Linker histone H1 is essential for
Drosophila development, the
establishment of pericentric
heterochromatin, and a normal
polytene chromosome structure
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We generated mutant alleles of Drosophila melanogaster in which expression of the linker histone H1 can be
down-regulated over a wide range by RNAi. When the H1 protein level is reduced to ~20% of the level in wild-
type larvae, lethality occurs in the late larval — pupal stages of development. Here we show that H1 has an
important function in gene regulation within or near heterochromatin. It is a strong dominant suppressor of

position effect variegation (PEV). Similar to other suppressors of PEV, H1 is simultaneously involved in both the
repression of euchromatic genes brought to the vicinity of pericentric heterochromatin and the activation of
heterochromatic genes that depend on their pericentric localization for maximal transcriptional activity. Studies
of H1-depleted salivary gland polytene chromosomes show that H1 participates in several fundamental aspects of
chromosome structure and function. First, H1 is required for heterochromatin structural integrity and the
deposition or maintenance of major pericentric heterochromatin-associated histone marks, including H3K9Me,
and H4K20Me,. Second, H1 also plays an unexpected role in the alignment of endoreplicated sister chromatids.
Finally, H1 is essential for organization of pericentric regions of all polytene chromosomes into a single
chromocenter. Thus, linker histone H1 is essential in Drosophila and plays a fundamental role in the architecture

and activity of chromosomes in vivo.
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The genomes of eukaryotes are packaged into a highly
compact nucleoprotein complex called chromatin. The
histones constitute a family of proteins that are inti-
mately involved in organizing chromatin structure.
There are five major classes of histones: the core histones
H2A, H2B, H3, and H4, and the linker histones usually
referred to as H1. The nucleosome core particle is the
highly conserved repetitive unit of chromatin organiza-
tion. It consists of an octamer of the four core histones
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around which ~145 base pairs (bp) of DNA are wrapped
and protected from nuclease digestion (Van Holde 1988;
Wolffe 1998). The linker histone H1 binds to core
particles and protects an additional ~20 bp of DNA
(linker DNA). In metazoans, the abundance of linker
histones, although variable during development, ap-
proaches that of core histones (Woodcock et al. 2006),
suggesting that they play an important role in establish-
ing and maintaining the structure of the chromatin fiber.

Much of our knowledge about the roles of linker histones
comes from in vitro studies. These studies indicate that
two principal functions of linker histones are to stabilize
the DNA entering and exiting the core particle and to
facilitate the folding of nucleosome arrays into more
compact structures (Ramakrishnan 1997; Wolffe 1997).
H1 also affects nucleosome core particle spacing and
mobility. In vitro studies also suggest that H1 acts primarily
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as a transcriptional repressor (Laybourn and Kadonaga
1991; Brown et al. 1996). Recent attempts to study the
functions of linker histones in vivo have used gene
inactivation approaches. Elimination of the linker his-
tone-like protein Hholp in Saccharomyces cerevisiae did
not cause any major phenotypic effects, nor were any
perturbations in chromosome structure apparent (Ushinsky
et al. 1997; Patterton et al. 1998; Hellauer et al. 2001;
Downs et al. 2003). This finding may be explained by the
much lower abundance of Hholp in yeast (1:37 core
particles). The absence of any phenotypic effects was also
reported upon elimination of H1 from Aspergillus nidu-
Ians, which has a more typical linker histone (Ramon
et al. 2000). H1 also was found to be dispensable for
growth and viability of Tetrahymena (Shen et al. 1995).
However, its elimination by gene inactivation led to
partially decondensed chromatin, supporting an in vivo
role for H1 in chromatin folding.

Mammals express at least eight nonallelic H1 subtypes
that differ in their expression during development. Al-
though none of the eight individual subtypes appear to
be essential, mouse embryos in which the stoichiometry
of H1 to the core particles has been reduced ~50% by
inactivation of three of the five somatic linker histone
subtype genes die at midgestation. This observation
indicates that the total amount of linker histones is
important for normal mammalian development (Fan
et al. 2003). In the knockout embryos and embryonic
stem (ES) cells derived from them, HI is an important
determinant of nucleosome spacing and of local chroma-
tin folding in vivo (Fan et al. 2005). However, despite
these advances, the role of HI in higher-order chromatin
folding and long-range chromosome structure remains
enigmatic.

Further advances in our understanding of linker his-
tone functions would be greatly facilitated by studies in
a genetically tractable organism where H1 may prove to
play an essential role. As mentioned, deletion of the yeast
HHO1 gene does not lead to obvious phenotypic effects.
Although linker histones are essential for embryonic
development in mice, the existence of multiple, non-
allelic mouse H1 variant genes, as well as apparent
compensatory gene expression mechanisms within this
gene family, has hindered attempts to study the effects of
decreasing H1 expression in this species (Fan et al. 2005).
On the other hand, Drosophila offers an attractive alter-
native for such studies because it contains a single linker
histone protein. However, it is encoded by ~100 copies of
the H1 gene positioned within a tandemly repeated array
of five sequentially arranged histone genes (Lifton et al.
1978). Thus, specific elimination of Drosophila H1 his-
tone by classical genetic approaches is not feasible. Here
we describe the use of specific RNAI to nearly completely
deplete H1 in Drosophila in vivo. This approach has
allowed us to demonstrate that the H1 linker histone is
(1) an essential protein in Drosophila, (2) a major de-
terminant of heterochromatin formation and function,
and (3) an important biochemical component of the ma-
chinery that maintains sister chromatid alignment in
Drosophila polytene chromosomes.

Drosophila histone H1 function in vivo

Results

Linker histone H1 is essential for Drosophila
development

To deplete H1 histone in vivo in Drosophila, we used
RNAi. The H1 RNAi expression vector is depicted in
Figure 1A. It was constructed by inserting PCR fragments
encompassing the first 600 bp of the Drosophila mela-
nogaster H1 coding sequence (encoding the first 200
amino acids of the 256-amino-acid full-length H1 protein)
in opposite orientations on both sides of the first intron of
the actin 5C gene in pINT-1 (Wei et al. 2007). pINT-1 is
a modified pUAST vector in which transcription is driven
by the GAL4-responsive UAS promoter. We prepared six
individual pINT-1-H1 transgenic lines, and homozygous
transgenic flies were mated at various temperatures to
counterparts of the opposite sex that carry the Tubulin-
GALA4 driver (Tub::GAL4/TM3, Sb) (see the Materials and
Methods). Another pINT-1 transgenic line (pINT-1-Nau)
(Wei et al. 2007) encoding a dsRNA for D. melanogaster
Nautilus protein was used as a control. In the adult
offspring of the experimental cross at 29°C, we did not
observe flies that carry both the pINT-1-H1 and Tubulin-
GALA4 transgenes, and we observed few offspring at 26°C.
At the same time, expected numbers of flies with pINT-1-
Nau and Tubulin-GAL4 transgenes were obtained at both
temperatures (Table 1). Thus, the expression of Hl-
specific dsSRNA under control of the ubiquitous tubulin
promoter causes lethality before eclosion.

To confirm that the combination of the pINT-1-H1 and
Tubulin-GAL4 transgenes causes depletion of H1 histone
protein, larvae of this genotype were collected at 29°C,
salivary glands were dissected, and tissue lysates were
examined by SDS-PAGE and immunoblotting with his-
tone H1 antiserum. We observed that lysates from pINT-
1-HI1°™ 4+ Tubulin-GAL4 salivary glands contained <5%
of the H1 protein present in control lysates (Fig. 1B). We
also determined the extent of H1 depletion in animals
with other HI RNAIi transgene insertions at various
temperatures (Supplemental Fig. 1; Supplemental Table
1). Depending on the temperature and the insertion allele,
the expression of H1 protein in salivary glands of trans-
genic larvae was decreased by 14%-95% in salivary
glands and by 13%-99% in whole larvae. GAL4 is known
to exert higher transcriptional activity at elevated tem-
peratures (Brand et al. 1994). Consistent with this obser-
vation, the lethal effect of combining the pINT-1-H1
and Tubulin-GAL4 transgenes was alleviated at lower
temperatures (18°C and 22°C), due to reduced dosage
of the Hl-specific siRNA (Table 1; Supplemental Fig.
1; Supplemental Table 1). It appears from our analyses
that lethality is caused by the knockdown when Hl1
protein levels are decreased below a certain threshold,
between ~20% and 60% of the wild-type level (Supple-
mental Table 1). This result is similar to the effect of
H1 dosage reduction in mice (Fan et al. 2003), in which
reducing the total level of HI protein below a certain thresh-
old value causes lethality at early stages of development.

To demonstrate that histone H1 is depleted from the
chromatin of RNAi-treated animals, we treated nuclei
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Figure 1. Depletion of histone H1 in Drosophila. (A) Trans-
genic RNAI construct for sequence-specific post-transcriptional
silencing of the Drosophila linker histone H1 gene. Two
identical fragments of the H1 coding sequence (the first 600
bp) were inserted in opposite orientations on both sides of the
first intron of the actin 5C gene in the pINT-1 vector. The
expression of Hl-specific dsRNA is driven by the GAL4-re-
sponsive UAS promoter. (Open triangle) UAS promoter; (black
arrows) H1 cDNA fragments; (dark-gray box) act5C intron; (open
circle) SV40 polyadenylation site; (light arrow) white gene;
(small black arrowheads) P-element sequences. (B) The expres-
sion of H1 protein in the third instar (L3) larval salivary glands is
abrogated by RNAi. H1 synthesis was inhibited by H1-specific
dsRNA transcribed from p-INT-1-H1°M transgene driven by the
GALA4 transactivator encoded by the Tubulin-GAL4 transgene at
29°C (from the beginning of embryonic development to L3). H1
protein levels in salivary gland lysates of Hl-depleted animals
(H1 KD) were compared with those in salivary glands of the
wild-type (WT) and pINT-1-Nautilus (CON) animals by immu-
noblotting using an antiserum against Drosophila histone H1.
Protein loading was controlled by immunoblotting for tubulin.
(C) Nucleosome repeat length (NRL) is reduced in L3 larval
chromatin upon depletion of H1 by RNAi. H1 synthesis was
inhibited by H1-specific dsSRNA as described in B. Nuclei from
L3 larvae were subjected to partial micrococcal nuclease di-
gestion, and the DNA was analyzed by agarose gel electropho-
resis and EtBr staining. The NRL in knockdown animals (H1
KD) was calculated to be ~176 bp compared with ~188 bp in the
wild-type control (WT). Open triangles indicate the positions of
the hexanucleosome bands in each sample. (M) 123-bp DNA
ladder. (D) Chromatosome particles are depleted in the chroma-
tin of H1 knockdown larvae. Chromatin from H1 knockdown
(H1 KD) and wild-type (WT) larvae was prepared and digested
extensively with MNase as in C. The DNA was analyzed by
native PAGE and EtBr staining. In HI knockdown larvae, the
chromatosome band (top arrow) is substantially depleted in
comparison with the wild-type control larvae. (Bottom arrow)
Core particle; (M) 123-bp DNA ladder.

454 GENES & DEVELOPMENT

prepared from whole L3 larvae with micrococcal nuclease
(MNase) (Fig. 1C). The nucleosome repeat length in the
chromatin of the knockdown animals was reduced from
~188 bp to ~176 bp. Furthermore, we observed depletion
of the chromatosome band in the H1-depleted chromatin
as compared with the control chromatin (Fig. 1D). Thus,
bulk native chromatin contains substantially less H1 in
pINT-1-H1 + Tubulin-GAL4 animals.

To confirm that the lethality of pINT-1-H1 + Tubulin-
GALA4 flies is due to reduced expression of histone Hl,
rather than an off-target effect of RNAi, we tested
whether duplication of the histone gene cluster (which
encompasses ~100 copies of the H1 gene) or expression of
wild-type Drosophila histone H1 ¢cDNA from an ectopic
pUAST-HI transgene could rescue the lethal phenotype.
We observed that H1 RNAI in the genetic background of
several different duplications encompassing the histone
gene cluster caused a significantly less detrimental effect
(Table 2). Consistent with this result, larvae that con-
tained the duplications expressed H1 protein at levels
above the lethality threshold (Supplemental Fig. 2). The
PUAST-HI transgenes also rescued the lethality, albeit
with a substantially reduced effectiveness compared with
the histone gene cluster duplications (Table 3). We
conclude that elevated expression of HI mRNA can
counteract the defect that is caused by the expression of
double-stranded H1-specific RNA.

Our results indicate that linker histone H1 has an
essential function in vivo. Substantially reduced H1 ex-
pression results in lethality. To investigate the develop-
mental stage at which lethality occurs, we performed
crosses, similar to those described in Table 1, at 18°C. At
various developmental stages, the offspring of the cross
were transferred to a higher, nonpermissive temperature
(29°C), and the offspring were later examined for the
presence of pINT-1-H1 + Tubulin-GAL4 adults (data not
shown). The lethal effect of H1 RNAi was observed only
when the offspring of the cross were exposed to the elevated
temperature at or prior to pupariation. When pINT-1-H1 +
Tubulin-GAL4 pupae were transferred to 29°C, expected
numbers of flies survived to adulthood. Also, elevated
temperature did not affect viability or longevity of eclosed
adults. Thus, expression of the wild-type levels of H1 is
essential in vivo before or during metamorphosis.

The histone H1 gene is a suppressor of position effect
variegation (PEV)

In vitro analyses and overexpression studies in cultured
mammalian cells indicate that Hl may function primar-
ily as a transcriptional repressor (Laybourn and Kadonaga
1991; Brown et al. 1996). However, other studies suggest
that H1 can have both positive and negative effects on
gene expression (Shen and Gorovsky 1996; Lin et al. 2004;
Fan et al. 2005). To test the role of H1 on transcriptional
silencing in vivo in Drosophila, we analyzed the effect of
HI1 depletion on PEV. PEV is a phenomenon in which
expression of a gene is altered in a stochastic manner
when the native genomic location of the gene is altered,
usually by positioning it within or near large blocks of
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Table 1. Temperature-dependent lethality induced by H1 RNAi

Temperature
Transgene combination 18°C 22°C 26°C 29°C
pINT-1-Nau + Tub-GAL4 64/125 (63) 79/156 (78) 109/211 (106) 125/237 (119)
PINT-1-H1*™ + Tub-GAL4 57/108 (54) 61/136 (68) 10/108 (54) 0/143 (72)
pINT-1-H1*™ + Tub-GAL4 34/112 (56) 32/106 (53) 0/107 (54) 0/90 (45)
pINT-1-HI1°F + Tub-GAL4 22/93 (47) 41/110 (55) 0/103 (52) 0/112 (56)

Homozygous transgenic pINT-1-Nau, pINT-1-H1*M, pINT-1-H1°™, and pINT-1-H1F flies were mated with heterozygous Tubulin::
GAL4/TMS3, Sb flies. The crosses were set at the indicated temperatures. Viability is expressed as the number of eclosed Sb* adults,
relative to the total number of offspring. The expected number of Sb* flies (from the Mendelian distribution) is shown in parentheses.

heterochromatin. Many mutations that are known to
suppress PEV affect factors that are involved in transcrip-
tional repression as well as the establishment and/or
maintenance of heterochromatin (Wallrath 1998; Richards
and Elgin 2002; Ebert et al. 2006). In Drosophila, PEV can
be assayed readily by studying mosaic silencing of genes
that affect visible phenotypes in adult flies.

We examined the effect of H1 histone depletion on PEV
using the variegated yellow gene in the KV111 P-element
insertion line (Konev et al. 2003) and the variegated T(2;3)
Sb[V] allele (Csink et al. 1994). We performed these
analyses with H1 knockdown animals incubated at 22°C,
which is permissive for fly viability. When a recessive
yellow transgene is positioned near pericentric hetero-
chromatin, its partial silencing results in the appearance
of patches of cells that do or do not contain dark pigment
in the dorsal abdominal cuticle (Fig. 2A, left panel). When
combined with pINT-1-HI + Tubulin-GAL4 transgenes,
variegation of yellow was suppressed, which was man-
ifested as an almost complete restoration of the yellow*
phenotype in the dorsal abdomen (Fig. 2A, right panel). In
another experiment, we used Shb[V], a dominant, gain-of-
function allele. When Sb is positioned in euchromatin,
adult flies have short thoracic sensory bristles. Silencing
of heterochromatin-proximal Sb/V] causes a variegated
increase of the bristle length toward the wild-type phe-
notype (Fig. 2B, left panel). The combination of this PEV
reporter gene with the pINT-1-H1 + Tubulin-GAL4 RNAi
transgenes also caused a suppression of PEV, as indicated
by an increased number of short bristles due to derepres-
sion of the dominant Sb[V] allele (Fig. 2B, right panel). We
conclude that, similar to other suppressors of PEV, the H1
linker histone stimulates silencing in pericentric hetero-
chromatin, either by its general activity in transcriptional
repression or through a specific biochemical and/or
structural function in heterochromatic silencing. For

instance, H1 may serve as an essential protein compo-
nent of the pathway that is necessary for the assembly
and/or maintenance of the heterochromatin structure.

To determine whether the effects of HI on PEV are
transcriptional, we analyzed the effect of H1 depletion on
expression of genes that depend on their position in
heterochromatin for their transcriptional activity. Unlike
typical euchromatic genes, concertina, light, and rolled,
which are embedded into proximal heterochromatin of
the second chromosome (Hilliker and Holm 1975), are
silenced when taken out of their normal heterochromatic
context (Wakimoto and Hearn 1990; Eberl et al. 1993).
Notably, these genes have distinct regulatory require-
ments and are transcriptionally activated by dominant
suppressors of variegation (Lu et al. 2000). We used
quantitative real-time RT-PCR (qRT-PCR|) to analyze
the expression levels of these heterochromatic genes in
H1-depleted and control salivary glands. We found that
concertina, light, and rolled are strongly repressed (three-
fold to 10-fold) upon abrogation of HI (Fig. 2C). We
performed quantitative chromatin immunoprecipitation
(qChIP) and discovered that whereas H1 is highly abun-
dant in chromatin in the promoters and transcription
units of concertina and light in the control larvae, it is
almost entirely eliminated in the knockdown larvae
(Supplemental Fig. 3). As a control, we measured mRNA
levels of several highly and ubiquitously expressed genes.
In contrast to heterochromatic genes, the expression of
1p49, act5C, Su(var)2-5, and Su(var)3-9 was not substan-
tially affected by H1 depletion (Fig. 2C). Thus, similar to
suppressors of variegation, H1 functions in transcrip-
tional activation of heterochromatic loci. In contrast,
HI does not appear to play a significant role in expression
of at least some euchromatic genes, which may be
positioned in chromatin loci that normally contain low
levels of H1 (Fig. 2C; Supplemental Fig. 3).

Table 2. HI RNAi-induced lethality is alleviated in genetic backgrounds of the histone cluster duplications

Duplication
Transgene combination Dp(2;2)Cam8/CyO Dp(2;1)C239/+; Dp(2;Y)H1 Dp(2;f)BI/+ y w (control)
PINT-1-H1?M/SM5; Tub-GAL4/TM6B 57/201 (34 18/67 (17) 14/97 (24) 0/218 (55)

Double-heterozygous pINT-1-H1*/SM5, Cy; Tub::GAL4/TM6B, Hu transgenic fly lines were established and maintained at 18°C.
They were mated at 29°C to y w control flies or flies that carry the indicated heterozygous balanced histone cluster duplications.
Viability is expressed as the number of eclosed Cy*; Hu* adults, relative to the total number of offspring. The expected number of Cy*;
Hu™ flies (from the Mendelian distribution) is shown in parentheses.
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Table 3. Ectopic expression of HI cDNA partially rescues H1 RNAi-induced lethality

UAST-H1 insertion

Transgene combination DH1-6/DH1-6

DH1-7/DH1-7 DH1-10/DH1-10 y w (control)

pINT-1-H1?M/SM5; Tub-GAL4/TM6B 9/188 (47)

11/196 (49) 6/109 (27) 0/278 (70)

Homozygous transgenic pUAST-HI insertion flies or y w control flies were mated at 29°C to double-heterozygous pINT-1-H1*M/SM35,
Cy; Tub::GAL4/TM6B, Hu flies. Viability is expressed as the number of eclosed Cy*; Hu" adults, relative to the total number of
offspring. The expected number of Cy*; Hu" flies (from the Mendelian distribution) is shown in parentheses.

Depletion of H1 histone disrupts polytene
chromosome structure

pINT-1-H1 + Tubulin-GAL4 animals survive through the
third instar larval stage of development at 29°C. H1
depletion causes a range of morphological defects in
larvae, including smaller salivary glands that contain
fewer cells with enlarged nuclei (Fig. 3A, left panel;
Supplemental Fig. 4). Furthermore, H1-depleted larvae
have smaller imaginal discs (Fig. 3A, right panel) that
contain reduced numbers of cells. These changes could be
due to decreased cell proliferation or increased cell death
under the conditions of very low HI1 protein levels.
Additionally, they may result from altered gene expres-
sion programs and/or chromosome structure in HI-
depleted animals.

To analyze possible altered chromatin structure in H1
knockdown larvae, we examined the effects of H1 histone
depletion on polytene chromosome structure. Figure 3B
shows a comparison of polytene chromosomes prepared
from control and H1-depleted salivary glands. Unlike wild-
type polytene chromosomes, the polytene chromosomes
from H1 RNAi animals have a severely perturbed pattern:
They do not exhibit the normal regular structure of
intensely stained bands and dark interband regions.
In addition, the chromosome arms are often tangled into
unstructured clumps of chromatin and occasionally appear
substantially thinner than normal. The loss of discernable
polytene chromosome banding is reminiscent of that
observed in mutants of the general transcription factor
TRF2, a positive regulator of H1 transcription in flies
(Isogai et al. 2007), and in strains carrying dominant-
negative alleles of Iswi, in which H1 deposition into
chromosomes is compromised (Corona et al. 2007).

A prominent feature of salivary gland nuclei is the
chromocenter, a single coalesced region of underrepli-
cated pericentric heterochromatin contributed by all
chromosomes. Although certain components, such as
Heterochromatin Protein 1 (HP1), enzymes that me-
diate histone H3 Lys 9 dimethylation (H3K9Me,) and the
RNAi machinery factors, are known to be associated with
the chromocenter, the complete molecular details of its
establishment are not known. DAPI staining of squashed
salivary gland polytene chromosomes showed that H1
depletion caused the loss of a well-defined chromocenter
(Fig. 3B). In fact, when salivary gland squashes from H1
knockdown animals are stained with DAPI, visual inspec-
tion does not allow unambiguous identification of pericen-
tric regions in these polytene chromosomes.
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HPI is a major marker of the pericentric heterochro-
matin and is normally highly concentrated in the chro-
mocenter and also associated with telomeres, the fourth
chromosome, and several euchromatic loci (Fanti and
Pimpinelli 2008). Indirect immunofluorescence staining
of polytene chromosomes from Hl-depleted salivary
glands showed that pericentric HP1 is dispersed much
more broadly through the plane of the polytene spread
(Fig. 3B). These HP1-enriched foci resemble two or more
“partial chromocenters.” These changes in HP1 localiza-
tion were also apparent in stained whole-mount prepara-
tions of salivary gland cells (Fig. 3C). Instead of a typical
single locus of strong pericentric HP1 staining, H1-depleted
salivary gland cells invariably contain two or more separate
HP1 foci. In addition, the overall size of HP1-enriched foci
in salivary gland cells from HI knockdown larvae
appeared somewhat smaller than those in the wild-type
controls.

H3K9Me, is another major marker of the chromocen-
ter in salivary gland polytene chromosomes. Pericentric
heterochromatin in Drosophila contains core histone H3
that is dimethylated at Lys 9 by the histone methyltrans-
ferase enzyme Su(var)3-9 (Schotta et al. 2002). When H1-
depleted chromosomes were stained with H3K9Me,-
specific antibodies, virtually no signal above the back-
ground could be observed anywhere in the polytene
chromosomes (Fig. 3B). This is in stark contrast to the
wild-type polytene chromosomes that exhibit a very
strong focus of H3K9Me, staining overlapping with the
HP1 signal in the chromocenter. Since very little H3K9Me,
could be detected in polytene chromosomes of H1-depleted
cells, including in the region of the foci where HP1 was
still present, we conclude that in these cells HPI is
deposited in the pericentric region in a manner that is
independent of histone H3 dimethylation.

The observed changes in chromocenter morphology as
well as abundance and localization of HP1 and H3K9Me,,
were not due to changes in the total protein levels of
these components in the Hl-depleted cells. Indeed, im-
munoblotting of cell lysates showed that the cellular
levels of total HP1 and H3K9Me, proteins are actually
increased upon the knockdown of H1 (Fig. 3D). However,
gRT-PCR assays showed that the levels of the Su(var)2-5
(HP1) and Su(var)3-9 histone methyltransferase mRNAs
were not altered in the Hl-depleted cells (Fig. 2C). We
conclude that H1 is required for proper polytene chromo-
some structure and for formation of the chromocenter,
including localization of the major heterochromatin
markers of the chromocenter.
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Figure 2. HI is a suppressor of PEV and an activator of
heterochromatic gene expression. (A) Variegation of a yellow
transgene transposed into pericentric heterochromatin in 2R is
suppressed by partial depletion of H1. The recessive yellow gene
within the SUPorP P-element is inserted into pericentric het-
erochromatin (KV111, 2h46) (Konev et al. 2003). (Left panel)
Variegated expression of yellow manifests in the dorsal abdom-
inal cuticle as dispersed patches of cells with or without the
dark pigment (arrow). (Right panel) In Hl-depleted adult flies
(pINT-1-H1*™ + Tubulin-GAL4), variegation of yellow is sup-
pressed, which is indicated by intensification of the dark
pigment in the dorsal abdomen. The animals were incubated
at 22°C throughout their life cycle. (H1 KD) Hl-depleted
animals; (CON) Nautilus RNAi control. (B) Variegation of
Sb[V] allele in a rearranged Chromosome 3, T(2;3)Sb[V], is
suppressed by partial depletion of Hl. (Left panel) Silencing of
heterochromatin-proximal Sh/V] causes a variegated increase of
bristle length toward the wild-type phenotype (arrow). (Right
panel) H1 depletion (pINT-1-H1* + Tubulin-GAL4) causes
a suppression of PEV, which is indicated by an increased number
of short bristles. The animals were incubated at 22°C through-
out their life cycle. (H1 KD) Hl-depleted animals; (CON)
Nautilus RNAi control. (C) H1 depletion causes repression of
pericentric genes concertina, light, and rolled. Total RNA
was prepared from dissected salivary glands of Hl-depleted
(pINT-1-HI°™ + Tubulin-GAL4) and control (pINT-1-Nau +
Tubulin-GAL4) L3 larvae, and mRNA levels were analyzed in
triplicate by real-time qRT-PCR. The measurements were
normalized to rp49. Gene expression levels in Hl-depleted
larvae are expressed relative to the Nautilus RNAi control. The
animals were incubated at 29°C throughout their life cycle.
act5C, Su(var)2-5, and Su(var)3-9 gene expression levels were
measured as controls.
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Drosophila HI depletion causes misalignment of sister
chromatids in polytene chromosomes

To further investigate the causes of the abnormalities
seen in the polytene chromosome structure in the HI-
depleted cells, we examined the alignment of chromatids
in the polytene chromosomes by using a system in which
a GFP-tagged Iac repressor DNA-binding domain (GFP-
lacl) associates with multiple copies of lac operator (lacO)
sequences inserted into the 61F interband region on the
third chromosome (Danzer and Wallrath 2004). The GFP-
lacl transgene is driven by the hsp70 promoter. When its
expression is induced, the binding of the fusion protein
to the lacO repeats can be detected with an anti-GFP
antibody. This approach has been used previously to
detect disruption of the normal parallel alignment of
the chromatids in polytene chromosomes (Deng et al.
2005). In control polytene chromosomes squashes, the
GFP signal was observed as a tight, straight band perpen-
dicular to the chromosome axis (Fig. 4A, top panel).
However, in Hl-depleted larvae, the GFP signal was
dispersed and in many chromosomes consisted of clearly
separated spots (Fig. 4A, bottom panel). Nevertheless,
these spots were localized together, suggesting that even
though the normal morphology of the chromosomes is
severely altered by H1 depletion, partial alignment of the
individual fibers along the longitudinal chromosome axis
is maintained to some extent.

When H1 is depleted by RNAI, the residual H1 (<5% of
the wild-type level) is not distributed uniformly in poly-
tene chromosomes but, instead, is mostly localized to
a small number of specific Hl-enriched loci (Fig. 4B). Very
consistently, these loci of higher residual H1 content also
maintain a partially conserved band-interband polytene
structure. In contrast, many chromosome regions that do
not contain detectable H1, although occasionally brightly
stained with DAPI, have no discernable banding pattern
and exhibit unstructured, clumped morphology (Fig. 4C).
Thus, Drosophila histone H1 helps to maintain align-
ment of sister chromatids during endoreplication in larval
cells and plays an important role in the formation of the
normal banding pattern of polytene chromosomes.

Discussion

Drosophila H1 depletion by RNAi

Our work provides evidence that maintaining the level of
histone H1 expression is essential for proper Drosophila
development. We used in vivo transcription of an H1-
specific dsRNA “hairpin” as a means to induce post-
transcriptional gene silencing in Drosophila. We observed
that lethality caused by abrogation of histone H1 synthesis
is temperature-dependent. In our system, the transcrip-
tion of the H1-specific hairpin RNA is activated ubiqui-
tously by the yeast transactivator protein GAL4, which is
known to exert stronger effects at elevated temperatures
(Brand et al. 1994). Indeed, the depletion of H1 protein and
penetrance of the RNAi-induced lethality in our trans-
genic strains both directly correlated with the tempera-
ture (Table 1; Supplemental Fig. 1; Supplemental Table 1).
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Figure 3. H1 depletion affects HP1 localization and the status of H3K9 dimethylation in Drosophila polytene chromosomes. (A) H1
depletion by RNAi leads to a reduction in the number of cells and the size of salivary glands and imaginal discs in L3 larvae. Whole
salivary glands and wing imaginal discs were dissected from H1-depleted (pINT-1-H1°™ + Tubulin-GAL4) and control (pINT-1-Nau +
Tubulin-GAL4) L3 larvae. The animals were incubated at 29°C throughout their life cycle. Tissues were fixed and stained with DAPI to
visualize the nuclei. (SG) Salivary gland; (WD) wing disc; (CON) pINT-1-Nau + Tubulin-GAL4 control larvae; (H1 KD) pINT-1-H1°M +
Tubulin-GAL4 H1 RNAI larvae. (B) H1 depletion causes abnormal polytene chromosome morphology and the loss of the H3K9Me,
marker in pericentric heterochromatin. Salivary glands from control (pINT-1-Nau + Tubulin-GAL4) and H1-depleted (pINT-1-H1°™ +
Tubulin-GAL4) L3 larvae were squashed, and polytene spreads were stained with DAPI and antibodies against HP1 and H3K9Me,.
Control chromosomes (CON) have a uniform regular structure of bands and interbands as well as a prominent chromocenter brightly
stained with DAPI and both antibodies, whereas no such uniform banding pattern or the chromocenter are apparent in the H1-depleted
polytene chromosomes (H1 KD). In contrast to the control chromosomes, the Hl-depleted polytene chromosome structure is severely
disturbed, HP1 is dispersed broadly, and the H3K9Me, cannot be readily detected, including at the loci where HP1 is present. The
animals were incubated at 29°C throughout their life cycle. (Blue) DAPL; (red) HP1; (green) H3K9Me,. (C) HP1 is distributed in more
than one chromosomal locus in salivary gland cells with depleted H1. Whole-mount salivary glands from control (pINT-1-Nau +
Tubulin-GAL4, CON) and H1-depleted (pINT-1-H1°™ + Tubulin-GAL4, H1 KD) larvae were fixed and stained with anti-HP1 antibody.
Whereas in control cells HP1 is mostly concentrated in a single region (chromocenter), in Hl-depleted cells HP1 is dispersed broadly.
The animals were incubated at 29°C throughout their life cycle. (Blue) DAPI; (red) HP1. (D) Total cellular HP1 and H3K9Me, are
increased upon abrogation of H1 expression in larvae. HP1 and H3K9Me, were detected by Western blotting of crude lysates of salivary
glands from control (pINT-1-Nau + Tubulin-GAL4, CON| and H1-depleted (pINT-1-H1°™ + Tubulin-GAL4, H1 KD) L3 larvae. Western
blotting for tubulin and total histone H3 were used as loading controls. The animals were incubated at 29°C throughout their life cycle.

Thus, the temperature dependence of GAL4 transcrip-
tional activity allows temporal control over the post-

requirement for maintaining H1 expression after meta-
morphosis. Alternatively, the endogenous H1 protein that

transcriptional silencing of HI; that is, by transferring
developing animals from the permissive (18°C) to the
restrictive (29°C) temperatures, or vice versa, one can
target the RNAI effect to a specific developmental time
period. For instance, we found that activating the synthe-
sis of the H1-specific RNAi during late stages of Drosoph-
ila development (in pupae and adults) did not cause an
appreciable effect on viability, in contrast to H1 abrogation
in embryos and larvae. Thus, there may be a less stringent
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accumulates in larvae prior to metamorphosis may be
sufficient for proper cell function throughout the rest of
the life cycle in Drosophila.

Our previous studies with single and compound H1
subtype-specific knockout mice also revealed a direct
correlation between the levels of H1 expression and
survival (Fan et al. 2003). Mice lacking only one or two
HI subtypes, but containing a normal H1 to nucleosome
ratio, survive and appear normal. On the other hand, mice
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Figure 4. Effects of H1 depletion on alignment of sister chromatids in polytene chromosomes. (A) H1 depletion results in misalignment
of chromatin fibrils in an interband region in 61F. The genomic position of a P-element insertion containing 256 lacO sites was visualized
by indirect immunofluorescence (IF) through binding of an ectopically expressed GFP-lacl protein to the locus in polytene chromosomes.
In control squashes (pINT-1-Nau + Tubulin-GAL4, CON), the GFP signal was observed as a single straight band, indicative of an
alignment of endoreplicated chromatin fibrils. In H1-depleted polytene chromosomes (pINT-1-H1°™ + Tubulin-GAL4, H1 KD), the GFP
signal was dispersed into multiple isolated spots, indicating the loss of perfect alignment. The animals were incubated at 29°C
throughout their life cycle. (Blue) DAPI; (green) GFP-lacl. (B) Residual H1 protein in H1-depleted polytene chromosomes is unevenly
distributed and correlates with regions of persistent polytene band-interband structure. Polytene chromosome squashes from control
(pINT-1-Nau + Tubulin-GAL4, CON) and H1-depleted (pINT-1-H1°™ + Tubulin-GAL4, H1 KD) salivary glands were stained with the H1
antibody. In control chromosomes, H1 localizes primarily to bands in euchromatic arms and to the pericentric region. In Hl-depleted
larvae, the H1 signal is dramatically reduced, and the residual protein is distributed over a limited number of loci. The majority of these
loci also have a partially conserved polytene band-interband structure, as evidenced by DAPI staining. In contrast, chromosome regions
that do not contain detectable HI typically exhibit amorphous, clumped morphology. The animals were incubated at 29°C throughout
their life cycle. (Blue) DAPI; (green) HI. (C) In H1 knockdown larvae, polytene band-interband structure is partially preserved in loci
with elevated residual H1. Whereas DAPI stains equally brightly the residual structured bands (arrows) and unstructured chromatin
clumps (arrowheads), H1 staining predominantly has an appearance of discrete bands. No diffuse signal can be observed for the H1
staining. Furthermore, there is a substantial overlap between the residual DAPI and H1 bands.

survival of affected animals. Thus, in contrast to simpler
eukaryotes, in which the linker histone is not essential,
metazoans require maintenance of a certain level of H1
expression for normal development.

The roles of Drosophila H1
in heterochromatin formation

lacking five H1 alleles, with a reduction from 20% to up
to 50% in the HI-to-nucleosome ratios in different
tissues, were small and born at a significantly lower rate
than the single and double H1 knockout mice. Embryos
lacking six alleles (three H1 subtypes) and containing
approximately half of the normal H1 levels developed
multiple abnormalities and died in midgestation, an

indication that a minimum threshold level of H1 protein
is required for normal mammalian embryonic develop-
ment (Fan et al. 2003). Our data in Drosophila parallel
these findings, since at subpermissive temperatures (26°C
or lower), intermediate reduction of H1 expression to
~70% of the wild-type larval level resulted in partial

Pericentric heterochromatin has been implicated in gene
silencing that occurs when euchromatic genes are placed
adjacent to heterochromatin by chromosome rearrange-
ment or transposition—a phenomenon that was initially
described in Drosophila as PEV (Henikoff 1990). Through
genetic screening, many important chromatin regulators
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have been identified, which, when mutated, act as modifiers
(suppressors or enhancers) of PEV (Reuter and Spierer
1992). Thus, PEV in Drosophila represents a valuable assay
for identification and molecular study of evolutionarily
conserved functions controlling epigenetic programming
in eukaryotes (Reuter and Spierer 1992; Wallrath 1998). We
observed that the linker histone H1 stimulates silencing in
pericentric heterochromatin. Although it was not feasible
to make a classical mutant of the H1 genes, dose reduction
of H1 by ~15% (Supplemental Fig. 1; Supplemental Table 1)
resulted in PEV suppression. In that respect, H1 resem-
bles other dominant suppressors of PEV, such as
Su(var)2-5, which encodes HP1. Dose reduction of HP1
in Su(var)2-5 heterozygotes results in strong PEV sup-
pression (Eissenberg et al. 1990). Our data indicate that
H1 is an essential structural component of pericentric
heterochromatin, or it is necessary for recruitment of
another such essential biochemical component(s) to
heterochromatin. In fact, we found that the level of H1
does affect the localization of two major markers of peri-
centric heterochromatin, HP1 and H3K9Me,_

HPI is an abundant nonhistone chromosomal protein
first discovered in Drosophila because of its association
with heterochromatin. HP1 is conserved in many eukar-
yotes, including fission yeast, insects, and mammals;
involved in gene silencing; and consistently associated
with pericentric heterochromatin and telomeres (Fanti
and Pimpinelli 2008). In Drosophila polytene chromo-
somes, HP1 is diagnostic of heterochromatin, and the
vast majority of HP1 protein concentrates at the chro-
mocenter. Indirect immunofluorescence staining of poly-
tene chromosomes indicates that histone H1 is abundant
in pericentric heterochromatin (Fig. 4B). Furthermore, the
chromocenter is severely disrupted in polytene chromo-
somes of salivary gland cells with depleted H1, and H1
abrogation also results in a delocalization of HP1 (Fig. 3B).
The dispersion of the chromocenter is not produced by
mechanical stress during squashing, since it is similarly
observed in whole-mount salivary gland cells (Fig. 3C).
Thus, H1 plays important roles in the establishment and/
or maintenance of the structure as well as in the bio-
chemical composition of proximal heterochromatin in
Drosophila larvae. It remains to be seen whether HI is
directly required for faithful deposition/recruitment of
HP1 to its cognate loci in pericentric heterochromatin, or
mislocalization of HP1 in chromosomes of H1-depleted
cells is a secondary effect mediated by disruption of other
nuclear processes that are regulated by the abundance of
HI1 (e.g., transcription). The former explanation is cer-
tainly possible since there are several reports that HP1
interacts directly with H1 (Nielsen et al. 2001; Daujat
et al. 2005; Hale et al. 2006).

Methylation of histone H3 Lys 9 (H3K9) has a well-
established role in heterochromatin formation in meta-
zoans, and H3K9Me; (H3K9Me, in Drosophila) is highly
enriched in condensed heterochromatin (Lachner et al.
2001; Rice et al. 2003). The chromodomain of HP1
specifically recognizes methylated H3K9, which facili-
tates its recruitment and leads to an overlapping distri-
bution of HP1 and the H3K9 methylation mark in the
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genome (James et al. 1989; Lachner et al. 2001; Schotta
et al. 2002). Upon H1 abrogation, however, very little or
no H3K9Me, is detected in the loci where HP1 remains
present. We conclude that in polytene chromosomes of
H1-depleted larvae, HP1 is deposited by a mechanism
that does not require histone H3 dimethylation. The
persistence of HP1 in proximal heterochromatin in the
absence of dimethylated H3K9 is consistent with reports
indicating that HP1 can bind nonspecifically to nucleo-
some core particles and even to naked DNA (Zhao et al.
2001). It is also consistent with the findings of Danzer
and Wallrath (2004), who, by using a tethering system to
recruit HP1 to euchromatic sites, showed that HP1-
mediated silencing can operate in a Su(var)3-9-indepen-
dent manner. Our findings strengthen the view that,
whereas HP1 may normally cooperate with Su(var)3-9
and K9-methylated H3 in heterochromatin formation and
gene silencing at pericentric chromosome sites, it can be
deposited in these regions independently of these other
components, and even without the presence of H1.

The Su(var)3-9-null mutants, although also lacking an
appreciable level of H3K9Me, signal in immunofluores-
cence-stained polytene chromosomes, do not exhibit the
same spectrum of phenotypes as Hl-depleted animals.
For instance, the single polytene chromocenter is not
disrupted in Su(var)3-9-null mutants (Schotta et al. 2002).
Thus, the observed phenotypes and defects in chromatin
structure upon abrogation of H1 cannot be explained
exclusively by the loss of H3K9 dimethylation, and H1
is therefore predicted to play a separate and unique role in
the establishment and/or maintenance of pericentric
heterochromatin. In the future, it will be interesting to
see whether in addition to the reversal of heterochro-
matic silencing, similar to other suppressors of variegation,
HI depletion also affects other properties of heterochro-
matin, such as the reduced rates of meiotic recombina-
tion normally observed in these regions (Westphal and
Reuter 2002).

It is an intriguing observation that H3K9Me, is not
detectable in chromatin of H1-depleted salivary glands by
indirect immunofluorescence, although total protein lev-
els in cell lysates are elevated rather than reduced. Thus,
HI may be required for H3K9Me, deposition in chroma-
tin. Alternatively, if histone H3 Lys 9 is dimethylated by
Su(var|3-9 predominantly in the context of a nucleosome,
HI depletion may result in specific expulsion of the K9-
dimethylated form of H3 from pericentric regions and
potentially other H3K9Me,-enriched loci. We analyzed
the presence of other repressive, heterochromatin-specific
histone marks, such as H4K20Me,, H3K9Me;, and
H3K9Me;, in polytene chromosomes of H1 knockdown
larvae by IF microscopy and discovered that they were all
largely absent in pericentric heterochromatin (Supple-
mental Figs. 5, 6). In contrast, there was no substantial
effect on the active H3K4Me, mark, which remained
widely distributed in polytene chromosomes (Supple-
mental Fig. 5). Thus, H1 appears to be required for global
maintenance of repressive marks in heterochromatin,
rather than stimulation of particular programs/enzymes
that affect specific histone modification states. This



function of H1 might be linked to its role in the transcrip-
tional activity of heterochromatin. Indeed, our studies of
heterochromatic gene expression in Hl-depleted larvae
showed that low levels of H1 cause altered transcriptional
activity in heterochromatin. Further studies of the dy-
namics of formation and maintenance of H3K9Me, and
other repressive marks in Hl-depleted chromatin may
allow us to better understand this relationship.

The roles of Drosophila H1 in transcriptional
repression and activation

H1 depletion has a dramatic effect on the distribution of
H3K9Me,-containing nucleosomes in the genome. It is
possible that HI is similarly involved in maintenance of
other repressive histone marks in Drosophila. However,
it is unlikely that H1 is involved in Polycomb silencing
(Schwartz and Pirrotta 2008), since we did not observe
homeiotic phenotypes in adult escapers that survive
partial H1 depletion (at 26°C and below).

Our previous work with H1-depleted mouse ES cells, as
well as studies in other species, suggested that H1 may
participate in both transcriptional activation as well as
repression in vivo (Shen and Gorovsky 1996; Hellauer et al.
2001; Fan et al. 2005; Ni et al. 2006). Likewise, our studies
with H1-depleted Drosophila larvae support dual roles for
H1 in transcriptional regulation. Similar to other suppres-
sors of PEV, H1 stimulates silencing of genes that are
brought into juxtaposition with heterochromatin. On the
other hand, certain Drosophila genes that are embedded in
heterochromatin (e.g., concertina, light, and rolled) are
dependent on their genomic localization for proper tran-
scriptional regulation, as their expression is reduced when
their genomic loci are rearranged to lie next to a euchro-
matic breakpoint (Wakimoto and Hearn 1990; Hearn et al.
1991; Eberl et al. 1993; Howe et al. 1995) or when hetero-
chromatin component genes are mutated (Lu et al. 2000).
By qRT-PCR assay, we demonstrated that concertina, light,
and rolled are repressed in third instar larval salivary glands
upon reduction of HI levels (Fig. 2C). Thus, H1 is also
required for activation of heterochromatic genes within
the context of pericentric heterochromatin.

Wakimoto and Hearn (1990) proposed that heterochro-
matin-associated proteins function to support normal
transcription of heterochromatic genes when those genes
are at their normal chromosomal sites and that position
effects result when these genes are deprived of such
essential proteins by displacement away from hetero-
chromatin “compartments.” Similarly, HI may contrib-
ute to the formation of a particular chromatin structure
that interferes with activation of euchromatic genes but
to which heterochromatic genes have become adapted.
The loss of H1 would deplete the nucleus of this partic-
ular chromatin conformation, releasing silenced genes
from repression while simultaneously depriving the res-
ident heterochromatin genes of their functional context.
Interestingly, mutations of rolled, similar to H1 deple-
tion, lead to late larval or early pupal lethality and
defective imaginal disc formation (Hilliker 1976; Dimitri
1991). It remains to be seen whether one of the effects

Drosophila histone H1 function in vivo

contributing to the lethality of Hl-depleted animals is
down-regulation of specific heterochromatic genes.

As a control, we performed a limited analysis of
possible effects of H1 abrogation on expression of several
euchromatic genes. So far, we have not discovered a eu-
chromatic in vivo transcriptional target for H1 in Dro-
sophila larvae. However, this lack of apparent effect can
be explained by our limited sample size (four genes) and
the choice of targets. We assayed only abundant, ubiqui-
tous genes, whose transcription units in the wild-type
animals (without H1 abrogation) may be positioned
within chromatin that already contains little or no HI.
In the future, it will be important to extend this analysis
to tissue-specific, tightly regulated genes and to perform
this experiment in an unbiased, genome-wide (micro-
array) format.

The roles of Drosophila H1 in sister chromatid
adhesion

Although the Drosophila polytene chromosome has served
as a model to study chromatin structure, remarkably little
is known about its spatial organization or the molecular
mechanisms that maintain the alignment of sister chroma-
tids. Previous studies suggested that interchromatid co-
hesion is generated and maintained in the banded regions
(Ananiev and Barsky 1985; Urata et al. 1995). H1 is widely
distributed in euchromatic arms of polytene chromosomes;
however, it localizes predominantly to bands of compacted
chromatin (Fig. 4B). H1 depletion disrupts the normal band-
interband structure of polytene chromosomes. Thus, H1
functions to establish or maintain the parallel alignment of
band chromosome fibrils. When depleted by RNAi, residual
H1 protein is not distributed uniformly in polytene chro-
mosomes. Remarkably, the residual Hl maxima correlate
with the persistent band-interband structure over short
fragments of the H1l-depleted polytene chromosomes (Fig.
4C). This result emphasizes the requirement for H1 in
polytene chromatid alignment/adhesion. Similarly, the
dissociation of the normal single chromocenter in polytene
chromosomes into several foci of HP1 localization in the
HI1 knockdown larvae may also be related to the loss of
adhesion.

Linker histone H1 is an abundant protein component of
chromatin. It binds to DNA outside the core particle
region, and its function in internucleosomal interactions
and chromatin condensation is widely accepted (Robinson
and Rhodes 2006; Woodcock et al. 2006). It is possible
that internucleosomal interactions directly mediated by
H1 can occur in trans between two distinct chromatin
fibrils and, thus, play a role in adhesion of sister chroma-
tids in polytene chromosomes. In that case, genomic
regions of intrinsically higher H1 density (bands) would
then cluster (“align”) in polytene chromosomes. This
direct mechanism is consistent with the partial conser-
vation of the polytene chromosome banding structure
of Hl-depleted salivary gland cells in regions that con-
tain elevated levels of residual H1 (Fig. 4C). However,
we cannot exclude a possibility that H1 activity in chro-
matid alignment is mediated through interactions with
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other molecules important for chromatin structure main-
tenance, such as H3S10 kinase JIL-1 (Deng et al. 2005).

Although JIL-1 hypomorphic or null alleles exhibit
a defect in polytene chromosome alignment comparable
with that observed in H1 knockdown alleles, other
functions of these proteins are remarkably dissimilar.
Unlike H1, JIL-1 localizes to gene-active interbands and
counteracts the function of Su(var)3-9 (Deng et al. 2007).
JIL-1 is also an enhancer of PEV (Bao et al. 2007).
Furthermore, in JIL-1 alleles, polytene chromosome arms
are highly condensed and interband regions are missing,
with the male X chromosome affected the most severely
(Wang et al. 2001). None of these phenotypes are observed
in H1 knockdown animals. On the contrary, H1l-depleted
polytene chromosomes are rather extended, probably due
to the dispersal of normally compacted band regions.
However, both H1 and JIL-1 appear to contribute to
polytene fibril alignment. It is possible that the polytene
chromosome structure is established through interplay
between antagonistic effects mediated by several effec-
tors, such as H1 and JIL-1 (or its substrates). In the future,
it will be interesting to elucidate fine details of these
putative functional interactions between H1 and JIL-1.

Although H1 is clearly required for chromatid alignment
in endoreplicating cells, it is likely dispensable or less
critical for sister chromatid alignment in G2-M of pro-
liferating cells. Mutations that affect Drosophila genes
coding for the Rad21 subunit of cohesin, CAP-G subunit
of condensin, and Orc2 and Orc5 subunits of the origin
recognition complex have been shown previously to affect
sister chromatid alignment and segregation in vivo
(Pflumm and Botchan 2001; Dej et al. 2004; Pauli et al.
2008). Mutations in these genes result in massive misse-
gregation of chromosomes during mitosis, which was not
observed in H1-depleted animals. On the other hand, these
mutations do not cause any abnormalities in polytene
chromosome structure. Thus, adhesion of replicating chro-
matin in dividing and endoreplicating cells in Drosophila is
likely to be maintained through distinct mechanisms.

In conclusion, we demonstrated that the linker histone
HI is essential for normal development in Drosophila
and required for proper chromosome structure and func-
tion. Specifically, H1 is involved in the establishment of
repressive pericentric heterochromatin and deposition/
maintenance of the several histone modification marks
that are localized in proximal heterochromatin. Further-
more, reduced H1 expression results in defective polytene
chromosome structure with dissociation of the chromo-
center and an almost complete loss of the banding pattern
in the chromosome arms. Thus, linker histone HI1 plays
an essential role in the architecture and activity of meta-
zoan chromosomes.

Materials and methods

Fly strains and genetics

Flies were grown on standard corn meal, sugar, and yeast
medium with Tegosept. Stocks and crosses were maintained in
an environmental chamber at 18°C, or in vials placed in water
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baths at other indicated temperatures. The pINT-1-H1 and
PUAST-HI1 constructs were prepared by PCR and standard
cloning techniques and sequenced. Transgenic fly strains were
generated by Bestgene in the y w background. Six different pINT-
1-H1 insertion lines—pINT-1-H1'™, pINT-1-H1*™, pINT-1-
HI*M, pINT-1-H1*M, pINT-1-HI°™, and pINT-1-H1°*—con-
tained P-element insertions in the second (2M-5M and 6F) or
third (IM) chromosomes and differed in their potency in HI1
depletion. Three different pUAST-HI insertion lines—DH]1-6,
DHI1-7, and DHI-10—contained P-element insertions in the
second (DH1-6 and DHI1-7) or third (DH1-10) chromosomes.
Trans-heterozygous flies containing the pINT-1-H1 + Tubulin-
GAL4 transgenes were produced by crossing homozygous pINT-
1-H1 flies with Tub::GAL4/TM3, Sb flies. The crosses were
performed at the indicated temperatures (Table 1), and offspring
were analyzed for the presence of pINT-1-HI + Tubulin-GAL4
adults using chromosome markers. To determine the develop-
mental stage of Hl RNAi-induced lethality, the foregoing de-
scribed crosses were initiated at 18°C, and after a certain time
transferred to 29°C. Cytologic experiments were performed with
the pINT-1-H1°™ insertion, which produces the highest degree of
H1 depletion when combined in trans-heterozygotes with the
Tubulin-GAL4 driver at 29°C. For rescue experiments with the
histone cluster duplications and pUAST-H1 ¢cDNA transgenes,
the pINT-1-H1*™ insertion line was combined with the Tubulin-
GALA4 transgenic line, and the double-balanced trans-heterozygous
stock was maintained at 18°C. Viability of pINT-1-H1*M +
Tubulin-GAL4 in combination with various duplications and
pUAST-HI insertions was analyzed in crosses at 29°C (Tables 2,
3). The GFP-lacl transgenic stock 128.1 and the lacO repeat
transgenic stock (61F) were generous gifts of Dr. L. Wallrath
(University of Iowa). The pINT-1-Nau transgenic line was
generously provided by Dr. B. Paterson (NIH). The histone gene
cluster duplication and GAL4 driver alleles as well as balancer
stocks were obtained from the Bloomington Stock Center.

For details of cloning, genetic crosses, and viability calcula-
tions, see the Supplemental Material.

Micrococcal nuclease digestion of chromatin

y w or pINT-1-H1°™ + Tubulin-GAL4 animals were incubated at
29°C from egg deposition to the third instar (L3) larvae. Micro-
coccal nuclease digestion assay and analyses were performed as
described previously (Cartwright et al. 1999; Fyodorov et al.
2004) on nuclei from whole L3 larvae. The digested DNA was
resolved on a 1.2% agarose (Fig. 1C) or 6% native polyacrylamide
gel (Fig. 1D) in 1X TBE and stained with ethidium bromide.

Immunohistochemistry

Salivary glands and wing discs of the wandering third instar larvae
were dissected in PBS + 0.1% Triton X-100. For whole-mount
staining, they were fixed for 15 min in PBS containing 3.7%
formaldehyde, washed in PBS + 0.1% Triton X-100, and permea-
bilized for 1 h with PBS + 1% Triton X-100. Alternatively, to
prepare polytene chromosomes, they were fixed in 3.7% para-
formaldehyde for 30 sec, squashed in 45% acetic acid + 3.7%
formaldehyde, and frozen in liquid nitrogen. The glands or poly-
tene spreads were incubated overnight in PBS + 10% fat-free
milk + 0.1 % Triton X-100 with primary antibodies at the indicated
dilutions: affinity-purified rabbit anti-Drosophila H1 (1:5000),
affinity-purified rabbit anti-H3K9Me,, and anti-H3K9Me; (1:100;
Upstate Biotechnologies), affinity-purified rabbit anti-H3K4Me,,
anti-H3K9Me,, and anti-H4K20Me, (1:100; Abcam), monoclonal
mouse anti-Drosophila HP1, C1A9 (Developmental Studies
Hybridoma Bank; 1:50), and monoclonal mouse anti-GFP antibody



(1:100; BD Bioscience). The preparations were washed twice in
PBS + 400 mM NaCl + 0.2% NP-40 for 30 min. Goat anti-rabbit
Alexa Fluor 488 and goat anti-mouse Alexa Fluor 568 (Molecular
Probes) were used at 1:200 dilution in PBS + 0.1% Triton X-100.
The final preparations were mounted in Vectashield mounting
solution (Vector) and stained with DAPI (0.5 pg/mL) for DNA
visualization. The preparations were examined using epifluores-
cence optics on an Olympus IX81 microscope, and images were
captured and digitized using a high-resolution 12-bit Cooke
Sensicam QF cooled CCD camera.

Immunoblot analyses of H1, HP1, and H3K9Me,
in Drosophila salivary gland lysates

Five pairs of salivary glands from larvae of each genotype were
dissected and homogenized in 30 pL of Laemmli loading buffer.
The crude lysates were boiled for 5 min and centrifuged. Total
protein concentrations were determined by the Bradford assay,
and ~10 pg of protein was loaded per well on a 12% SDS-PAGE
gel. Proteins were transferred to nitrocellulose membranes using
an electro-blot apparatus at 120 mA for 2 h. The membranes were
blocked for 1 h in the blocking buffer (LI-COR Bioscience). Rabbit
anti-H1 (1:50,000), monoclonal anti-HP1 (1:3000), or rabbit anti-
H3K9Me, (1:1000) antibodies were incubated with the mem-
branes for 3 h. Subsequently, the blots were washed in PBS +
0.1% Tween 20 and incubated with infrared dye-labeled second-
ary antibodies (1:15,000; LI-COR Bioscience). The blots were
reprobed with mouse monoclonal anti-tubulin antibody, E7
(University of lowa Hybridoma Bank; 1:500) and affinity-purified
goat anti-histone H3 antibody (1:1000; Santa Cruz Biotechnolo-
gies), which were used as loading controls. Images were obtained
and quantitated using the LI-COR Odyssey Infrared Imaging
System. To verify that the measured Western signals were within
the liner range of the instrument, we performed a titration with
4-24 pg of total protein from wild-type salivary glands loaded in
each lane (Supplemental Fig. 7).

Quantitative real-time PCR

Total RNA from 10 pairs of salivary glands from larvae of each
genotype was isolated by Trizol extraction (Invitrogen) and
quantitated with a NanoDrop 1000 Spectrophotometer (Thermo
Scientific). One microgram of total RNA was treated with
RNAse-free DNase I (Promega), and random-primed cDNA was
prepared using the SuperScript II kit (Invitrogen). Real-time
quantitative PCR amplification reactions were carried out in
an ABI Prism 7700 sequence detection system (Applied Biosys-
tems). One-step RT-PCR was done using a SYBR Green Quan-
titative RT-PCR kit as per the manufacturer’s instructions.
Primer sequences are available in the Supplemental Material.
To quantitate the expression levels, CT values of an endogenous
reference gene, rp49, were included. All reactions were carried
out in triplicate, along with no-template controls.
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