relative expression was calculated using the

comparative Ct method (22DDCt); mRNA expression was normalized

against the average values of RpL32. The values in Fig. 5 were

calculated from four independent experiments, with three replicates

each.

Genomic DNA from two to three flies was prepared as described

previously (Eggert et al., 1998) and digested using either HhaI or HpaII.

DNA equivalent to approximately one-fifth of a fly was ligated using the

Rapid Ligation kit (Roche). Inverse PCR was performed according to

standard procedures (Dobie et al., 2001) and sequencing was performed

by the MWG company. BLASTN against nonredundant database was

performed on flanking sequences .25 bp in order to identify

homologous gene models or repeated sequences.

Co-immunoprecipitation and GST pulldown
Wandering third-instar larvae were dissected in physiological solution;

brains and salivary glands were resuspended in lysis buffer [20 mM

HEPES-KOH pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.1 mM DTT,

420 mM NaCl, 30 mM NaF, 25 mM b-glycerophosphatase, 0.2 mM

Na3VO4, 0.1% NP-40, 0.5 mM PMSF, 16 Protease Inhibitor Cocktail

(Roche)] and incubated on ice for 1 hour. GFP-TRAP assays in Drosophila

was performed according to manufacturer’s instructions (Chromotek). The

proteins of interest was detected using the specific antibodies against the

following proteins at the given dilutions: GFP (1:2500); Yeti (1:250);

H2A.V (1:2500) and a-Tubulin (1:2500). Horseradish peroxidase

secondary antibodies were all used at 1:5000. Immunodetection was

performed using the ECL kit from BIORAD. For GST pulldown, 2 mg of

either the GST–HP1 fusion protein or GST alone was incubated with

protein extracts from 50 brains in incubation buffer (20 mM HEPES KOH,

20 mM NaF and 0.8% NP40), 1 hour at 4 C̊ with agitation. After

incubation, GST proteins were harvested and washed several times

with incubation buffer and resuspended in 16 Laemmli Buffer. Co-

immunoprecipitation assays were repeated at least twice.
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Università e Ricerca (MIUR) (to P.D.); Istituto Pasteur-Fondazione Cenci-
Bolognetti and Fondazione Roma terzo settore (to P. D.).

Supplementary material
Supplementary material available online at
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.150243/-/DC1

References
Baldi, S. and Becker, P. B. (2013). The variant histone H2A.V of Drosophila –
three roles, two guises. Chromosoma 122, 245-258.

Bickmore, W. A. and van der Maarel, S. M. (2003). Perturbations of chromatin
structure in human genetic disease: recent advances. Hum. Mol. Genet. 12,
R207-R213.

Branzei, D. and Foiani, M. (2008). Regulation of DNA repair throughout the cell
cycle. Nat. Rev. Mol. Cell Biol. 9, 297-308.

Bustos-Valenzuela, J. C., Fujita, A., Halcsik, E., Granjeiro, J. M. and Sogayar,
M. C. (2011). Unveiling novel genes upregulated by both rhBMP2 and rhBMP7
during early osteoblastic transdifferentiation of C2C12 cells. BMC Res. Notes 4,
370.

Celona, B., Weiner, A., Di Felice, F., Mancuso, F. M., Cesarini, E., Rossi, R. L.,
Gregory, L., Baban, D., Rossetti, G., Grianti, P. et al. (2011). Substantial
histone reduction modulates genomewide nucleosomal occupancy and global
transcriptional output. PLoS Biol. 9, e1001086.

Cenci, G., Belloni, G. and Dimitri, P. (2003a). 1(2)41Aa, a heterochromatic gene
of Drosophila melanogaster, is required for mitotic and meiotic chromosome
condensation. Genet. Res. 81, 15-24.

Cenci, G., Siriaco, G., Raffa, G. D. Kellum, R. and Gatti, M. (2003b). The
Drosophila HOAP protein is required for telomere capping. Nat. Cell. Biol. 5, 82-
84.

Clemens, J. C., Worby, C. A., Simonson-Leff, N., Muda, M., Maehama, T.,
Hemmings, B. A. and Dixon, J. E. (2000). Use of double-stranded RNA
interference in Drosophila cell lines to dissect signal transduction pathways.
Proc. Natl. Acad. Sci. USA 97, 6499-6503.

Corona, D. F., Längst, G., Clapier, C. R., Bonte, E. J., Ferrari, S., Tamkun, J. W.
and Becker, P. B. (1999). ISWI is an ATP-dependent nucleosome remodeling
factor. Mol. Cell 3, 239-245.

Corona, D. F., Siriaco, G., Armstrong, J. A., Snarskaya, N., McClymont, S. A.,
Scott, M. P. and Tamkun, J. W. (2007). ISWI regulates higher-order chromatin
structure and histone H1 assembly in vivo. PLoS Biol. 5, e232.

Corradini, N., Rossi, F., Vernı̀, F. and Dimitri, P. (2003). FISH analysis of
Drosophila melanogaster heterochromatin using BACs and P elements.
Chromosoma 112, 26-37.

Crowley, T. E., Mathers, P. H. and Meyerowitz, E. M. (1984). A trans-acting
regulatory product necessary for expression of the Drosophila melanogaster
68C glue gene cluster. Cell 39, 149-156.

Cryderman, D. E., Vitalini, M. W. and Wallrath, L. L. (2011). Heterochromatin
protein 1a is required for an open chromatin structure. Transcription 2, 95-99.

De Rubertis, F., Kadosh, D., Henchoz, S., Pauli, D., Reuter, G., Struhl, K. and
Spierer, P. (1996). The histone deacetylase RPD3 counteracts genomic
silencing in Drosophila and yeast. Nature 384, 589-591.

Deuring, R., Fanti, L., Armstrong, J. A., Sarte, M., Papoulas, O., Prestel, M.,
Daubresse, G., Verardo, M., Moseley, S. L., Berloco, M. et al. (2000). The
ISWI chromatin-remodeling protein is required for gene expression and
the maintenance of higher order chromatin structure in vivo. Mol. Cell 5, 355-
365.

Dhillon, N. and Kamakaka, R. T. (2000). A histone variant, Htz1p, and a Sir1p-like
protein, Esc2p, mediate silencing at HMR. Mol. Cell 6, 769-780.

Diekwisch, T. G., Marches, F., Williams, A. and Luan, X. (1999). Cloning, gene
expression, and characterization of CP27, a novel gene in mouse
embryogenesis. Gene 235, 19-30.

Diekwisch, T. G., Luan, X. and McIntosh, J. E. (2002). CP27 localization in the
dental lamina basement membrane and in the stellate reticulum of developing
teeth. J. Histochem. Cytochem. 50, 583-586.

Dimitri, P., Corradini, N., Rossi, F., Vernı̀, F., Cenci, G., Belloni, G., Zhimulev,
I. F. and Koryakov, D. E. (2003). Vital genes in the heterochromatin of
chromosomes 2 and 3 of Drosophila melanogaster. Genetica 117, 209-215.

Dobie, K. W., Kennedy, C. D., Velasco, V. M., McGrath, T. L., Weko, J.,
Patterson, R. W. and Karpen, G. H. (2001). Identification of chromosome
inheritance modifiers in Drosophila melanogaster. Genetics 157, 1623-1637.

Eggert, H., Bergemann, K. and Saumweber, H. (1998). Molecular screening for
P-element insertions in a large genomic region of Drosophila melanogaster
using polymerase chain reaction mediated by the vectorette. Genetics 149,
1427-1434.

Fischer, T., Cui, B., Dhakshnamoorthy, J., Zhou, M., Rubin, C., Zofall, M.,
Veenstra, T. D. and Grewal, S. I. (2009). Diverse roles of HP1 proteins in
heterochromatin assembly and functions in fission yeast. Proc. Natl. Acad. Sci.
USA 106, 8998-9003.

Fog, C. K., Galli, G. G. and Lund, A. H. (2012). PRDM proteins: important players
in differentiation and disease. Bioessays 34, 50-60.

Hanai, K., Furuhashi, H., Yamamoto, T., Akasaka, K. and Hirose, S. (2008).
RSF governs silent chromatin formation via histone H2Av replacement. PLoS
Genet. 4, e1000011.

Henikoff, S., Henikoff, J. G., Sakai, A., Loeb, G. B. and Ahmad, K. (2009).
Genome-wide profiling of salt fractions maps physical properties of chromatin.
Genome Res. 19, 460-469.

Hilliker, A. J. (1976). Genetic analysis of the centromeric heterochromatin of
chromosome 2 of Drosophila melanogaster: deficiency mapping of EMS-
induced lethal complementation groups. Genetics 83, 765-782.

Hopfner, K. P., Gerhold, C. B., Lakomek, K. and Wollmann, P. (2012). Swi2/
Snf2 remodelers: hybrid views on hybrid molecular machines. Curr. Opin.
Struct. Biol. 22, 225-233.

Huang, H. T., Kathrein, K. L., Barton, A., Gitlin, Z., Huang, Y. H., Ward, T. P.,
Hofmann, O., Dibiase, A., Song, A., Tyekucheva, S. et al. (2013). A network
of epigenetic regulators guides developmental haematopoiesis in vivo. Nat. Cell
Biol. 15, 1516-1525.

Iwashita, S. and Naoki, O. (2011). Bucentaur (BCNT) gene family: gene
duplication and retrotransposons insertion. In Gene Duplication (ed. F.
Friedberg), pp. 383-400. Rijeka, Croatia: InTech.

Iwashita, S., Osada, N., Itoh, T., Sezaki, M., Oshima, K., Hashimoto, E.,
Kitagawa-Arita, Y., Takahashi, I., Masui, T., Hashimoto, K. et al. (2003). A
transposable element-mediated gene divergence that directly produces a novel
type bovine Bcnt protein including the endonuclease domain of RTE-1. Mol.
Biol. Evol. 20, 1556-1563.

James, T. C., Eissenberg, J. C., Craig, C., Dietrich, V., Hobson, A. and Elgin,
S. C. (1989). Distribution patterns of HP1, a heterochromatin-associated
nonhistone chromosomal protein of Drosophila. Eur. J. Cell Biol. 50, 170-180.

Jin, J., Cai, Y., Li, B., Conaway, R. C., Workman, J. L., Conaway, J. W. and
Kusch, T. (2005). In and out: histone variant exchange in chromatin. Trends
Biochem. Sci. 30, 680-687.

Keogh, M. C., Kim, J. A., Downey, M., Fillingham, J., Chowdhury, D., Harrison,
J. C., Onishi, M., Datta, N., Galicia, S., Emili, A. et al. (2006). A phosphatase
complex that dephosphorylates gammaH2AX regulates DNA damage
checkpoint recovery. Nature 439, 497-501.

Kobor, M. S., Venkatasubrahmanyam, S., Meneghini, M. D., Gin, J. W.,
Jennings, J. L., Link, A. J., Madhani, H. D. and Rine, J. (2004). A protein
complex containing the conserved Swi2/Snf2-related ATPase Swr1p deposits
histone variant H2A.Z into euchromatin. PLoS Biol. 2, e131.

Kotova, E., Lodhi, N., Jarnik, M., Pinnola, A. D., Ji, Y. and Tulin, A. V. (2011).
Drosophila histone H2A variant (H2Av) controls poly(ADP-ribose) polymerase
1 (PARP1) activation in chromatin. Proc. Natl. Acad. Sci. USA 108, 6205-
6210.

Kusch, T., Florens, L., Macdonald, W. H., Swanson, S. K., Glaser, R. L., Yates,
J. R., 3rd, Abmayr, S. M., Washburn, M. P. and Workman, J. L. (2004).
Acetylation by Tip60 is required for selective histone variant exchange at DNA
lesions. Science 306, 2084-2087.

Lavigne, M., Eskeland, R., Azebi, S., Saint-André, V., Jang, S. M., Batsché, E.,
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