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Eukaryotic DNA replicates asynchronously, with discrete genomic loci replicating during different stages of S phase.
Drosophila larval tissues undergo endoreplication without cell division, and the latest replicating regions occa-
sionally fail to complete endoreplication, resulting in underreplicated domains of polytene chromosomes. Here we
show that linker histoneH1 is required for the underreplication (UR) phenomenon inDrosophila salivary glands. H1
directly interacts with the Suppressor of UR (SUUR) protein and is required for SUUR binding to chromatin in vivo.
These observations implicate H1 as a critical factor in the formation of underreplicated regions and an upstream
effector of SUUR. We also demonstrate that the localization of H1 in chromatin changes profoundly during the
endocycle. At the onset of endocycle S (endo-S) phase, H1 is heavily and specifically loaded into late replicating
genomic regions and is then redistributed during the course of endoreplication. Our data suggest that cell cycle-
dependent chromosome occupancyofH1 is governed by several independent processes. In addition to the ubiquitous
replication-related disassembly and reassembly of chromatin, H1 is deposited into chromatin through a novel
pathway that is replication-independent, rapid, and locus-specific. This cell cycle-directed dynamic localization of
H1 in chromatin may play an important role in the regulation of DNA replication timing.
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In eukaryotic organisms, DNA replication does not occur
synchronously throughout the genome but, rather, in dis-
crete domains at different stages of S phase (Nakamura
et al. 1986; Zink 2006). This asynchrony in replication
timing has been well documented in Drosophila. During
embryogenesis, the Drosophila genome initially repli-
cates rapidly and synchronously. The cell cycle then
lengthens, and replication becomes asynchronous, result-
ing in segregation of early and late replicating regions. As
in other eukaryotes, active euchromatin replicates in ear-
ly S phase, whereas repetitive DNA and other sequences
assembled into condensed transcriptionally inert hetero-
chromatin are copied later in S phase (Shermoen et al.

2010; Duronio 2012; Farrell et al. 2012). Following em-
bryogenesis, asynchronous DNA replication continues
in the imaginal tissues that will eventually form adult
structures as well as in the differentiated tissues compris-
ing the larval body.
Drosophila is a powerful model to study asynchronous

replication timing owing to the polyploid nature of the lar-
val tissues. The cells of larval tissues undergo endoreplica-
tion, resulting inmultiple copies of the genome present in
each cell. The homologous regions of each chromosome
align and formgiant polytene chromosomes that can be vi-
sualized byDNA staining to reveal characteristic patterns
of intensely stained bands and lightly stained interbands.
For instance, salivaryglandpolytenechromosomesconsist

4Present address: Department of Genetics and Genomic Sciences, Mount
Sinai Medical Center, New York, NY 10029, USA.
5These authors contributed equally to this work.
Corresponding authors: dmitry.fyodorov@einstein.yu.edu, arthur.
skoultchi@einstein.yu.edu
Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.295717.
116.

© 2017 Andreyeva et al. This article is distributed exclusively by Cold
Spring Harbor Laboratory Press for the first six months after the full-issue
publication date (see http://genesdev.cshlp.org/site/misc/terms.xhtml).
After six months, it is available under a Creative Commons License (At-
tribution-NonCommercial 4.0 International), as described at http://
creativecommons.org/licenses/by-nc/4.0/.

GENES & DEVELOPMENT 31:603–616 Published by Cold Spring Harbor Laboratory Press; ISSN 0890-9369/17; www.genesdev.org 603

mailto:dmitry.fyodorov@einstein.yu.edu
mailto:dmitry.fyodorov@einstein.yu.edu
mailto:dmitry.fyodorov@einstein.yu.edu
mailto:dmitry.fyodorov@einstein.yu.edu
mailto:arthur.skoultchi@einstein.yu.edu
mailto:arthur.skoultchi@einstein.yu.edu
mailto:arthur.skoultchi@einstein.yu.edu
mailto:arthur.skoultchi@einstein.yu.edu
mailto:arthur.skoultchi@einstein.yu.edu
http://www.genesdev.org/cgi/doi/10.1101/gad.295717.116
http://www.genesdev.org/cgi/doi/10.1101/gad.295717.116
http://www.genesdev.org/cgi/doi/10.1101/gad.295717.116
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://genesdev.cshlp.org/site/misc/terms.xhtml


of >1000 genome copies per cell by the end of the third in-
star (Zhimulev et al. 2004; Edgar et al. 2014).During endor-
eplication, heterochromatic regions that replicate near
the end of S phase fail to replicate fully, leading to underre-
plicated loci that have a reduced ploidy compared with
other regions of the polytene chromosomes.Underreplica-
tion (UR) of intercalary heterochromatin (IH) in the chro-
mosome arms produces physical constrictions or “weak
points” with an increased incidence of chromosome
breaks, while UR of pericentric heterochromatin (PH)
yields condensed unstructured chromatin that coalesces
in a single chromocenter (Zhimulev et al. 2004).

Themechanismsunderlying late replication andURare
still not fully understood. However, the Suppressor of UR
(SuUR) gene has been shown to be essential for the estab-
lishment of UR (Belyaeva et al. 1998). SuUR encodes a
protein with no known mammalian homolog but moder-
ate similarity in its N terminus to the ATPase domain of
the SNF2/SWI2 family (Makunin et al. 2002). Itsmutation
by a 6-kb insertion in the last exon (SuURES) results in full
polytenization of IH. Cytological bands of normal ploidy
are formed instead of the “weak points,” and chromosome
break frequency is reduced (Belyaeva et al. 1998; Belyakin
et al. 2005; Yarosh and Spradling 2014). Additionally, a
portion of PH proximal to each of the chromosome arms
forms a structured banding pattern similar to normal pol-
ytenized chromatin (Belyaeva et al. 1998). SUUR protein
exhibits a highly dynamic spatial and temporal distribu-
tion pattern in polytene chromosomes. Whereas SUUR
associates with PH throughout the endocycle, it emerges
at IH only during the late endocycle S (endo-S) phase,
when it colocalizes with the replication fork (Kolesnikova
et al. 2013). Several recent studies suggest that SUURmay
promote the formation of UR by inhibiting replication
fork progression. The occupancy of ORC2, a component
of the origin recognition complex (ORC), is reduced at
sites of UR in salivary glands. It is not increased at under-
replicated sites in SuURES mutants, indicating that en-
hanced replication at these regions is not due to the
increased appearance of initiation sites; rather, SuURmu-
tation increases the rate of DNA replication (Belyaeva
et al. 2012; Sher et al. 2012; Nordman et al. 2014). Despite
significant advances in mechanistic understanding of the
functions of SUUR, it is still unclear how SUUR interacts
with the replication machinery to reduce the local rate of
DNA replication or how it is able to localize specifically to
late replicating/underreplicated regions of the genome
during the endocycle.

Recent categorization of the Drosophila genome into
different chromatin states using protein occupancy pro-
files (Filion et al. 2010; Kharchenko et al. 2011) has provid-
ed insight into the composition of underreplicated loci. A
repressive chromatin statewas identified that encompass-
es more than half of the genome, replicates late, and con-
tains nearly all IH. This state is enriched for several
proteins, including LAM, D1, IAL, and, notably, SUUR
and linker histone H1. Intriguingly, H1 is the most highly
enriched protein within this chromatin fraction (Kharch-
enko et al. 2011). Furthermore, SUUR and H1 were pro-
posed to exhibit positive genome targeting interactions

(van Steensel et al. 2010). H1 has also been implicated in
suppression of replication initiation by several in vitro
and in vivo studies (Lu et al. 1998; Thiriet and Hayes
2009; for review, see Flickinger 2015). Thus, similar to
SUUR, H1may negatively regulate DNA endoreplication.
The localization of both SUUR and H1 to underreplicated
chromatin suggests that they may work in concert to
maintain its underreplicated status in Drosophila larvae.

The paradigmatic view of linker histone H1 as a global
regulator of higher-order chromatin structure was derived
principally from invitro studies and the fact that, after core
histones,H1 is the nextmost abundant chromatinprotein.
Earlier studies demonstrated that H1 condenses chroma-
tin, protects the linker DNA, and regulates the spacing be-
tween nucleosome particles (Wolffe 1997;Woodcock et al.
2006). However,more recentwork has shown thatH1 also
has locus-specific effects that are rendered through highly
specific interactionsbetweenH1andavarietyof transcrip-
tional and epigenetic regulatory proteins. For example,
DrosophilaH1 has been shown to be critical for the struc-
tural integrity of PH (Lu et al. 2009) by directly interacting
with and recruiting the histone methyltransferase (HMT)
Su(var)3-9, thereby promoting dimethylation of H3K9 at
PH and transposon repression (Lu et al. 2013). Likewise,
mammalianH1bhasbeen shown to interactwith themus-
cle-specific transcription factor Msx1, leading to repres-
sion of MyoD expression and inhibition of myogenesis
(Lee et al. 2004). SeveralmammalianH1swere also shown
to interact directly with DNA methyltransferases
DNMT1 and DNMT3b to promote DNA methylation at
the H19 and Meg3 (Gtl2) imprinting control regions
(Yang et al. 2013). Even though functional consequences
have not yet been established, physical interactions be-
tween linker histones and numerous other chromatin-
bound proteins have been reported (for review, seeMcBry-
ant et al. 2010), suggesting that H1may partner with a va-
riety of additional factors to regulate a wide variety of
transactions occurring within chromatin.

In this study,we show thatH1 is essential for the forma-
tion of underreplicated domains in both IH and PH of lar-
val polytene chromosomes. H1 and SUUR exhibit a direct
physical interaction, and, when H1 is depleted, the abun-
dance of SUUR in salivary gland chromatin is greatly
reduced. Importantly, H1 occupancy in polytene chromo-
somes exhibits a striking cell cycle-dependent temporal
pattern. H1 protein is rapidly and strongly loaded into
late replicating (including underreplicated) loci at the on-
set of endo-S phase, prior to the arrival of replication ma-
chinery, and is gradually redistributed as DNA replication
progresses. Our findings provide evidence that H1 facili-
tates the recruitment of SUUR to late replicating and
underreplicated chromatin and plays a critical role in
the regulation of the timing of DNA endoreplication.

Results

His1 is a suppressor of UR at IH and PH

It has been suggested previously that Drosophila H1
and SUUR are enriched in repressive “black” chromatin
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(Filion et al. 2010) in cultured cells frequently used as a
model for diploid cells (Lee et al. 2014). Since underrepli-
cated regions of polytene chromosomes are predominant-
ly located in this chromatin type (Yarosh and Spradling
2014) and since SUUR is required for the establishment
and/or maintenance of UR (Belyaeva et al. 1998), we ex-
amined whether H1 is involved in promoting UR. To
this end, we depleted salivary glands of wandering L3 lar-
vae of H1 protein (to ∼15% of wild-type level) (Lu et al.
2009) by specific RNAi of the His1 gene and subjected
the DNA to high-throughput sequencing (DNA-seq). For

comparison, we knocked down a control gene, Nautilus
(Wei et al. 2007). In the DNA of control salivary glands,
several regions in the euchromatic arms exhibit a substan-
tially lower DNA copy number than that of the flanking
regions (Fig. 1A), consistent with their UR. Most underre-
plicated domains exhibit a gradual and symmetrical re-
duction of DNA copy number, with the minimum copy
number at the center, as observed previously (Yarosh
and Spradling 2014). Thus, the underreplicated domains
that we identified by DNA-seq likely correspond to
regions of UR that were determined previously by

Figure 1. H1 is required for UR in salivary gland polytene chromosomes. (A) Genome-wide analyses of DNA copy number inDrosophila
salivary gland cells. DNA fromL3 salivary glandswas subjected to high-throughput sequencing. DNA copy numbers (normalized to chro-
mosome arm average) are shown across the entire mapped Drosophila genome. (X, 2L, 2R, 3L, and 3R) Chromosome arms. Genomic co-
ordinates (in megabase pairs) are indicated at the bottom. H1 knockdown trace (H1 KD) is shown in black in the background, and the
control trace (NAU KD) is shown in semitransparent light gray in the foreground; their overlap appears as dark gray. (B) Close-up view
of a representative genomic region (proximal 3L). (Open rectangles) Polytene cytological bands; (dotted line) the region corresponding
to “Plato Atlantis” (Belyaeva et al. 1998; Andreyeva et al. 2007). (C ) Suppression of UR in H1-depleted salivary gland cells. For each iden-
tified underreplicated region, reads (normalized by the underreplicated region length and total read count) under H1 knockdown (Y-axis)
are plotted against reads under control knockdown (X-axis). The dotted line represents equal DNA copy numbers for both conditions. (D)
The average extent of UR and its suppression by H1 knockdown across underreplicated regions. Average read counts (normalized to total
read count) were calculated across all identified underreplicated regions for control andH1 knockdowns as indicated (Y-axis). The distance
from the underreplicated region center (in kilobases) is indicated on theX-axis. (E) Dependence of the extent of UR on the underreplicated
region length. For each underreplicated region, normalized read counts in the control knockdown (Y-axis) are plotted against the length of
the region (X-axis). (F ) Dependence of the extent of H1 knockdown-dependent suppression of UR on the underreplicated region length.
The log2 fold change of read counts in H1 knockdown relative to control (Y-axis) is plotted against the length of each underreplicated re-
gion (X-axis). (G) Close-up views of DNA copy number (from high-throughput sequencing, normalized to chromosome arm average) are
shown forH1 (black in the background) and control (semitransparent light gray in the foreground) knockdowns. (75C and 89E)Correspond-
ing cytological regions. Genomic coordinates (in megabase pairs) are indicated at the bottom. (H) Change of DNA copy number in homo-
zygous SuURES mutant salivary glands versus the wild type (Oregon R; WT) was determined by quantitative PCR (qPCR). Copy numbers
were calculated relative to embryonic DNA and normalized to a control intergenic region. The X-axis shows chromosome positions (in
megabase pairs) of target amplicons. (I ) Same as inH, except DNAcopy numberswere compared betweenH1 knockdown (H1KD) and the
control (NAUKD). (J) Representative cytological images (orcein staining and phase contrast) of polytene chromosome fragments flanking
cytological regions 75C and 89E in wild-type (Oregon R;WT), homozygous SuURES, and H1 knockdown (H1 KD) salivary glands. Slanted
lines indicate 75C or 89E bands.
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microarray (Sher et al. 2012) and whole-genome sequenc-
ing (Supplemental Fig. S1A; Yarosh and Spradling 2014).
However, when H1 is depleted, the DNA copy number
is substantially increased at nearly all major underrepli-
cated regions (Fig. 1A,B).

To quantify the effect of H1 depletion on DNA copy
number, we determined the coordinates of underrepli-
cated regions in the control data set and calculated the
fold change of DNA copy number under H1 knockdown
conditions for each region (see theMaterials andMethods;
Supplemental Fig. S1B). We identified 46 underreplicated
domains, 39 of which represent IH,while seven lie outside
of the euchromatic–heterochromatic transition regions
and represent regions of PH (Supplemental Table S1; Rid-
dle et al. 2011; Hoskins et al. 2015). Of the 46 underrepli-
cated domains, most (33 out of 46) exhibit an increase
(≥1.2-fold) of copy number upon H1 knockdown (Fig.
1C). On average, the depletion of H1 results in an ∼50%
increase in the copy number whenmeasured at the center
of each domain (Fig. 1D), with several regions showing a
nearly twofold increase (Supplemental Table S1). Consis-
tent with a previous report (Yarosh and Spradling 2014),
we found that DNA copy number is inversely correlated
with the UR domain length (Fig. 1E). In addition, the
fold change in copy number upon H1 knockdown is posi-
tively correlated with the UR domain length (Fig. 1F), in-
dicating that longer underreplicated domains with a
higher degree of UR are more susceptible to H1 depletion
than shorter UR domainswith less UR.Notably, the same
relationships exist between the sizes of underreplicated
domains and their susceptibility to SuURmutation, as de-
termined by analysis of DNA-seq data (Yarosh and Spra-
dling 2014) for control and SuURES salivary glands
(Supplemental Fig. S1C–F).

Two particular genomic regions (cytological bands 75C
and 89E) represent “classical” sites of UR (Belyaeva et al.
1998). We observed that the decreased DNA copy number
due to UR of these loci is strongly reversed by H1 knock-
down (Fig. 1G). To validate our findings from DNA-seq,
we isolated genomic DNA from control salivary glands
and those strongly depleted of H1 (to <5% of the normal
level) (Lu et al. 2009) and measured DNA copy numbers
relative to wild-type embryonic DNA by quantitative
PCR (qPCR) at ∼30-kb intervals across the entire 75C
and 89E loci. As a control, we also compared DNA copy
numbers at these loci using wild-type and SuURES sali-
vary glands. In agreement with our DNA-seq data, the
DNA copy numbers in wild-type and control salivary
glands exhibit a gradual and symmetrical reduction at
both regions compared with their flanking regions (Fig.
1H,I). In contrast and as expected, the DNA copy numbers
in salivary glands from SuURES mutants across both loci
are comparable with those in flanking regions, indicative
of suppression of UR (Fig. 1H). Similarly, H1 depletion
also results in a strong reversal of UR (Fig. 1I). Thus,
upon extensive depletion of H1, the observed suppression
of UR is almost complete and comparable with that pro-
duced by mutation of SuUR.

The phenomenon ofURwas first observed cytologically
and manifests itself as a constriction of corresponding

polytene bands and increased incidence of chromosome
breaks (Belyaeva et al. 1998; Zhimulev et al. 2004). We
therefore evaluated the effect of H1 knockdown on the
formation of chromosome breaks in polytene chromo-
somes. Representative examples of chromosome breaks
in cytological regions 75C and 89E are shown in Figure
1J. Under control conditions (Fig. 1J, left panels), regions
of UR are readily observable as bands with a pinched ap-
pearance relative to the flanking fully polytenized loci.
As reported previously (Belyaeva et al. 1998), in SuURES

mutants, the incidence of chromosome breaks is strongly
decreased. Importantly, this effect is phenocopied by a
moderate depletion of H1 (to ∼30% of the normal level).
We calculated the chromosome break frequency at eight
well-characterized underreplicated loci in animals of var-
ious genotypes and found that at nearly all of them, the
break frequency was significantly reduced upon the abro-
gation of H1 expression (Table 1). Taken together, our ob-
servations demonstrate that, similar to SUUR, the linker
histone H1 is essential for the establishment of UR in IH.

PH is also underreplicated in polytene chromosomes and
formsacompact structure coalescing intoa single chromo-
center (Leach et al. 2000; Zhimulev et al. 2004). In the
SuURES mutant, UR of some regions of PH, such as the
“Plato Atlantis” of the third chromosome, is suppressed,
and they form band–interband patterns similar to those
of euchromatin (Belyaeva et al. 1998; Semeshin et al.
2001; Andreyeva et al. 2007). Whole-genome sequencing
indicates that some of the mapped pericentric regions are
severely underreplicated in the control, and the ploidy is
partially increased in the absence ofH1 (Fig. 1B). An exten-
sive analysis of PHby computational alignment is difficult
due to the lack of reliable mapping (Hoskins et al. 2002,
2007) and the large amounts of repetitive DNA, including
transposable elements (TEs), in these regions (Smith et al.
2007; He et al. 2012; Hoskins et al. 2015). To better under-
stand the role ofH1 inPH,weevaluatedURofTE sequenc-
es independentof their genomic location (see theMaterials
andMethods). Tovalidate this approach,weused sequenc-
ing data from wild-type and SuURES mutant salivary
glands (Yarosh and Spradling 2014).We found that themu-
tation of SuUR results in an increase (≥1.2-fold) of copy
numbers formostTEs (97outof124),withmany (30) show-
ing a twofold or greater increase (Supplemental Fig. S1G;
Supplemental Table S2). Similarly, more than half of all
TEs (67 out of 124) show an increased copy number upon
H1depletion,althoughthemagnitudeof theeffect is some-
what weaker than that of SuUR mutation (Supplemental
Fig. S1H). Thus, similar to SuUR mutation, H1 knock-
down suppresses UR in both IH and PH regions of the ge-
nome. Together, our observations strongly indicate that
abrogation of His1 expression in larvae phenocopies the
mutation of SuUR and that both corresponding proteins
function in the establishment of UR.

H1 is an upstream effector of UR and facilitates binding
of SUUR to chromatin in vivo

Our results indicate that H1 and SUUR have similar
effects on DNA UR in salivary gland polytene
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chromosomes. Since H1 and SUUR colocalize throughout
the genome in Kc167 cells (Filion et al. 2010), we deter-
mined their localization patterns in polytene chromo-
somes. Indirect immunofluorescence (IF) costaining
revealed a substantial degree of overlap between H1 and
SUUR in multiple bands within euchromatic arms and
at the chromocenter (Fig. 2A). SUUR distribution in poly-
tene chromosomes is known to vary depending on the
stage of the endocycle (Kolesnikova et al. 2013). Thus,
we simultaneously stained the polytene spreads for
PCNA (data not shown) to determine the cell cycle phase
as described (Kolesnikova et al. 2013) and selected poly-
tene spreads in late endo-S phase, when the genomic occu-
pancy of SUUR ismaximal in IH and overlaps with that of
PCNA. We observed strong colocalization of H1 and
SUUR in late endo-S phase (Fig. 2A).
At higher magnification (Fig. 2B), it is apparent that the

distribution of SUUR in polytene chromosomes is limited
to a subset of H1-positive loci. Thus, it is possible that H1
directs the genomic distribution of SUUR in salivary
glands. To test this hypothesis, we compared polytene
chromosome localization of SUUR in wild-type animals
with that in animals depleted of H1 by RNAi. To avoid
a complete disruption of polytene morphology (Lu et al.
2009; Kavi et al. 2016), H1 was only moderately depleted
(to ∼30% of normal) (Fig. 2C; see the Supplemental
Material). In H1-depleted polytene chromosomes in all
stages of the endo-S, SUUR is not detectable in chromo-
some arms and persists only weakly (at just above the
detection limit) in the chromocenter (Fig. 2D). Since
SUUR is most readily detectable in polytene chromo-
somes of late endo-S phase cells, we additionally verified
that H1 knockdown abrogates the binding of SUUR to
chromatin in late endo-S. To this end, polytene spreads
were stained with PCNA antibodies, and the nuclei
were staged as described above. We observed that even
in the late endo-S, the moderate depletion of H1 abolishes
SUUR tethering to polytene chromosome arms
(Supplemental Fig. S2A). In reciprocal experiments, we

found that the mutation of SuUR does not appreciably af-
fect the localization of H1 in polytene chromosomes
(Supplemental Fig. S2B). Thus, the precise spatial distribu-
tion pattern of SUUR in the genome requires H1, whereas
SUUR appears largely dispensable for H1 localization.
Finally, whole-mount immunostaining of isolated sali-

vary glands (Fig. 2E) indicates that the predominantly nu-
clear localization of SUUR in control cells (Fig. 2E, top
panels) is disrupted upon H1 depletion (Fig. 2E, bottom
panels). Therefore, H1 is also required for nuclear localiza-
tion of SUUR. Importantly, although a moderate H1
depletion brings about an almost complete removal of
SUUR from polytene chromosomes, it does not appear
to reduce the expression level of SUUR in salivary glands
(Fig. 2C, also apparent inwhole-mount staining of salivary
glands in E). However, whereas only a single band of
full-length SUUR is observed in the immunoblot of con-
trol cells, H1-depleted cells contain several smaller im-
munoreactive species, suggesting possible degradation of
SUUR protein under these conditions. Therefore, in addi-
tion to its role in promoting localization of SUUR in chro-
matin, H1 seems to protect SUUR from degradation in
vivo. In H1-depleted cells, SUUR appears to accumulate
in the cytoplasm (Fig. 2E, bottom), where it may be unsta-
ble. Collectively, our findings indicate that SUUR de-
pends on H1 for its localization in chromatin and that it
functions in the nucleus downstream from H1.

SUUR and H1 proteins interact physically

Because H1 is required for SUUR binding to chromatin, it
is possible that H1 interacts directly with SUUR, as
shown previously for another nuclear enzyme, the HMT
Su(var)3-9 (Lu et al. 2013). To test this hypothesis, we per-
formed in vitro pull-down assays using GST-tagged SUUR
and extracts from wild-type adult Drosophila ovaries as a
source of the endogenous native H1. We compared GST,
full-length GST-SUUR, and three GST-tagged truncated
forms of the SUUR polypeptide (Fig. 3A). The three

Table 1. The frequency of polytene chromosome breaks depends on H1 abundance in salivary glands

Cytological
band da-GAL4

UAS-H1-
RNAi

Break
frequency,
controls

da-GAL4/+; UAS-
H1-RNAi/+ (1)

da-GAL4/+; UAS-
H1-RNAi/+ (2)

Break frequency,
H1 knockdown P-value

11A 82/90 76/90 88%± 2% 58/100 18/46 52%± 7% 1.0 × 10−12

19E 62/80 52/73 75%± 2% 38/88 18/44 42%± 1% 1.5 × 10−07

39DE 100/100 100/100 100%± 0% 82/82 51/51 100%± 0% N/A
42B 72/104 40/70 64%± 4% 30/89 19/88 28%± 4% 5.3 × 10−12

64C 63/98 35/60 62%± 2% 25/94 17/94 22%± 3% 6.8 × 10−14

71C 62/100 37/80 55%± 6% 20/90 10/94 16%± 4% 1.2 × 10−14

75C 60/70 81/101 83%± 2% 21/101 30/100 25%± 3% 9.4 × 10−17

89E 69/100 47/76 66%± 3% 14/92 12/93 14%± 1% 6.7 × 10−24

Flies of the indicated genotypes were reared at 25°C, and polytene chromosomes were prepared from their salivary glands and stained
with orcein. The incidence of chromosome breaks at specific cytological bands of IH was scored manually in independent experi-
ments for control salivary glands (homozygous da-GAL4 and UAS-H1-RNAi) and two independent experiments for H1 knockdown
salivary glands (da-GAL4/+; UAS-H1-RNAi/+). The number of breaks in a particular locus relative to the number of scored chromo-
somes is shown. The mean percentage frequency and standard deviations for controls and H1 knockdown were calculated. Probability
values were calculated by the χ2 two-way test. The statistically significant decrease of break frequency in H1-depleted salivary glands
is indicated in bold.
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fragments of SUUR were shown previously to play dis-
tinct functional roles in the establishment of UR (Kolesni-
kova et al. 2005; Pindyurin et al. 2008). All recombinant
fusion proteins were loaded in the binding reactions at ap-
proximately equimolar concentrations (Fig. 3B), and their
association with the ovarian H1 was probed by immuno-
blotting with an H1-specific antibody (Fig. 3C). These ex-
periments indicate that H1 specifically interacts with the
full-length SUUR and its central fragment (residues 371–
578). Similar results were obtained in experiments in
which native H1 from ovarian extracts was substituted
with purified recombinant H1 (Supplemental Fig. S3).
Thus, the physical interaction betweenH1 and the central
fragment of SUUR is direct. Importantly, an overlapping
fragment of SUUR (361–599) has been shown previously
to be required for the localization of SUUR to chromatin,
including IH, in vivo (Kolesnikova et al. 2005; Yurlova
et al. 2009). Therefore, the central region of SUUR, which
encompasses a positively charged domain and the nuclear
localization signal (NLS), is sufficient to mediate a strong
physical interaction with H1 andmay be involved in teth-
ering SUUR to H1-containing chromatin in vivo.

We demonstrated previously that H1 exerts its multiple
biological functions through independent biochemically
separable activities of its three structural domains (Kavi
et al. 2016). Moreover, different segments of the H1 pro-
tein are required for direct physical interactions with its
several different biochemical partners. For instance, the
central region of the H1 C-terminal domain (CTD) is re-
quired for the interaction with Su(var)3-9 in vitro and for
H1’s functions in heterochromatin in vivo. To determine
whether the CTD is also involved in the physical interac-
tion with SUUR, we compared the association in vitro be-
tweenGST-SUUR(371–578) and full-length and several C-
terminally truncated recombinant H1 polypeptides (Fig.
3D); GST itself was used as a negative control. Equimolar
loading of all recombinant proteins in the binding reac-
tions was confirmed by Coomassie staining (Fig. 3E). We
found that full-length H1 can interact with the H1-bind-
ing domain of SUUR but that truncation of the distal
25% of the H1 CTD (or longer truncations) renders the
polypeptide incapable of associating with GST-SUUR
(371–578) (Fig. 3F). These experiments indicate that H1
and SUUR proteins bind each other directly through

Figure 2. Polytene chromosome loading and nuclear localization of SUUR depend onH1. (A) Colocalization of SUUR andH1 proteins in
wild-type polytene chromosomes. Localization patterns of H1 and SUUR in larval polytene chromosomes were analyzed by indirect IF
staining. H1 (green) and SUUR (red) signals overlap extensively in heterochromatin and euchromatic arms of polytene chromosomes.
The polytene spread corresponds to a cell in late endo-S phase (PCNAstaining is not shown). DAPI staining shows the overall chromosome
morphology. (B)DetailedviewofSUURandH1colocalization inpolytenechromosomearm2Rduring lateendo-Sphase.H1 (green) is abun-
dant in all SUUR-positive (red) loci and in additional sites. DAPI staining shows the overall chromosomemorphology and was used for an
alignmentofcytologicalpositions.Rednumbersatthe topandcorrespondingcytologicalbands inallpanelsareconnectedwithredlines. (C )
Depletion of H1 protein by RNAi in salivary glands. Immunoblot analyses of H1 (left panel) and SUUR (right panel) in control (CONT;Or-
egon R) and H1 RNAi-depleted (H1 KD) salivary glands. H1 is strongly depleted (green arrowhead), whereas expression of the full-length
SUUR (red arrowhead) is not substantially abrogated, although the protein stability appears to be compromised (note the truncated
SUURpolypeptides in theH1 KD lane). Both blots were equally loaded; the left panel was additionally probedwith antibodies to β-tubulin
(loading control; blue arrowhead). (D) Decreased abundance of SUUR protein in H1-depleted polytene chromosomes. Polytene chromo-
somes were prepared from control and H1-depleted salivary glands as in C and stained with SUUR antibodies. IF signal for SUUR is not
detectable in H1 knockdown. (Left panels) Phase contrast (PhC) images. (E) Abnormal subcellular distribution of SUUR protein in H1-de-
pleted salivary glands. Control and H1-depleted salivary glands (as inC,D) were fixed and whole-mount-stained with DAPI (blue), PCNA
(green), and SUUR (red) antibodies. Whereas SUUR is mostly nuclear in the control, it is released into cytoplasm upon H1 depletion.
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specific structural domains within their respective
sequences.

The loading of H1 into chromatin is dynamically altered
in the course of the endo-S phase

The apparent regulatory roles that H1 plays in endorepli-
cation, particularly of the underreplicated IH, strongly
suggest that H1 may exhibit a variable genomic distribu-
tion during the endocycle. Also, H1 interacts physically
with SUUR, which is known to have endocycle-depen-
dent chromosome localization (Kolesnikova et al. 2013).
Thus, we analyzed the patterns of H1 distribution in poly-
tene chromosomes in various stages of the endo-S phase.
To this end, we used a previously described method (see
the Materials and Methods; Kolesnikova et al. 2013). We
collected wandering L3 larvae that were undergoing or ap-
proaching the final cycle of endoreplication of salivary

gland DNA (Ashburner and Berendes 1978). Polytene
chromosome spreads were then costained with H1 and
PCNA antibodies, and the endocycle stages were assigned
based on the PCNA staining patterns.
The temporal changes that H1 distribution in the ge-

nome undergoes during the endocycle are striking. The
H1 staining pattern is extremely dynamic, and its associ-
ation with particular loci depends strongly on their repli-
cation status (Fig. 4A). Before the onset of endo-S, H1 is
present at a low abundance in most polytene bands.
Upon initiation of endoreplication (in very early S), H1
is strongly loaded into thick, late replicating bands. This
loading takes place very rapidly, since all early endo-S nu-
clei contain a uniformly elevated amount of H1 in their
thick bands. The intensity of the IF signal at these loci
gradually dissipates in the course of the endo-S, but, at
the same time, the signal gradually increases at early rep-
licating loci (upon completion of their replication by late

Figure 3. H1 and SUUR proteins exhibit direct physical interac-
tions. (A) Schematic representation of GST-SUUR fusion expres-
sion constructs used for the analyses. The major structural
domains of wild-type SUUR protein (open rectangle) are repre-
sented by light-gray (ATPase/helicase domain [HEL]), striped
(negatively charged domain [−−−]), cross-hatched (positively
charged domain [+++]), and black (NLS) boxes. Numbers indicate
amino acid residues. N-terminal GST (dark-gray boxes) fusion
constructs were prepared with full-length and the indicated trun-
cations of SUUR. (B) Recombinant GST-SUUR fusion polypep-
tides. GST and GST fusion proteins (as in A) were expressed
and purified from Escherichia coli, incubated with ovarian ex-
tracts, and analyzed by SDS-PAGE and Coomassie staining. Ar-
rowheads indicate full-length polypeptide products; molecular
mass marker sizes (in kilodaltons) are shown at the right. (C )
SUUR-dependentGSTpull-downs of endogenousH1 fromDroso-
phila ovarian extracts. Whole-cell extracts from adultDrosophila
ovaries were incubated with GST fusion proteins (B), and pull-
down products were analyzed by H1-specific immunoblot along
with the 10% input control. Endogenous native H1 (arrowhead)
strongly interacts with full-length and the middle fragment (ami-
no acids 371–578) of recombinant SUUR. (D) Schematic represen-
tation of recombinant H1 polypeptides used for the analyses. The
three major structural domains ofDrosophilaH1 are represented
by an open rectangle (N-terminal domain [NTD]), a filled oval
(GD), and a shaded rectangle (C-terminal domain [CTD]). Num-
bers indicate amino acid residues. Recombinant untagged full-
length H1 and its indicated C-terminal truncations were ex-
pressed and purified from E. coli. (E) Recombinant polypeptides
used for in vitro GST pull-down experiments. Recombinant
GST (middle panel) and GST-SUUR(371–578) fusion protein
(right panel) were analyzed by SDS-PAGE and Coomassie stain-
ing; the protein loading is equivalent to that in F. (Left panel) Re-
combinant H1 polypeptides were analyzed similarly; the protein
loading is approximately sevenfold higher than that in the corre-
sponding panel of F. Molecular mass marker sizes (in kilodaltons)
are shown between the panels. (F ) SUUR-dependent in vitro GST
pull-downs of recombinant H1 polypeptides. The indicated H1
polypeptides were incubated with GST and GST-SUUR(371–
578) fusion proteins, and pull-down products were analyzed by
H1-specific immunoblot along with the 15% input control.
Full-length H1 but not any of its C-terminal truncations strongly
interacts with SUUR(371–578).
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endo-S). Consequently, throughout the endo-S phase
(with a possible exception of the mid- to late endo-S)
(Fig. 4A, fourth row from the top), the staining patterns
of H1 and PCNA remain mutually exclusive. By the end
of the endo-S phase (when PCNA staining is limited to
pericentric regions), the distribution of H1 becomes
more uniform. Interestingly, the average H1 staining in-
tensity after endo-S appears to rise compared with the in-
tensity before endo-S (Fig. 4A, cf. first and seventh rows),
consistent with H1 de novo synthesis and deposition dur-
ing the S phase of the cell cycle (Jackson and Chalkley
1985; Guglielmi et al. 2013). Higher-resolution images
further confirm these observations (Supplemental Fig.
S4A,B and legend).

The observed quantitative differences of H1 occupancy
during different stages of endoreplication are not subjec-
tive, since all analyzed nuclei were processed, stained,
and exposed in identical conditions, frequently on the
same slide. In fact, these differences were confirmed by vi-
sualizing polytene spreads in different stages when they

are adjacent to each other. For instance, Figure 4B presents
two adjacent nuclei, one of which exhibits no discernable
PCNA staining (before endo-S), and the other exhibits a
PCNA-staining pattern characteristic of the early endo-
S. The many-fold difference of H1 occupancy between
the two polytene spreads is immediately apparent, with
the majority of the strong H1-specific signal in the “early
endo-S” polytene spread limited to late replicating
regions.

Although the distribution patterns of PCNA and H1 are
largely mutually exclusive, we also observed a partial
overlap of their IF signals in certain late replicating poly-
tene loci during the middle to late stages of endo-S
(e.g., 50A) (Supplemental Fig. S4B). This observation may
reflect a genuine colocalization of the proteins or may
stem from a relatively low resolution of the method.
The late replicating genomic sites, especially under-
replicated IH loci, are not fully polytenized and have a
compressed cytological appearance. However, their mor-
phology is substantially improved in SuUR mutants

Figure 4. H1 distribution in polytene chro-
mosomes is altered dynamically during
endo-S phase. (A) Stage-dependent distribu-
tion of H1 during endo-S phase in wild-
type polytene chromosomes. H1 (green)
and PCNA (red) genome-wide distribution
patterns were examined by IF staining of
polytene chromosomes. The stages of
endo-S phase were established based on
PCNA distribution in the wild type accord-
ing to Kolesnikova et al. (2013). H1 and
PCNA exhibit mostly mutually exclusive
patterns throughout the endocycle. DAPI
staining shows the overall chromosome
morphology. (NR1) No replication (before
the onset of the endo-S phase); (ER) early
replication (early endo-S phase); (E-MR) ear-
ly to mid-replication; (M-LR) mid- to late
replication; (LR) late replication; (VLR)
very late replication; (NR2) no replication
(after the completion of the endo-S phase).
(B) Differential loading of H1 in polytene
chromosomes before and at the onset of
endo-S phase. Polytene chromosomes were
stained and analyzed as in A. Two adjacent
polytene spreads corresponding to “before”
and early endo-S phase exhibit a dramatic
difference in the level of H1 loading into
chromosomes. (C ) Stage-dependent distri-
bution of H1 during endo-S phase in SuUR
mutant polytene chromosomes. Polytene
chromosomes were prepared from homozy-
gous SuURES mutant larvae and analyzed
as in A. (D) Stage-dependent distribution of
H1 during endo-S phase in SuUR mutant
distal polytene chromosome arm 2L. De-
tailed view of fragments of polytene chro-
mosomes from (or similar to) those
presented in C. DAPI staining shows the
overall chromosome morphology and was

used for an alignment of cytological positions. Red numbers at the top and corresponding cytological bands in grayscale panels are con-
nected with red lines. (Red arrowheads) Early replicating interbands.
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because of the DNA copy number increase (Belyaeva et al.
1998). Since the mutation of SuUR does not strongly af-
fect the distribution of H1 in polytene chromosomes
(Supplemental Fig. S2C), it afforded us an opportunity to
examine H1 endocycle-dependent distribution in SuURES

polytene chromosomes to achieve a better spatial resolu-
tion. Indeed, SuURES mutant polytene chromosomes ex-
hibit the same dynamic model of H1 deposition during
the progression of endo-S phase (Fig. 4C). Importantly, ow-
ing to the suppression of UR, the strong and rapid deposi-
tion of H1 during early endo-S into nonreplicating loci,
including underreplicated domains, becomes even more
readily evident. In higher-resolution images, these chro-
mosome regions (e.g., 35C and 36C) (Fig. 4D) accumulate
high levels of H1 protein. The levels of H1 protein in these
regions are reduced by late endo-S, when they undergo
replication. Early replicating regions (red arrowheads in
Fig. 4D) do not contain detectable H1 during early endo-
S, and only minimal amounts of H1 are loaded in them
as the endo-S phase progresses. The regions that undergo
replication during the middle of endo-S (33C and 34A)
do not contain high amounts of H1 during early S, and
moderate amounts of H1 are deposited into these loci
only after their replication is completed.
The increased spatial resolution in polytene chromo-

somes of SuURES larvae also allowed us to assess a puta-
tive “colocalization” of H1 and PCNA during late endo-
S. At the level of fine microscopic resolution, it is obvious
that although the IF signals for H1 and PCNA are closely
spaced with respect to each other in late replicating re-
gions, they are in fact separated, and an increase of
PCNA occupancy invariably correlates with a decrease
ofH1occupancyandvice versa (Supplemental Fig. S4C,D).
Collectively, our results indicate (1) that H1 exhibits a

highly dynamic occupancy in polytene chromosomes as
they undergo endoreplication and (2) that the replication
machinery appears to be distributed in a mutually exclu-
sive pattern with H1. These mutually exclusive distribu-
tion patterns likely contribute to the regulation of
endoreplication by H1.

Discussion

The role of Drosophila H1 in the establishment of UR
in salivary gland cells

In this study, we demonstrate that virtually all major sites
of UR throughout the Drosophila genome exhibit a sub-
stantial increase in salivary gland DNA copy number
upon depletion of the linker histone H1 (Fig. 1;
Supplemental Table S1), thus implicating H1 in the regu-
lation of endoreplication.
In our control knockdown salivary glands, we identified

46 underreplicated domains (Supplemental Fig. S1A;
Supplemental Table S1). While these regions are in gene-
ral agreement with previous efforts to map underrepli-
cated domains by less sensitive microarray analyses
(Belyakin et al. 2005; Sher et al. 2012), we identified fewer
underreplicated sites than a recent report that used high-
throughput sequencing of salivary gland DNA (Yarosh

and Spradling 2014). Notably, the underreplicated do-
mains that our analyses failed to detect represent sites
with theweakest degree of UR.One possible source of var-
iation is the distinct technical approach thatwe used com-
pared with Yarosh and Spradling (2014), as simultaneous
sequencing of a nonpolytenized (embryonic) genome as
a means to normalize the reads from underrepresented se-
quences in polytenized tissues (Yarosh and Spradling
2014) likely provides additional sensitivity. Another po-
tential explanation could lie in the relative sequencing
depth of our respective assays (approximately fourfold
lower in our study), considered crucial for the analyses
of next-generation sequencing data (Jung et al. 2014;
Sims et al. 2014). However, this explanation is less likely,
as subsampling of our reads to much lower depths (see the
Supplemental Material) yielded no appreciable difference
in the number and location of identified underreplicated
sites or the change in copy number upon H1 knockdown.
On average, a moderate knockdown of H1 led to an

∼50% copy number gain at the center of underreplicated
domains in IH (Fig. 1D). The copy number is not restored
to the same degree as that in a SuUR genetic mutant
(Supplemental Fig. S1C–G; Yarosh and Spradling 2014).
The difference is likely attributable to the incomplete
depletion of H1. In fact, in an independent biological val-
idation experiment that resulted in an ∼95% depletion of
H1, an almost complete restoration of copy number was
observed (Fig. 1, cf. G and I). The observation of an almost
complete reversal of UR in cells depleted of H1 (but still
wild type for SuUR) strongly suggests an epistatic mecha-
nismof action inwhich bothH1 and SUURact together in
the same biochemical pathway.
We found that H1 and SUUR are also involved in UR

of PH. For instance, both the mapped pericentric regions
(Fig. 1B) and TE sequences (Supplemental Figure S1H;
Supplemental Table S2), which are highly abundant in
pericentric regions (Hoskins et al. 2002; Kaminker et al.
2002), exhibit an increase of DNA copy number upon H1
knockdown. We show that the SuURES mutation also re-
sults in a robust loss of UR at PH, as measured by changes
inDNAcopy number at TEs. The abrogation of H1 expres-
sion gives rise to a somewhat weaker effect on the UR of
PH than that of IH (Supplemental Fig. S1), which is consis-
tent with an almost complete elimination of SUUR pro-
tein from polytene chromosome arms in salivary glands
depleted of H1 by RNAi but the persistence of residual
SUUR at their PH (Fig. 2D). The role of H1 in maintaining
the underreplicated state of PH may be relevant to its im-
portant regulatory functions in constitutive heterochro-
matin, where it recruits Su(var)3-9, facilitates H3K9
methylation, and maintains TEs in a transcriptionally
repressed state (Lu et al. 2013). Recently, it was proposed
that TE repression in ovarian somatic cells involves
an H3K9 methylation-independent process through re-
cruitment of H1 by Piwi–piRNA complexes, resulting in
reduced chromatin accessibility (Iwasaki et al. 2016).
Our results also implicate UR of TE sequences in polyte-
nized cells as yet another putative mechanism that con-
tributes to regulation of their expression. Interestingly, it
was shown previously that doublemutants encompassing
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both the Su(var)3-9 and SuUR mutant alleles exhibit a
synthetically increased predominance of novel band–
interband structures at PH compared with the mutation
of SuUR alone (Andreyeva et al. 2007).While the evidence
suggests a relationship between UR and transcriptionally
repressive epigenetic states, such as H3K9 methylation,
the nature of this relationship remains largely speculative
(Posukh et al. 2015).

Dissection of the physical interaction between
H1 and SUUR

Additionally, we demonstrate that SUUR protein physi-
cally interacts with H1 in both a complex mixture of
whole-cell extracts that contain endogenous native H1
(Fig. 3C) and recombinant purified H1 polypeptides (Fig.
3F; Supplemental Fig. S3). Furthermore, we delineate the
particular structural domains of the two proteins that
are required for the interaction. SUUR protein contains
several sequence features (Fig. 3A) that have been impli-
cated in regulation of UR and binding to specific proteins.
Although SUUR possesses a putative bromodomain
(Tchurikov et al. 2004), it contains no identifiable DNA-
binding domain, so the mechanism that allows SUUR to
exhibit a preference for specific genomic underreplicated
loci is unknown. The positively charged central region is
both necessary and sufficient to interact with heterochro-
matin protein 1a (HP1a) (Pindyurin et al. 2008), which sug-
gests a possible involvement of HP1a in tethering SUUR
to H3K9me2/3-rich PH. However, the specific localiza-
tion of SUUR to underreplicated IH, which is not enriched
for H3K9me2/3 (Filion et al. 2010), remains enigmatic.We
now demonstrate that the central region of SUUR is also
sufficient for binding directly to H1 in vitro. Considering
that the central region of SUUR is essential for the faithful
localization of the protein to chromatin in vivo, including
underreplicated IH (Kolesnikova et al. 2005; Yurlova et al.
2009), it seems likely that H1 directly mediates the teth-
ering of SUUR to chromatin in underreplicated regions.

The tripartite structure of H1 providesmultiple binding
interfaces for interacting proteins and thus allows H1 to
mediate several biochemically separable functions in
vivo (Kavi et al. 2016). For instance, the globular domain
and proximal 25% of the CTD are required for H1 loading
into chromatin, while the proximal 75% of the CTD is
needed for normal polytene morphology, H3K9 methyla-
tion, and physical interactions with Su(var)3-9. In this
study, we discover a previously unknown function for
the distal 25%of theH1CTD,whichwe show to be essen-
tial for binding to SUUR. Deletion of this region of H1 re-
sults in a near-complete loss of the interactionwith SUUR
(Fig. 3F). Thus, in addition to its critical functions in het-
erochromatin structure and activity, the CTD of H1 is
likely also important in facilitating UR.

Dynamic locus-specific distribution of H1
in the chromatin of endoreplicating cells

One of themost striking findings in this study is the obser-
vation that the genomic occupancy of H1 undergoes pro-

found changes during the endoreplication cycle. It also
remains largely mutually exclusive with that of DNA po-
lymerase clamp loader PCNA (Fig. 4), which is consistent
with the observed depletion of H1 in nascent chromatin
compared with mature chromatin (Alabert et al. 2014).

H1 is heavily loaded into late replicating loci at the on-
set of replication (when these loci are silent for replica-
tion). Combined, our observations indicate that the
chromosome distribution of H1 during the endocycle is
governed by at least three independent processes
(Supplemental Fig. S5). Two of them—replication-depen-
dent (RD) eviction of H1 and RD deposition of H1 after
the passage of replication fork—are related to thewell-rec-
ognized obligatory processes of chromatin disassembly
and reassembly during replication (Budhavarapu et al.
2013; MacAlpine and Almouzni 2013). The third path-
way, which directs early deposition of H1 into late repli-
cating loci, has not been described previously. This
process is (1) replication-independent (RI); (2) locus-specif-
ic, with a strong preference for late replicating sites; and
(3) apparently more rapid than the RD deposition of H1,
since very high levels of H1 occupancy are observed in
all nuclei immediately after the initiation of endo-S. It is
possible that the RI pathway of H1 loading into chromatin
is mediated by a selective recruitment of H1 based on epi-
genetic core histone modification-dependent mecha-
nisms. For instance, mammalian H1.2 was reported to
recognize H3K27me3 (Kim et al. 2015), and this modifica-
tion is very abundant in IH (Sher et al. 2012).

Also, the RI mechanism for deposition of H1 probably
does not involve de novo nucleosome assembly, as H1 is
known to exhibit a mutually exclusive distribution with
RI core histone variants (Braunschweig et al. 2009), and
there is no known nuclear process during early S phase
that requires core histone turnover. In the future, it will
be interesting to further confirm that RI nucleosome as-
sembly does not take place during early replication in sali-
vary gland polytene chromosomes. Finally, the locus-
specific RI deposition of H1 in early endo-S chromatin
may be conserved in the normal S phase of diploid tissues,
and itwill require independent experimentationwith sort-
ed mitotically dividing cells to confirm this possibility.

Regulation of SUUR distribution and function
by H1 in vivo

We also provide cytological evidence that the functions of
H1 and SUUR are biochemically linked. Specifically, we
demonstrate thatSUURlocalizestoasubsetofH1-positive
bands (Fig. 2A,B) and requiresH1 for itsprecisedistribution
in polytene chromosomes (Fig. 2D), nuclear localization
(Fig. 2E), andstability insalivaryglandcells (Fig. 2C).These
observations implicate H1 as an upstream effector of
SUUR functions in vivo and an essential component of
the biological pathway thatmaintains loci of reduced ploi-
dy in polytenized cells. Importantly, this finding adds to a
growing list of biochemical partners of H1 that mediate
their chromatin-directed functions in an H1-dependent
fashion (Lu et al. 2013;Yang et al. 2013; Xu et al. 2014; Iwa-
saki et al. 2016).
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Interestingly, even amoderate depletion ofH1 (to∼30%
of normal) results in a complete removal of SUUR from
chromosome arms (Fig. 2D; Supplemental Fig. S2A).
Thus, H1-dependent localization of SUUR requires high
concentrations of the linker histone in chromatin. This
conclusion is also consistent with SUUR colocalization
with polytene loci that are the most strongly stained for
H1 (Fig. 2A,B). In contrast, elimination of the H3K9me2
mark from polytene spreads requires very extensive deple-
tion of H1 (Lu et al. 2009, 2013), whereas the moderate
depletion of H1 does not strongly affect H3K9 dimethyla-
tion in the chromocenter or polytene arms (Supplemental
Fig. S6A). Therefore, the robust effect of evenmoderateH1
depletion on SUUR localization in chromatin is unlikely
to be mediated indirectly through disorganization of het-
erochromatin structure.
Unexpectedly, the cell cycle-dependent temporal pat-

tern of H1 localization (Fig. 4) is not identical to that of
SUUR. In contrast to H1, SUUR protein (1) is only weakly
present in IH during early endo-S phase, (2) achieves the
maximal occupancy at IH loci only in the late endo-S,
and (3) colocalizes with PCNA at certain sites (Kolesni-
kova et al. 2013). The observations made in this study
and in previousworks can be summarized in the following
model for H1-mediated regulation of SUUR association
with chromatin (Supplemental Fig. S5). The initiation of
the deposition of SUUR in chromosomes is strongly de-
pendent on H1. More specifically, SUUR is preferentially
localized to chromatin domains that are highly enriched
for H1. For instance, the tremendously elevated concen-
tration of H1 in IH of early endo-S cells promotes and nu-
cleates the initiation of deposition of SUUR into these
regions. However, the pattern of SUUR occupancy at
these sites does not occur temporally in parallel with
that of H1. Initially, the exceptionally high abundance of
H1 in late replicating loci during early endo-S is not paral-
leled by a simultaneous comparable increase of SUUR oc-
cupancy (Fig. 4B, cf. Supplemental Fig. S6B). Rather,
loading of SUUR into these sites lags significantly behind
H1 occupancy. Thus, the rate of SUUR localization to H1-
rich IH appears to be much slower than that of the RI dep-
osition of H1 into these loci. After the initial recruitment,
further loading of SUUR does not require H1, and SUUR
continues (in a slower fashion) to accumulate at IH
throughout the endo-S phase even when H1-enriched do-
mains dissipate in the course of DNA endoreplication
(Fig. 4). The additional loading of SUUR in chromatin is
likely facilitated by its self-association through dimeriza-
tion of the N terminus (Kolesnikova et al. 2005) and phys-
ical interactions with the replication fork (Kolesnikova
et al. 2013), as proposed previously. In this fashion,
SUUR achieves its maximal concentration in IH loci by
the late endo-S (Kolesnikova et al. 2013).

The functional roles of H1 in regulation of DNA
endoreplication

We demonstrate that H1 has a pivotal function in the es-
tablishment of UR of specific IH loci in polytenized sali-
vary gland cells. Our findings that H1 interacts directly

with SUUR in vitro and is required for SUUR localization
to late replicating IH in polytene chromosomes in vivo
strongly suggest that the H1-mediated recruitment of
SUUR promotes UR by obstructing replication fork pro-
gression in its cognate underreplicated loci but does not
affect replication origin firing (Nordman et al. 2014). How-
ever, the remarkable temporal pattern of H1 distribution
in endoreplicating polytene chromosomes suggests that
it may also play a direct SUUR-independent role in regu-
lation of endoreplication. This is especially plausible con-
sidering that the temporal distribution patterns of SUUR
and H1 are dissimilar.
In contrast to the role of SUUR in slowing down the rep-

lication fork progression during late endo-S phase, H1
(acting in the absence of SUUR during early endo-S)
may function to repress the initiation of endoreplication,
as proposed in several studies (Lu et al. 1998; Thiriet and
Hayes 2009). Our DNA-seq analyses also suggest this
mechanism. Compared with the relatively smooth, flat
profiles of DNA copy numbers in SuURES mutant sali-
vary glands (Supplemental Fig. S6C), the profiles in H1-de-
pleted cells exhibit a jagged, uneven appearance (Fig. 1G),
indicative of aberrant local initiation of replication. Un-
fortunately, our experimental system (cytological analyz-
es of salivary glands) cannot be used to further confirm
this idea. First, an extensive depletion of H1 results in
the loss of polytene morphology (Lu et al. 2009); second,
since the staging of endo-S progression is based on
PCNA staining, a spurious activation of ectopic replica-
tion origins would result in an incorrect calling of the
stage. To further complicate these analyses, polytenized
cells are not amenable to other methods of cell cycle stag-
ing, such as fluorescence-activated cell sorting (FACS). In
the future, it will be important to examine the role of H1
in regulation of DNA replication timing in sorted Droso-
phila diploid cells.

Materials and methods

Genomic DNA for high-throughput sequencing

Libraries for high-throughput sequencing of chromatin fromHis1
and control (Nau) knockdown salivary glands ofDrosophila mel-
anogaster L3 larvae were prepared using standard protocols. See
the Supplemental Material for details.

Sequencing alignment, identification of underreplicated regions,
and quantification of their parameters

Sequencing was performed on an Illumina HiSeq2500. For identi-
fication of underreplicated regions in IH, single-end reads were
aligned to the R5/dm3 release of the Drosophila genome using
Bowtie (Langmead et al. 2009), yielding a total of 9,785,692
and 2,624,291 uniquely aligning reads for the control and H1
knockdown samples, respectively. The sequencing tracks were
uploaded to Gene Expression Omnibus (accession number
GSE95215). For the control knockdown, underreplicated regions
were identified using a custom bash/R script. Briefly, aligned
reads in the control knockdown were scanned along 5-kb win-
dows, and regions were designated as underreplicated if 20
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consecutive windows fell below the average per-chromosome
read count.
The fold change between H1 and control knockdowns was cal-

culated for each of the derived UR coordinates using HOMER
annotatePeaks.pl (Heinz et al. 2010). Normalized reads for each
underreplicated region were calculated (for both control and H1
knockdown) as the total aligned reads per million divided by
the length of the underreplicated domain (in kilobases) identified
in the control knockdown sample. Fold changewas then calculat-
ed as reads per million per kilobase (H1 knockdown) divided by
reads per million per kilobase (control knockdown).
To evaluate changes in DNA copy number at PH, reads were

aligned to a custom “genome” containing the dm3 release with
repeat sequences masked by RepeatMasker, combined with the
canonical transposon sequence set (version 9.4.1, BerkeleyDroso-
philaGenome Project). Uniquely aligned read counts for each TE
were calculated using SAMtools (Li et al. 2009). Sequencing data
for analysis of wild-type and SuURES polytenization (Yarosh and
Spradling 2014) were obtained from the Short Read Archive (Bio-
Project ID PRJNA244953).

Polytene chromosomes and DNA break frequency analyses

Larvae (UAS-His1-dsRNA-10-3/+; da-GAL4/+ or wild-type con-
trols) were reared at 25°C. L3 larvae in puff stages 3–8 (Ashburner
and Berendes 1978) were selected for salivary gland dissection.
Polytene chromosomes were prepared and stained with acetic
orcein by standard methods (Zhimulev et al. 1982). Briefly, the
glands were dissected in PBS (137 mM NaCl, 3 mM KCl, 8 mM
NaH2PO4, 2 mM KH2PO4), transferred to aceto-orcein solution
(1%orcein in 45%acetic acid) for 10–15min followed by 55% lac-
tic acid for 1–2 min, and squashed. Phase contrast images were
obtained on an Olympus BX51 microscope, DP52 camera, 100×
lens with oil immersion. The frequency of chromosome breaks/
weak points was calculated for chromosomes in the last two stag-
es of polyteny (i.e., the thickest) as described (Zhimulev et al.
1982) in two independent experiments. In total, >70 chromo-
somes from 20 individual slides were analyzed for each genotype
and every cytological region.

Indirect IF staining

For all cytological experiments, larvae were reared and collected
at 25°C or 29°C (Fig. 2E). Salivary glands fromwandering third in-
star larvae were dissected in PBS. Glands were transferred into a
formaldehyde-based fixative (one ∼15-µL drop of 3% lactic acid,
45% acetic acid, 3.7% formaldehyde on a coverslip) for 2 min
(Novikov et al. 2007), squashed, and frozen in liquid N2. The cov-
erslips were removed, and slides were placed in 70% ethanol for
20 min and stored at −20°C. The slides were washed three times
for 5 min in PBS + 0.1% Triton X-100 (PBST). Primary antibodies
were incubated overnight at 4°C in PBST + 0.1% BSA andwashed
three times for 5min each with PBST. Secondary antibodies were
incubated for 2 h at room temperature in PBST + 0.1% BSA and
washed three times for 5 min each with PBST, and squashes
were mounted in VectaShield medium with 0.15 µg/mL DAPI.
For secondary antibody combinations that contained Alexa 647
conjugates, DNA was stained with 0.1 µg/mL DAPI in PBST for
30 min, and squashes were mounted in Prolong Gold anti-fade
mountant (Molecular Probes). IF images were obtained with a
ZeissAxioObserver.Z1,Axiocam506mono (D)microscopy cam-
era using a 63×/1.40 plan apo lens with oil immersion using ZEN
2012 software. Phase contrast images were obtained with an
Olympus BX51 microscope, DP52 camera using a 100×/1.30
Uplan FI Ph3 lens with oil immersion.

Forwhole-mount IF staining, L3 larvaewere reared at 29°C, and
salivary glands were dissected in PBS and fixed in 4% paraformal-
dehyde for 20 min at room temperature. The glands were washed
three times in methanol and stored at −20°C if necessary. They
were hydrated three times in PBST for 10 min and permeabilized
for 30 min at 37°C in PBS + 0.3% Triton X-100. Blocking was per-
formed for 30 min at 37°C in PBS supplemented with 15% fetal
calf serum and 1% BSA. The glands were incubated with primary
antibodies diluted in blocking solution for 16 h at 4°C, washed
three times with PBST for 30 min, and incubated with secondary
antibodies in blocking solution overnight at 4°C. The stained
glands were washed three times with PBST for 30 min, stained
with DAPI (0.1 µg/mL) for 30 min, and mounted in Prolong
Gold. IF images were obtained on a Zeiss LSM 710 confocal mi-
croscope using a 20×/0.50 EC Plan-Neofluar lens.

Recombinant proteins and GST pull-down assays

Plasmids encoding GST-tagged full-length SUUR and its middle
part (amino acids 371–578) were described previously (Makunin
et al. 2002; Pindyurin et al. 2008). pGEX-4T-SUUR(1-370) and
pGEX-4T-SUUR(579–962) expression constructs were produced
by PCR and molecular cloning. Whole-cell extracts from wild-
type Drosophila ovaries were used as a source of the native H1
protein for GST pull-downs. Ovarian extracts were prepared ac-
cording to Bleichert et al. (2013). Alternatively, GST pull-downs
were performed with recombinant H1 polypeptides (full-length
and C-terminally truncated). The expression constructs and puri-
fication protocol have been described (Kavi et al. 2016). See the
SupplementalMaterial for details of cloning, protein purification,
and pull-down protocols.
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