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Abstract
Background: In most mammalian cell lines, chromatin located at the nuclear periphery is represented by condensed
heterochromatin, as evidenced by microscopy observations and DamID mapping of lamina-associated domains
(LADs) enriched in dimethylated Lys9 of histone H3 (H3K9me2). However, in Kc167 cell culture, the only Drosophilla
cell type where LADs have previously been mapped, they are neither H3K9me2-enriched nor overlapped with the
domains of heterochromatin protein 1a (HP1a).
Results: Here, using cell type-specific DamID we mapped genome-wide LADs, HP1a and Polycomb (Pc) domains
from the central brain, Repo-positive glia, Elav-positive neurons and the fat body of Drosophila third instar larvae.
Strikingly, contrary to Kc167 cells of embryonic origin, in neurons and, to a lesser extent, in glia and the fat body,
HP1a domains appear to overlap strongly with LADs in both the chromosome arms and pericentromeric regions.
Accordingly, centromeres reside closer to the nuclear lamina in neurons than in Kc167 cells. As expected, active gene
promoters are mostly not present in LADs, HP1a and Pc domains. These domains are occupied by silent or weakly
expressed genes with genes residing in the HP1a-bound LADs expressed at the lowest level.
Conclusions: In various differentiated Drosophila cell types, we discovered the existence of peripheral heterochromatin, similar to that observed in mammals. Our findings support the model that peripheral heterochromatin matures
enhancing the repression of unwanted genes as cells terminally differentiate.
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Background
Eukaryotic chromosomes are subdivided into less con
densed euchromatin and more densely packed hetero
chromatin. The facultative heterochromatin that is
dispersed on the chromosome arms (hereafter ChAs)
is mostly composed of silent tissue-specific genes and
transposable elements (TEs), whereas pericentromeric
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and telomeric regions highly enriched in satellite DNA,
TEs and other repeats form the constitutive heterochro
matin (the 2LHet, 2RHet, 3LHet, 3RHet, XHet chromo
some regions of dm3/R5 genome assembly; hereafter
CHet) (reviewed in [1, 2]). Immunostaining and electron
microscopy observations indicate that in mammalian
cells, both the facultative and constitutive heterochroma
tin are located close to the nuclear envelope and around
the nucleoli, with an interesting exception being the rod
photoreceptor cells of animals with nocturnal vision,
where the heterochromatin is centrally positioned ([3]
and references therein).
The nuclear envelope is lined with A- and B-type lamin
filaments which, together with numerous lamin-binding
proteins, compose the nuclear lamina (reviewed in [4,
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5]). Using the DamID approach [6, 7], lamina-associ
ated chromosomal domains (LADs) were revealed in
Drosophila, nematode and mammalian cell lines [8–13].
LADs mostly harbor silent or weakly expressed genes [9,
11, 12]. Accordingly, the nuclear lamina was shown to
be a repressive environment for transcription [14–22].
In mammals, LADs correspond to chromatin domains
enriched with the dimethylated Lys9 of histone H3
(H3K9me2) mark [9, 23–25], whereas the trimethylated
Lys27 of histone H3 (H3K27me3) mark is enriched at the
LAD borders [9]. The H3K9me2-modified nucleosomes
may be bound by the heterochromatin protein 1a (HP1a)
[26–28], and the H3K27me3 mark may recruit the Poly
comb group (PcG) proteins [29–32]. Binding of both
repressors condenses chromatin [33–38], thus form
ing the adjoining nuclear lamina heterochromatin layer
(reviewed in [39]). However, in Drosophila, LADs have
previously only been mapped in cultured Kc167 cells of
embryonic origin [11], where they are enriched neither
in H3K9me2 nor in HP1a [40]. Moreover, less than half
of LADs in Kc167 cells are enriched in Polycomb (Pc)
binding [11]. This raises the question of whether the het
erochromatin located at the nuclear periphery in other
Drosophila cell types may be bound by HP1a or, to a
greater extent, by Pc.
Recent modifications of the DamID technique have
made it possible to map the interactions of proteins of
interest (POIs) with chromatin in a particular cell type
within complex tissues [41–46]. Using such an approach,
the chromosomal regions interacting with the Pc repres
sor in the fat bodies, the whole central brain and Repopositive glial cells of the central brain of Drosophila
third instar larvae were previously mapped genome wide
[44]. In this study, to map the landscape of repressive
chromatin types more comprehensively, we also mapped
HP1a and the B-type lamin Dm0 (hereafter Lam) in the
same organs/cell types. Furthermore, we mapped interac
tions with Pc, HP1a and Lam in the Elav-positive neurons
of the central brain. In neurons and, to a lesser extent, in
glia and fat bodies, we found that a substantial portion
of heterochromatin interacts with both Lam and HP1a.
Importantly, such a specific composition of heterochro
matin has not been previously described for Drosophila.
Finally, we revealed that centromeres are positioned
closer to the nuclear lamina in Drosophila neurons than
in Kc167 cells.
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Results
DamID mapping of Pc, Lam and HP1a domains in various
cell types of Drosophila larvae

DamID-seq profiles of genome-wide Pc binding from
the larval central brain, Repo-positive glial cells and fat
body cells have been reported previously [44]. The cor
responding profiles of HP1a and Lam were generated at
the same time; thus, they all share the same Dam only
normalization controls (Fig. 1a, b). DamID-seq profiles
of POIs (Pc, Lam and HP1a) in neurons were obtained
by using the FLP-inducible STOP#1-Dam system [44]
combined with the pan-neuronal elav-GAL4 driver and
a UAS-FLP transgene (Fig. 1c, Additional file 1). Ampli
fication of Dam-methylated fragments of the neuronal
genome was performed as previously described for
glial cells [45]. The high specificity of the amplification
procedure was confirmed by gel electrophoresis show
ing substantially more mePCR products in experimen
tal samples compared to negative controls, in which
STOP#1 DamID transgenes were not activated by
GAL4 protein (Additional file 2: Fig. S1). Subsequent
high-throughput sequencing (HTS) of these mePCR
samples was performed according to [44].
Next, unique mapping of sequence reads of all stud
ied DamID-seq samples to 1-kb bins of the Drosophila
dm3/R5 genome assembly was performed. This resulted
in a high correlation between replicates of Dam-POI
and Dam genome-wide binding profiles (Additional
file 2: Fig. S2; for Pc mapping in the central brain, fat
body and Repo-positive glial cells we employed previ
ously obtained data from GSE75835 [44]). Then, repli
cates were merged, and the resulting Dam-POI profiles
were normalized to the corresponding Dam profiles
and log2 transformed. After that, for each POI, the
quantile normalization between organs/cell types was
applied. Finally, the chromatin domains enriched for
Pc, Lam and HP1a interactions were determined for
each organ/cell type using the hidden Markov model
(HMM) algorithm (Fig. 1d, Additional file 2: Fig. S3,
Additional file 3: Table S1). For further bioinformatic
analysis, we additionally employed domain enrichment
data for the Pc, Lam and HP1a in embryonic Kc167 cell
culture reported previously [11, 40].

(See figure on next page.)
Fig. 1 DamID mapping of LADs, HP1a and Pc domains in the central brain, neurons, glia and fat body. a–c Principles of DamID in the central brain
and fat body (a), glia (b) and neurons (c). POI is Lam, HP1a or Pc. d Screenshot from UCSC genome browser showing log2(Dam-POI/Dam) profiles
and HMM-determined domains of POI enrichment (black rectangles over profiles) for the representative region of 2L chromosome in the central
brain, neurons, glia, fat body and Kc167 cells. Data for Pc in all organs/cell types except neurons are taken from [44]. Data for Kc167 cells are taken
from [11, 40]. Examples of LADs completely or partially overlapped with HP1a domains in the central brain or neurons but not in glia, fat body and
Kc167 cells are outlined by black rectangles
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remarkably represented for each of these repressors. For
example, 27% of the Drosophila genome does not typi
cally interact with the nuclear lamina in any of the cell
types analyzed (Fig. 2). This value is 1.4-fold less than
observed in mice (38% [47]). Therefore, the variability of
LADs in Drosophila is much higher than in mammals.

Pc, Lam and HP1a domains are not conserved
among different Drosophila cell types

Depending on cell type, chromosomal regions interact
ing with Lam (i.e., LADs) in Drosophila occupy from
39% (in the central brain) to 55% (in glia) of the length
of ChAs, whereas HP1a domains cover 6–26% and Pc
domains—12–24% of ChAs (Fig. 2). Minimal LAD coverage
in the central brain likely reflects the brains composi
tion of different cell types. Therefore, similar to mammals
[10], LADs represent the most prominent type of inac
tive chromatin domains in Drosophila. However, unlike
in mammals, where the conserved LADs comprise about
33% of non-repetitive genome [47], the LADs shared
among various Drosophila cell types were less abundant
(occupying 16.5% of ChAs, Fig. 2). The conserved HP1a
and Pc domains span the minor part of ChAs (1.7% and
4.9%, respectively). Importantly, in the analyzed cell types
the shared inter-domains (i.e., the regions which do not
significantly interact with the corresponding POI) were
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We further analyzed the degree of overlap between dif
ferent domain types. Consistent with the results of Filion
et al. [40], LADs and HP1a domains appear to overlap
very poorly in the cultured Kc167 cells (the overlapped
regions constitute 10% of the length of HP1a domains,
1% of LADs length and 0.5% of ChAs length; Fig. 3a,
Additional file 4: Table S2). However, in various larval
organs/cell types the degree of overlap between these
two domain types was notably higher, with the major
intersection of LADs and HP1a domains occurring
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Fig. 2 Common LADs, HP1a and Pc domains in various cell types. Diagrams showing the degree of overlap (as a percentage of ChAs length)
between (left to right) LADs, HP1a or Pc domains in the central brain, neurons, glia, fat body and Kc167 cells

(See figure on next page.)
Fig. 3 LADs strongly overlap with HP1a domains (both in the ChAs and in the pericentromeric regions) in the central brain and neurons, to a
lesser extent in glia and the fat body, and not at all in Kc167 cells. a Venn diagram showing the degree of overlap as a percentage of ChAs length
between LADs, HP1a and Pc domains (left to right) in Kc167 cells, fat body, glia, neurons or the central brain. b Screenshot from UCSC genome
browser showing log2(Dam-POI/Dam) profiles (where POI is Lam or HP1a) and HMM-determined domains (black rectangles over profiles) for the
representative 2R pericentromeric region in the central brain, neurons, glia, fat body and Kc167 cells. Data for Kc167 cells were taken from [11,
40]. The eu/heterochromatin boundary (thick/thin black line above the figure) is indicated according to [64]. c Box plots showing distributions of
log2(Dam-HP1a/Dam) values in the non-repetitive parts of X chromosome (blue) and autosomes (red) in male larval central brain, male larval fat
bodies, neurons or glial cells from mixed sex larvae, and in the female Kc167 cells. For this type of analysis, raw DamID-seq data for HP1a in Kc167
cells were taken from GSE83713 [67], mapped on the 1-kb genomic bins and quantile normalized. M–W U test was used for pairwise comparison
of distributions on the X chromosome vs autosomes. d HP1a domain coverage on the X chromosome and autosomes as a percentage of
chromosomes length. Only the ChA parts which, according to Riddle et al. [64], were within 1–22,300 kb for X chromosome, 1–22,000 kb for 2L,
1600–21,147 kb for 2R, 1–22,900 kb for 3L, 1–27,900 kb for 3R of Drosophila dm3/R5 genome assembly, were taken for analysis
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mainly in the central brain and in neurons (in the cen
tral brain and neurons, the overlap constitutes 77–78%
of total HP1a domain length, 38–52% of total LADs
length and covers ~ 20% of ChAs; Figs. 1d, 3a, Addi
tional file 4: Table S2). The observed genome distribu
tions of LADs and HP1a domains are highly non-random
(in each case p < 10−4, permutation test). Moreover, the
increased overlap between LADs and HP1a domains in
the analyzed organs/cell types relative to Kc167 cells is
characteristic not only for ChAs but also for the pericen
tromeric regions (Fig. 3b), where the degree of overlap is
even higher (HP1a/LADs intersection length varies from
68% (in fat body) to 91% (in the central brain) of total
HP1a domain length in CHet; Additional file 4: Table S2).
We note that the pattern of LADs/HP1a overlap for the
4th chromosome is different from that in ChAs and CHet
(Additional file 2: Fig. S4, Additional file 4: Table S2). In
contrast to varying overlap between LADs and HP1a
domains, the degree of intersection between LADs
and Pc domains was more similar in different organs/
cell types analyzed (the overlap constitutes 17–29%
of LADs, 55–73% of Pc domains and covers 8–13% of
ChAs; Fig. 3a, Additional file 2: Fig. S5, Additional file 4:
Table S2). These results uncover the interactions of chro
matin with both the nuclear lamina and HP1a, which are
most prominent in Drosophila neurons.
To test the hypothesis that HP1a binding in LADs may
be mediated by TEs, we analyzed the distribution of
3183 TE insertions in the ChAs of Drosophila reference
genome. We found that in the central brain, TE occu
pancy in the close vicinity of HP1a-bound LADs is two
fold higher (p < 10−4, permutation test) than that in LADs
without HP1a binding, where it appears to be the same
as in the whole ChAs. We, thus, propose that TEs in the
central brain may participate in the recruitment of HP1a
to LADs.
Previously, the preferential binding of HP1a with the X
chromosome as compared to autosomes was revealed in
adult Drosophila males, but not in females [48]. In agree
ment with these results, the profile of HP1a in the nonrepetitive part of X ChA is shifted toward higher values
when compared to autosomes in the male larval central
brain and fat body, as well as in neurons and glial cells
isolated from a mixed population of both sexes (Fig. 3c).
This X chromosome-specific HP1a enrichment is lower
(but still present) in female Kc167 cells (Fig. 3c). Interest
ingly, HP1a is bound to a larger number of sites on the X
chromosome as compared to autosomes (both in LADs
and in the inter-LADs) in all organs/cell types analyzed
(Fig. 3d). In the central brain, HP1a domains overlap
ping with LADs cover similar genome fractions on the X
chromosome and on autosomes, yet the increased HP1a
binding on the X chromosome relative to autosomes is
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revealed (Additional file 2: Fig. S6). These results are con
sistent with the generally elevated HP1a binding with the
X chromosome, which is especially evident in males.
The expression level of genes in LADs, Pc and HP1a
domains is generally very low

To analyze the expression levels of genes residing in
LADs, Pc and HP1a domains, we employed previ
ously obtained RNA-seq data for the central brain and
fat bo
dies isolated from the third instar larvae males
(GSE75835 [44]), or for Kc167 cells (GSE15596 [49]). In
the central brain and fat body, we found drastically lower
expression levels of genes whose promoters (distal TSSs)
are located in LADs, Pc and HP1a domains, as compared
to the inter-domains (Fig. 4a, Additional file 5: Table S3).
The same picture is seen in Kc167 cells, but only for the
genes whose promoters reside in LADs and Pc domains
(Fig. 4a). Moreover, in the central brain, the expression
level of genes, whose promoters are found in LADs and
are simultaneously bound by HP1a or Pc, appears to be
lower than in LADs lacking these proteins (Fig. 4b). A
similar trend is revealed in the fat body for the promot
ers residing in LADs overlapped with the HP1a domains
(Additional file 2: Fig. S7A). These results support the
model that HP1a or Pc binding introduces an additional
layer of gene repression in LADs.
However, in Kc167 cells, median expression level of
genes, whose promoters (distal TSSs) are located in the
HP1a domains, appears to be increased compared to
the rest of the ChAs (Fig. 4a), therefore indicating the
interaction of HP1a with the actively expressed genes in
these cells. The difference is even more pronounced for
the genes overlapping with HP1a domains by their bod
ies (Additional file 2: Fig. S7B). Because approximately
one third of HP1a domains in Kc167 cells are preserved
in other organs/cell types (Fig. 2, Additional file 2: Fig.
S8), we examined in the central brain and fat body the
expression level of genes located in these conserved
HP1a domains. As expected, gene expression appears to
be notably higher in the conserved than in the non-con
served HP1a domains in these organs, whereas in Kc167
cells it is rather similar (Fig. 4c). Therefore, a fraction of
HP1a is bound to the actively expressed genes not only in
Kc167 cells, but also in the other analyzed cell types.
In attempts to clarify the effect of HP1a on those
genes, we used publicly available microarray expression
data for the control and HP1a-depleted Kc167 cells from
GSE18092 [50]. Out of 707 differentially expressed genes
in the control and HP1a-depleted cells (Additional file 6:
Table S4), 119 genes overlap with the HP1a domains by
their bodies, therefore being the direct HP1a targets. As
expected, these genes are actively expressed in Kc167
cells (Additional file 2: Fig. S7C). Upon HP1a knockdown
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of 4377 ubiquitously expressed genes (Additional file 7:
Table S5) by the criterion that their expression should
exceed background in any of Drosophila tissues repre
sented in the FlyAtlas database [51]. Our analysis indi
cates that the vast majority of ubiquitously expressed
gene promoters (distal TSSs) are indeed localized in the
common for all cell types Lam, Pc or HP1a inter-domains
(86%, 93% and 75%, respectively; Fig. 5a), covering 27%,
62% or 55% of ChAs (Fig. 2). These localization pat
terns are highly non-random (p < 10−4 for each POI, per
mutation test). Yet, a small fraction of those promoters
(14%, 7% or 25%) are intersected with LADs, Pc or HP1a
domains in at least one cell type, and only the minor
fraction of them overlaps with the LADs, Pc or HP1a
domains conserved among various cell types (Fig. 5a).
Therefore, promoters of ubiquitously expressed genes are
almost always located outside LADs, Pc domains and, to
a lesser degree, outside the HP1a domains.
We next analyzed whether the tissue-specifically
expressed gene promoters are localized in the interdomains. Based on the RNA-seq data from [52], we
generated a list of tissue-specific genes expressed in
the larval neurons or glial cells. The major fraction of
promoters of these genes appears to locate in the interdomains (64% or 61% TSSs fall in the inter-LADs, 74% or
67% fall in the HP1a inter-domains and 93% or 92% fall
in the Pc inter-domains in neurons or glia, respectively)
which is significantly deviated from the random distri
bution (p < 10−4 for each POI, permutation test). Upon
examination of DamID profiles, we noticed that some

(KD), 74 out of 119 genes were up- and 45 genes were
down-regulated; however, the median expression of these
HP1a targets was not notably changed (Fig. 4d). At the
same time, the differentially expressed genes, whose
bodies overlap with LADs or Pc domains, were signifi
cantly up-regulated upon HP1a depletion (Fig. 4d). The
same results were obtained when only promoters (distal
TSSs) residing in the corresponding domains were con
sidered (not shown). Next, we analyzed the differentially
expressed genes with more than twofold expression dif
ference upon HP1a KD and revealed the profound upregulation of direct HP1a targets (Additional file 2: Fig.
S7D). However, it was accompanied by the increased
expression of genes residing in LADs, in Pc domains
and those outside of any domain type (Additional file 2:
Fig. S7D). We note that among 1647 genes that overlap
with the HP1a domains by their bodies in Kc167 cells,
only ~ 7% have significantly altered expression after HP1a
KD. Altogether, this pointed to the mild (if any) effect of
HP1a on the transcription or RNA stability of its actively
expressed direct targets, and on the presence of indirect
effect of HP1a depletion on the transcription.
Active promoters avoid association with the nuclear
lamina or Pc

Because LADs mostly correspond to the silent genome
regions ([9, 11], these data), we hypothesized that con
served inter-LADs may be populated specifically by the
ubiquitously expressed genes which are active in any
cell type. To examine this possibility, we generated a list
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promoters of tissue-specifically expressed genes lose
their interactions with the nuclear lamina, whereas their
bodies stay in contact. For example, the log2(Dam-Lam/
Dam) profile in neurons has a dip at the promoter region
of neuron-specific CG13579 gene, whereas the elevated
association with the nuclear lamina is revealed along its
body (Fig. 5b). This dip is absent in the profile for glial
cells (not shown), where CG13579 is not expressed. We
separated all the genes into four groups according to their
expression level and plotted medians of log2(Dam-POI/
Dam) values around TSSs for the genes aligned in the
5′ → 3′ direction and overlapped by their bodies with the
corresponding domain type. We found that the higher
genes are expressed—the weaker the Lam, Pc or HP1a
binding at their promoters (Fig. 5c). Moreover, the local
minima values in the Lam, or Pc profiles, plotted for the
genes with the medium or high expression, fall into the
1-kb bin containing TSSs. A similar picture is seen for the
glial profiles (not shown). Interestingly, the HP1a profiles
for the actively expressed genes in both neurons (Fig. 5c,
right panel) and glia (not shown), unlike Lam or Pc pro
files, display the local minima values in the gene bodies,
but not at the TSSs. We conclude that, as in mammals
[10, 53, 54], promoters of a small fraction of actively
expressed genes located in Drosophila LADs are mostly
released from an association with the nuclear lamina.
The same trend is seen for the genes residing in the Pc
domains.
Centromeres are located closer to the nuclear lamina
in neurons than in Kc167 cells

Our DamID results demonstrate the strong overlap of
LADs and HP1a domains in neurons and almost com
plete lack of such an overlap in Kc167 cells. To better
understand this phenomenon, we immunostained neu
rons, glia and Kc167 cells with anti-HP1a and anti-Lam
antibodies and examined the distribution of HP1a in the
nucleus. Neuronal or glial nuclei in the third instar lar
vae brain were marked by the fluorescence of DsRed.T4
protein in elav-GAL4 × UAS-RedStinger or repoGAL4 × UAS-RedStinger crossed flies, respectively. In
agreement with the previously published HP1a distribu
tion in Kc167 cells [55], we found that in Kc167 or glial
cells, HP1a occupies 1–2 clearly stained pericentromeric
compartments (Fig. 6a), whereas in neurons it is more
uniformly distributed in the nucleus, probably reflecting
more abundant binding of HP1a to the ChAs in the latter
case.
Next, we examined whether the pericentromeric
regions are positioned closer to the nuclear lamina
in neurons than in Kc167 cells. We immunostained
interphase nuclei of both cell types with anti-CenpA
(CID) antibodies marking the centromeres [56, 57]
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and anti-Lam antibodies and counted the 3D distances
between CenpA signals and the nuclear lamina (Fig. 6b,
Additional file 2: Fig. S9). The radial distribution of cen
tromeres relative to the nuclear envelope (Additional
file 8: Table S6) appears to be significantly different in
these two cell types being shifted toward the nuclear inte
rior in Kc167 cells (Fig. 6c). Therefore, in neurons cen
tromeres are indeed closer to the nuclear lamina than in
Kc167 cells.

Discussion
Active promoters are mostly located away from the nuclear
lamina in Drosophila

Previously, Drosophila LADs were identified only in the
Kc167 cell culture of embryonic origin [11]. In this study,
we mapped LADs and inter-LADs in various organs/cell
types, including the central brain, neurons, glia and the
fat body from Drosophila third instar larvae. This allows
us for the first time to reveal inter-LADs common to all
cell types, which carry the vast majority of ubiquitously
expressed gene promoters (Fig. 5a). Therefore, the per
manent activity and/or the special chromatin type of
ubiquitous promoters [40, 58] prevent them from con
tacting with the nuclear lamina in any cell type. We also
found that, as in mammals [10, 53, 54], in Drosophila the
active expression of some, but not all, tissue-specific gene
promoters results in the loss of their association with the
nuclear lamina (Fig. 5b, c). Taken together, this supports
the long-standing paradigm that gene activity is poorly
compatible with gene positioning at the nuclear lam
ina (reviewed in [59]), which also appears to be true for
Drosophila.
Tethering of HP1a/H3K9me2‑enriched LADs to the nuclear
lamina in Drosophila and mammals may proceed
via similar mechanism

The mechanism of LADs tethering to the nuclear enve
lope remains elusive, especially in Drosophila. Hypotheti
cally, two not mutually exclusive types of interactions
may be responsible for LADs attachment to the nuclear
lamina: Components of the lamina may recognize and
specifically bind with either DNA motifs or inactive
chromatin signatures. Both types of interactions were
revealed in mammals. On one hand, the cKrox repressor,
recognizing GAGA DNA motifs, in the complex with his
tone deacetylase HDAC3 and inner nuclear membrane
protein Lap2β were shown to participate in the tethering
of several LADs to the nuclear envelope in murine fibro
blasts [60]. On the other hand, the chromatin marks such
as H3K9me2/3 were found to be required for keeping
LADs at the nuclear periphery in mammals [24, 61, 62].
The same histone marks are necessary for the localization
of the heterochromatic transgene array at the nuclear
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and anti-Lam (violet) antibodies. Scale bars 3 μm. b Confocal images of immunostaining of Kc167 cells (upper panel) or Elav-positive neurons (lower
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located at the nuclear envelope in neurons or clustered in the nuclear interior in Kc167 cells. Scale bars 3 μm on the upper panel or 2 μm on
the lower panel. c Box plots showing radial-normalized distances between CenpA signals and the nuclear lamina in neurons (red bars, n = 468)
and Kc167 cells (blue bars, n = 604), counted in 3D using IMARIS software. In cases when the centers of CenpA signals were shifted toward the
outer side of the nuclear lamina relative to its midpoint, negative distances were assigned. M–W U test was used for pairwise comparison of two
distributions

periphery in the nematode [13, 63]. Our analysis indi
cates that the conserved LADs are remarkably less abun
dant in Drosophila (Fig. 2) compared to mammals, where
they occupy 33% of non-repetitive genome [47]. More
over, LADs are notably more variable in Drosophila than
in mammals. Weak conservation of LADs among cell
types with various expression patterns indicates that in
Drosophila, unlike mammals, the chromatin features are
dominant over specific nucleotide sequences in determi
nation of chromatin positioning at the nuclear lamina.
Nevertheless, our findings that LADs in the diverse dif
ferentiated cell types of Drosophila are HP1a-enriched
(Fig. 3a, b), like LADs in mammals which are enriched

with H3K9me2 [9, 23–25], point to an existence of a cog
nate mechanism responsible for heterochromatin attach
ment to the nuclear lamina in both cases.
Different effects of HP1a on transcription of genes residing
inside and outside LADs

In agreement with the previously formulated hypothesis
[48, 64], we suggest that the increased HP1a binding in
LADs may be necessary to prevent harmful transcrip
tional leakage of silent genes residing in the active chro
matin environment. The HP1a enrichment on the male
X chromosome may counteract the activity of dosage
compensation complex. Several lines of evidence support
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this idea. Firstly, depletion of HP1a resulted in specific
de-condensation of the X polytene chromosome in Dros
ophila males [65], as well as in the predominant male
lethality [66], linking HP1a enrichment on the X chro
mosome (Fig. 3c, d) with a phenomenon of dosage com
pensation. Secondly, consistent with the previous results
[11] and according to our data, silent or weakly expressed
genes reside in LADs in all organs/cell types examined
(Fig. 4a), and genes occupying the HP1a-enriched LADs
are expressed even more weakly (Fig. 4b). Thirdly, artifi
cial recruitment of HP1a to the promoter of a reporter
gene, integrated at numerous sites in Kc167 cells, resulted
in the threefold to fourfold repression of its transcription
[67]. Finally, Lam depletion in the fat body of young flies
caused a reduction in the level of HP1a accompanied by
the derepression of a set of immune response genes [68],
thus pointing to the collaboration of Lam and HP1a in
the repression of genes unwanted in a particular tissue.
Several studies in Drosophila indicate that HP1a may
be paradoxically involved in the activation of expres
sion of a particular set of genes ([69–74], reviewed in
[75]). Our results also indicate that outside LADs HP1a
is bound to the subset of actively expressed euchromatic
genes in Kc167 cells, as well as in the central brain, neu
rons, glia and fat body (Fig. 4c). However, the mode of
HP1a binding to the actively expressed genes is likely dif
ferent from its binding in LADs. Indeed, it was shown
that HP1a interacts with the active RNA polymerase II
and directly binds protein-coding gene transcripts [69].
In neurons, we found the increased association of HP1a
with the promoters of actively expressed genes and rather
uniform distribution of HP1a along the genes expressed
at lower levels (Fig. 5c, right panel). Unfortunately, our
analysis of microarray gene expression data from HP1adepleted Kc167 cells [50] did not permit us to come to
definite conclusions concerning the HP1a effects on the
transcription of actively expressed genes. According to
this analysis (Fig. 4d, Additional file 2: Fig S7D), HP1a
may have either a neutral or the weak repressive effect on
the transcription or RNA stability of these targets. How
ever, it could not be excluded that strong side effects of
HP1a depletion may mask its genuine action. Therefore,
we propose that HP1a may enhance the repression of tar
get genes, when bound in LADs, or affect transcription
or transcript stability by an unknown mode (if any), when
bound to the subset of actively expressed genes residing
outside LADs.
Maturation of heterochromatin in differentiated cells

Previously, the HP1a/H3K9me2-enriched chromatin
in Kc167 cells was classified as the “GREEN” chroma
tin type [40]. These regions in Kc167 cells do not inter
act with the nuclear lamina (Fig. 3a) and mostly contain
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actively expressed genes (Fig. 4a). In the present study,
we reveal in larval neurons and, less abundantly, in glia
and the fat body the previously uncharacterized in Dros
ophila peripheral chromatin, which is bound by HP1a
(Fig. 3a). Whether this is a novel heterochromatin type
for Drosophila or a partial reposition of the “GREEN”
chromatin type from nuclear interior to the nuclear
lamina is currently unclear. We found that in the central
brain the presence of TEs is significantly increased next
to the HP1a-bound LADs, as compared to LADs with
out HP1a. Our findings point to the possibility that TEs
may recruit HP1a as seeding points from which the HP1a
spreads into the flanking regions. This idea is supported
by the revealed spreading of H3K9me2/3-enriched chro
matin on up to 20-kb distances from the TE insertion
sites in Drosophila [76].
Besides binding of HP1a in LADs, we observe a gene
ral HP1a enrichment on the X chromosome, especially in
males (Fig. 3c, d), which is in agreement with the previ
ously reported data [48]. This enrichment may be a con
sequence of specific DNA motifs overrepresented on the
X chromosome or different spatial proximity of the X
chromosome and autosomes to the CHet compartments.
Our results are consistent with the analysis of Rid
dle et al. [64], who revealed the extended H3K9me2enriched domains, occupied by HP1a, in the ChAs of
Drosophila BG3 cell culture originated from the larval
central nervous system [77], although similar domains
were not detected in the embryonic Kc167 cells [64].
Taken together, these findings support the view that
chromatin at the nuclear periphery becomes gradually
HP1a/H3K9me2-enriched during terminal cell differen
tiation in Drosophila [78]. Interestingly, this is in con
trast to mammals, where the Pc/H3K27me3- but not the
H3K9me3-enriched domains expand in the tissues dur
ing development [79].
The overlap of LADs and HP1a domains in neurons
occurs not only in the ChAs but also in the pericentro
meric compartment. Such interactions are missing in
Kc167 cells, at least at the distal pericentromeric regions
probed by the microarrays used to generate the DamID
profiles in these cells [40] (Fig. 3b). We cannot exclude,
however, that satellite repeat regions, which located more
proximal to centromeres and were not represented on
the microarrays, may be bound with the nuclear lamina.
Nevertheless, our immunostaining experiments revealed
the closer positioning of centromeres to the nuclear
envelope in neurons than in Kc167 cells (Fig. 6b, c) in line
with the DamID results. These findings favor the model
that HP1a-enriched pericentromeric compartments of
individual chromosomes are attached to the nuclear
lamina in neurons, but may be more randomly posi
tioned around nucleolus in Kc167 cells ([80], reviewed
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in [81]). The relocalization of CHet compartments dur
ing differentiation is not unique to Drosophila. The LBRdependent repositioning of pericentromeric regions from
the nuclear lamina to the nuclear interior [82, 83] or vice
versa [84] during differentiation of some mammalian cell
types has previously been reported. Moreover, upon glial
cell differentiation in mice, the pericentromeric regions
were shown to increasingly associate with the nuclear
periphery and repress active reporter genes artificially
recruited to their proximity [85].
Recently, using targeted DamID approach [42], sev
eral factors linked to either repressive (Pc, HP1a, histone
H1) or active (Brahma, RNA polymerase II) chromatin
states in Drosophila neural stem cells and neurons were
mapped genome wide [86]. This led to the conclusion
that Pc-mediated repression does not play a significant
role during neuronal differentiation. Instead, in neu
rons almost all key neural stem cell genes appear to be
switched off via HP1a-mediated repression concomitant
with the approximately twofold increase in HP1a genome
coverage [86]. These conclusions are in agreement with
the findings of the present study, namely, with the low
variability of Pc domains in different organs/cell types
(Fig. 2) and with the drastically higher HP1a genome
occupancy in neurons as compared to embryonic Kc167
cells (Fig. 3d). Importantly, the mapping of LADs in vari
ous organs/cell types, described here, allowed to uncover
that in various differentiated cell types, including neu
rons, the HP1a becomes enriched in the chromosomal
regions associated with the nuclear lamina.

Conclusions
Mapping of LADs in various organs/cell types of Dros
ophila third instar larvae shows that they are less con
served than LADs in mammals. In the terminally
differentiated cells, such as neurons, Drosophila LADs
become strongly occupied by HP1a, the reader of
H3K9me2/3, which is in sharp contrast with Kc167 cells
of embryonic origin. As LADs in mammals are enriched
with H3K9me2/3, mechanisms of heterochromatin com
paction and attachment to the nuclear lamina may be
similar in Drosophila and mammals. Expression of genes
located in LADs is generally very weak, and genes in the
HP1-enriched LADs are expressed at the lowest level.
Therefore, HP1a binding introduces an additional level
of repression in LADs. The compartments of constitutive
heterochromatin, revealed by centromere immunostain
ing, reside closer to the nuclear lamina in neurons than
in Kc167 cells. Combined, these findings support the
model that maturation of peripheral heterochromatin
is required for the stronger repression of genes, which
should not be expressed in the terminally differentiated
cells.
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Methods
Fly stocks and handling

Fly stocks were maintained under standard conditions at
25 °C. Transgenic fly lines bearing Dam4-HT-intein@L127CHP1 and STOP#1-Dam-HP1 constructs were generated
by φC31-mediated site-specific integration at the 51C
site of the stock #24482 (the Bloomington Drosophila
Stock Center) by BestGene company (http://www.thebe
stgene.com/). All DamID transgenic flies used in the
study are available from the Bloomington Drosophila
Stock Center under accession numbers #65429–65432
(intein system) and #65433–65436 (stop-cassette excision
system). The repo-FLP stock [87] was kindly provided by
Christian Klambt (Institut fur Neurobiologie, Universitat
Munster, Munster, Germany). The elav-GAL4 (#8760),
UAS-FLP (#8208) and UAS-RedStinger (#8547) stocks
were obtained from the Bloomington Drosophila Stock
Center. To perform DamID in the fat body, intein exci
sion was induced by 4-hydroxytamoxifen (4-HT; SigmaAldrich). For that, 4-HT was added to the fly food at a
final concentration of 25 μM and then mated female flies
were allowed to lay eggs on this food. Thus, larvae were
exposed to 4-HT from hatching until they were collected
in the third instar stage. To perform DamID in the cen
tral brain of third instar larvae, the spontaneous excision
of intein (without 4-HT induction) [44] was utilized. The
scheme of fly crossing for DamID profiling in neurons is
presented in Additional file 1.
DamID‑seq

A few dozen central brains or fat bodies from wandering
third instar male larvae or, in case of Repo-positive glia or
Elav-positive neurons, from a mix of male and female lar
vae were manually dissected and collected as described
previously [45]. Isolation of genomic DNA, amplification
of Dam-methylated genomic fragments and their subse
quent HTS were performed according to [45]. Eighteen
cycles of PCR amplification (1 min at 94 °C, 1 min at
65 °C, 2 min at 68 °C) were applied for all DNA samples.
HTS on Illumina HiSeq 2000 instrument was performed
at the Genomics Core Facility of The Netherlands Cancer
Institute and resulted in from ~ 25 to ~ 120 million 51-nt
single-end reads per sample (Additional file 9: Table S7).
Bioinformatic analysis of DamID‑seq data

Sequencing reads from two biological replicates of
Dam, Dam-Lam, Dam-HP1a or Dam-Pc samples for
each organ/cell type were adapter clipped and uniquely
mapped to the dm3/R5 genomic assembly by “bowtie2”
[88]. Reads were counted by “HTSeq-count” software
[89] in the 1-kb genomic bins. We employed equal size
bins for mapping, as the HMM algorithm used to iden
tify POI targets works “better” on bins of equal length
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than on the GATC–GATC fragments of various lengths.
Bin size was determined empirically as a compromise
between increased genome read coverage and decreased
DamID resolution. Read counts were merged between
replicates, as they were highly correlated (Additional
file 2: Fig. S2). The resulting read counts of Dam or DamPOI samples were converted to reads per million (RPM),
and then, Dam-POI values were normalized to those of
the Dam and log2 transformed. Since for each POI the
dynamic range of log2-transformed profiles in different
organs/cell types was rather different and we wanted to
make cross-tissue comparisons, quantile normalization
between organs/cell types was applied. We propose that
variability in the dynamic range is caused by the differ
ent DamID approaches used (the induced/uninduced
intein and stop-cassette excision systems) and has no
biological relevance. This is supported by the high corre
lation between DamID profiles in the central brain and
neurons, while the dynamic ranges of log2 profile in these
organs/cell types were quite different. On the contrary, a
substantially lower correlation was observed between the
central brain and glial cells, which were just slightly dif
ferent in the dynamic ranges of log2 profiles.
HP1a and Lam domain calling was performed with a
two-state HMM algorithm (the scripts for DamID-seq
analysis are available in the GitHub repository (https://
github.com/foriin/DamID-seq). For determination of Pc
domains, we applied three-state HMM, as for unknown
reasons two-state HMM overestimated domain pres
ence in the central brain (not shown). The domains for
Lam, HP1a and Pc in Kc167 cells generated by DamID
microarray approach [40] were retrieved from GSE22069.
The median size of the Lam domains (Additional file 2:
Fig. S3, [40]) appears to be smaller than was previously
reported for Kc167 cells (~ 90 kb [11]) most probably due
to different algorithms employed for domain calling. The
actual domain sizes are likely much larger than provided
in Additional file 2: Fig. S3 because HMM does not fill
the gaps that originated over the bins that contained no
mapped reads in the Dam profile. However, this under
estimation of domain sizes does not distort the further
analysis of domain/domain or gene/domain intersections
which were computed in R as a ratio of genome cover
age using the “GenomicRanges” package in Bioconductor
[90]. To perform permutation analysis, we invoked “BED
Tools” [91] in R to shuffle domains and TSSs (or genes)
10,000 times and then counted the number of TSSs (or
genes) that intersected with domains or inter-domains.
Bioinformatic analysis of RNA‑seq and microarray
expression data

RNA-seq data for the central larval brain and fat
body were taken from GSE75835 [44], and for Kc167
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cells—from GSE15596 [49]. RSEM software [92] was
used for analysis, and transcripts per million (TPM) val
ues were obtained as an output. Microarray expression
data for control and HP1a-depleted Kc167 cells were
retrieved from GSE18092 [50], converted back to the
non-log2-transformed values (with p < 0.05) and aver
aged between replicates. Differentially expressed genes
upon HP1a KD were determined using the “limma” R
package [93]. Only genes with the cutoff for adjusted p
values < 0.05 were used for further analysis.
Generation of lists of ubiquitously or tissue‑specifically
expressed genes

If at least 3 (out of 4) present calls (i.e., values exceeding
background) in each of 15 adult and larval Drosophila tis
sues/organs in the whole-transcriptome RNA-chip data
(GSE7763 [51]) were found, the transcript was identified
as being ubiquitously represented. If at least one spliced
transcript variant of a gene was classified as ubiqui
tous, then the gene was identified as being ubiquitously
expressed. As a result, 4377 ubiquitously expressed genes
were revealed (Additional file 7: Table S5).
To generate the lists of tissue-specific genes expressed
in neurons or glia, we employed RNA-seq data from lar
val neurons or glial cells (GSE71104 [52]). TPM values
for two replicates were averaged. Protein-coding genes
with TPM values ≥ 1 were considered as expressed. The
tissue-specific gene lists were formed by the subtraction
of ubiquitous genes from the lists of genes expressed in
neurons or glia. Genes ranked by TPM values were sepa
rated into four groups according to their expression level
(silent: TPM 0–1; low: TPM 1–10; medium: TPM 10–44
for neurons and 10–42 for glia; high: TPM > 44 for neu
rons and > 42 for glia) with an equal number of genes
in each of the three last groups. For the plots in Fig. 5c,
genes were oriented in the 5′ → 3′ direction starting
from their promoters (distal TSSs) and medians of nonquantile normalized log2(Dam-POI/Dam) values across
seven genomic bins centered at gene promoters (three
bins upstream and three bins downstream from the zero
bin) were calculated. Only genes overlapped with the
corresponding domain type by their bodies and only the
upstream bins not overlapped with other genes and the
downstream bins carrying the corresponding gene were
taken for the analysis.
Analysis of distribution of TEs in the genome

Genomic positions for 3183 TE insertions in the Droso
phila dm3/R5 genome assembly (within the ChAs
lacking the distal pericentromeric regions: i.e., within
1–22,300 kb of X chromosome, 1–22,000 kb of 2L
chromosome, 1600–21,147 kb of 2R chromosome,
1–22,900 kb of 3L chromosome, 1–27,900 kb of 3R
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chromosome, according to Riddle et al. [64]) were down
loaded from the FlyBase ftp site (ftp://ftp.flybase.net/
releases/FB2014_03/dmel_r5.57/gff/dmel-all-r5.57.gff.
gz). To analyze whether there is any preference in the TE
localization in the vicinity of LADs bound or unbound
with the HP1a, we estimated the observed to expected
number of insertion events after random reshuffling of
TEs and domains for 1
 04 times (i.e., in the permutation
test). As we considered only uniquely mapped reads dur
ing DamID-seq analysis, the TE sequences were mostly
excluded from the identified LADs and HP1a domains.
Therefore, the observed number of insertion events was
counted as a number of overlapping events between posi
tions of TEs, extended by 0.5 kb from their ends, and the
domains.
Statistical analysis

For p value estimation, the Mann–Whitney (M–W) U
test was used for comparison of two sample distributions.
p values for occasional gene/domain or domain/domain
overlapping were estimated by permutation test with
10,000 permutations.
Cell culture

Kc167 cells obtained from Drosophila Genomics
Resource Center were grown in Schneider’s Drosophila
medium (Gibco) supplemented with 10% heat-inacti
vated FBS (Gibco), 50 units/ml penicillin and 50 µg/ml
streptomycin.
Immunostaining

Immunostaining was performed as previously described
in [94] with some modifications. Kc167 cells in the
growth phase were collected and rinsed two times in
PBS. Central brains from third instar larvae were manu
ally isolated in PBT (PBS containing 0.01% Tween-20) on
ice and then rinsed in PBS. Cells or brains were fixed in
4% formaldehyde (in PBT) for 25 min at room tempera
ture. Fixation was stopped by incubation with 0.25 M gly
cine (Sigma-Aldrich) for 5 min. Then, cells or brains were
washed in PBS three times for 10 min at room tempera
ture, permeabilized with PBTX (PBS with 0.1% Tween-20,
0.3% Triton X-100) for 10 min, blocked with PBTX con
taining 3% normal goat serum (NGS, Invitrogen) at room
temperature for 1 h (cells) or for 3 h (brains), incubated
with primary antibody in PBTX containing 3% NGS for
3 h (cells) or for 7 h (brains) at room temperature, or
overnight at 4 °C, washed in PBTX three times for 10 min
at room temperature, incubated with secondary antibod
ies (1:1000) in PBTX containing 3% NGS for 3 h (cells)
or for 7 h (brains) at room temperature, or overnight at
4 °C, and then washed in PBTX three times for 10 min
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at room temperature in a dark chamber. Coverslips were
mounted with a drop of SlowFade Gold Antifade reagent
(Invitrogen) containing DAPI. As the primary, rabbit pol
yclonal anti-HP1a (1:500, Covance #PRB-291C), mouse
monoclonal anti-Lam (ADL84, 1:500 [95]), or chicken
polyclonal anti-CenpA (CID, 1:600, [57]) antibodies were
used. As the secondary, Alexa Fluor 488-conjugated goat
anti-rabbit IgG (Invitrogen), Alexa Fluor 488-conjugated,
Alexa Fluor 633-conjugated goat anti-mouse IgG (Invit
rogen), or Alexa Fluor 633-conjugated goat anti-chicken
IgG (Invitrogen) antibodies were used.
Measuring distances from centromeres to the nuclear
lamina

Three-dimensional image stacks were recorded with
a confocal LSM 510 Meta laser scanning microscope
(Zeiss). Optical sections were captured at 0.4–0.6-μm
intervals along the Z-axis. Images were processed and
analyzed using IMARIS 7.4.2 software (Bitplane AG)
with a blind experimental setup. Images were thres
holded to eliminate hybridization and immunostain
ing background effects. The distances between signals
and the nuclear envelope were counted as previously
described [16]. Briefly, nuclear lamina stained by antiLam antibodies was manually outlined by its middle in
each plane of the Z-stack, before automatic reconstruc
tion of the nuclear surface by IMARIS. One measure
ment point was positioned in the optical section with the
brightest CenpA signal, at its visually determined center,
and another one was placed on the reconstructed nuclear
surface at the point of its earliest intersection with the
progressively growing sphere from the first measurement
point. The distance between the measurement points
(the shortest distance between the center of CenpA sig
nal and the middle of nuclear lamina) was measured for
each nucleus. Data were obtained in two independent
experiments for 50–60 nuclei per experiment (Additional
file 8: Table S6). Distances were normalized on the nuclei
radii, and radial-normalized distances in neurons and
Kc167 cells were compared.
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Additional file 1. Scheme of fly crossing for DamID in neurons.
Additional file 2. Figures S1–S9.
Additional file 3. Table S1: HP1a, Lam and Pc domain coordinates in the
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Additional file 4. Table S2: The percentage of intersected domain length
from total POI domain length (where POI is HP1a, Lam or Pc) in the central
brain, neurons, glia, fat body and Kc167 cells separately for ChAs, CHet, 4th
chromosome and non-repetitive part of X chromosome.
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Additional file 6. Table S4: Differentially expressed gene list upon HP1a
KD in Kc167 cells with the indication of intersection of gene bodies with
HP1a, Lam or Pc domains. Microarray expression data were from [50].
Additional file 7. Table S5: List of ubiquitously expressed genes based
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Abbreviations
4-HT: 4-hydroxytamoxifen; ChAs: chromosome arms; CHet: constitutive
heterochromatin (the 2LHet, 2RHet, 3LHet, 3RHet, XHet chromosome regions
of dm3/R5 genome assembly); H3K27me3: trimethylated Lys27 of histone
H3; H3K9me2: dimethylated Lys9 of histone H3; HMM: hidden Markov model;
HP1a: heterochromatin protein 1a; HTS: high-throughput sequencing; KD:
knockdown; LADs: lamina-associated chromosomal domains; Lam: lamin
Dm0; M–W U test: Mann–Whitney U test; NGS: normal goat serum; Pc: Polycomb; PcG: Polycomb group; PCR: polymerase chain reaction; POIs: proteins
of interest; RPM: reads per million; TEs: transposable elements; TPM: transcripts
per million; TSS: transcription start site.
Authors’ contributions
BvS conceived the project. BvS, AVP and YYS designed the experiments. AVP,
AAI, MVT, EAM and YYS performed the experiments. AAI, AVI, VVN, LP, AVP and
YYS analyzed the data. YYS and AVP wrote the manuscript. All authors read
and approved the final manuscript.
Author details
1
Division of Gene Regulation, Netherlands Cancer Institute, 1066 CX Amsterdam, The Netherlands. 2 Department of Regulation of Genetic Processes, Institute of Molecular and Cellular Biology, Siberian Branch of Russian Academy
of Sciences, Novosibirsk, Russia 630090. 3 Laboratory of Structural, Functional
and Comparative Genomics, Novosibirsk State University, Novosibirsk, Russia
630090. 4 Department of Molecular Genetics of Cell, Institute of Molecular
Genetics, Russian Academy of Sciences, Moscow, Russia 123182. 5 Present
Address: QC Biochemistry Lab, Yaroslavl Pharmaceutical Complex for Production of Finished Dosage Forms, R-Pharm Group, Yaroslavl, Russia 150061.
6
Department of Viral and Cellular Molecular Genetics, Institute of Molecular
Genetics, Russian Academy of Sciences, Moscow, Russia 123182. 7 Department
of Cell Biology, Erasmus University Medical Center, 3015 GE Rotterdam, The
Netherlands.
Acknowledgements
We thank Garry Karpen for anti-CenpA antibody, Paul Fisher for anti-Lam antibody, Christian Klambt for the repo-FLP fly stock, the Bloomington Drosophila
Stock center for other fly stocks, and Center of Common Scientific Equipment
of the Institute of Molecular Genetics, RAS, for providing access to the confocal microscope.
Competing interests
The authors declare that they have no competing interests.
Availability of data and materials
Raw and processed DamID-seq data for Pc, Lam and HP1a in the central
brain, Elav-positive neurons, Repo-positive glia and the fat body are available
in the NCBI Gene Expression Omnibus (GEO) under the accession number
GSE109495. Scripts for DamID-seq analysis are available in the GitHub repository (https://github.com/foriin/DamID-seq).
Consent for publication
Not applicable.

Page 15 of 17

Ethics approval and consent to participate
Not applicable.
Funding
Funding for this work was provided by the ERC Advanced Grant (293662 to
BvS), by Russian Foundation for Basic Research Grants (13-04-00602 and 16-0400439), by the Program for Molecular and Cellular Biology from Presidium
of Russian Academy of Sciences (0105-2018-0026), by Russian Fundamental
Scientific Research Program (0310-2018-0009 and 0105-2018-0001) and by
Russian Science Foundation Grants (16-14-10288 regarding DamID-seq data
processing and 16-14-10081 in part of microscopic studies).

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Received: 20 June 2018 Accepted: 26 October 2018

References
1. Trojer P, Reinberg D. Facultative heterochromatin: is there a distinctive
molecular signature? Mol Cell. 2007;28:1–13.
2. Cabianca DS, Gasser SM. Spatial segregation of heterochromatin: uncovering functionality in a multicellular organism. Nucleus. 2016;7:301–7.
3. Solovei I, Kreysing M, Lanctôt C, Kösem S, Peichl L, Cremer T, Guck J, Joffe
B. Nuclear architecture of rod photoreceptor cells adapts to vision in
mammalian evolution. Cell. 2009;137:356–68.
4. Prokocimer M, Davidovich M, Nissim-Rafinia M, Wiesel-Motiuk N, Bar DZ,
Barkan R, Meshorer E, Gruenbaum Y. Nuclear lamins: key regulators of
nuclear structure and activities. J Cell Mol Med. 2009;13:1059–85.
5. Gruenbaum Y, Foisner R. Lamins: nuclear intermediate filament proteins
with fundamental functions in nuclear mechanics and genome regulation. Annu Rev Biochem. 2015;84:131–64.
6. van Steensel B, Henikoff S. Identification of in vivo DNA targets of chromatin proteins using tethered dam methyltransferase. Nat Biotechnol.
2000;18:424–8.
7. van Steensel B, Delrow J, Henikoff S. Chromatin profiling using targeted
DNA adenine methyltransferase. Nat Genet. 2001;27:304–8.
8. Pickersgill H, Kalverda B, de Wit E, Talhout W, Fornerod M, van Steensel B.
Characterization of the Drosophila melanogaster genome at the nuclear
lamina. Nat Genet. 2006;38:1005–14.
9. Guelen L, Pagie L, Brasset E, Meuleman W, Faza MB, Talhout W, Eussen BH,
de Klein A, Wessels L, de Laat W, et al. Domain organization of human
chromosomes revealed by mapping of nuclear lamina interactions.
Nature. 2008;453:948–51.
10. Peric-Hupkes D, Meuleman W, Pagie L, Bruggeman SW, Solovei I, Brugman W, Gräf S, Flicek P, Kerkhoven RM, van Lohuizen M, et al. Molecular
maps of the reorganization of genome-nuclear lamina interactions during differentiation. Mol Cell. 2010;38:603–13.
11. van Bemmel JG, Pagie L, Braunschweig U, Brugman W, Meuleman W,
Kerkhoven RM, van Steensel B. The insulator protein SU(HW) fine-tunes
nuclear lamina interactions of the Drosophila genome. PLoS ONE.
2010;5:e15013.
12. Ikegami K, Egelhofer TA, Strome S, Lieb JD. Caenorhabditis elegans chromosome arms are anchored to the nuclear membrane via discontinuous
association with LEM-2. Genome Biol. 2010;11:R120.
13. Towbin BD, González-Aguilera C, Sack R, Gaidatzis D, Kalck V, Meister P,
Askjaer P, Gasser SM. Step-wise methylation of histone H3K9 positions
heterochromatin at the nuclear periphery. Cell. 2012;150:934–47.
14. Finlan LE, Sproul D, Thomson I, Boyle S, Kerr E, Perry P, Ylstra B, Chubb JR,
Bickmore WA. Recruitment to the nuclear periphery can alter expression
of genes in human cells. PLoS Genet. 2008;4:e1000039.
15. Reddy KL, Zullo JM, Bertolino E, Singh H. Transcriptional repression
mediated by repositioning of genes to the nuclear lamina. Nature.
2008;452:243–7.
16. Shevelyov YY, Lavrov SA, Mikhaylova LM, Nurminsky ID, Kulathinal RJ,
Egorova KS, Rozovsky YM, Nurminsky DI. The B-type lamin is required for

Pindyurin et al. Epigenetics & Chromatin

17.
18.

19.
20.
21.
22.
23.
24.
25.

26.
27.
28.

29.
30.
31.
32.
33.
34.
35.

36.
37.

38.

(2018) 11:65

somatic repression of testis-specific gene clusters. Proc Natl Acad Sci USA.
2009;106:3282–7.
Dialynas G, Speese S, Budnik V, Geyer PK, Wallrath LL. The role of Drosophila Lamin C in muscle function and gene expression. Development.
2010;137:3067–77.
Akhtar W, de Jong J, Pindyurin AV, Pagie L, Meuleman W, de Ridder J,
Berns A, Wessels LF, van Lohuizen M, van Steensel B. Chromatin position
effects assayed by thousands of reporters integrated in parallel. Cell.
2013;154:914–27.
Kohwi M, Lupton JR, Lai SL, Miller MR, Doe CQ. Developmentally regulated subnuclear genome reorganization restricts neural progenitor
competence in Drosophila. Cell. 2013;152:97–108.
González-Aguilera C, Ikegami K, Ayuso C, de Luis A, Íñiguez M, Cabello J,
Lieb JD, Askjaer P. Genome-wide analysis links emerin to neuromuscular
junction activity in Caenorhabditis elegans. Genome Biol. 2014;15:R21.
Kind J, Pagie L, de Vries SS, Nahidiazar L, Dey SS, Bienko M, Zhan Y, Lajoie
B, de Graaf CA, Amendola M, et al. Genome-wide maps of nuclear lamina
interactions in single human cells. Cell. 2015;163:134–47.
Corrales M, Rosado A, Cortini R, van Arensbergen J, van Steensel B, Filion
GJ. Clustering of Drosophila housekeeping promoters facilitates their
expression. Genome Res. 2017;27:1153–61.
Wen B, Wu H, Shinkai Y, Irizarry RA, Feinberg AP. Large histone H3 lysine
9 dimethylated chromatin blocks distinguish differentiated from embryonic stem cells. Nat Genet. 2009;41:246–50.
Kind J, Pagie L, Ortabozkoyun H, Boyle S, de Vries SS, Janssen H, Amendola M, Nolen LD, Bickmore WA, van Steensel B. Single-cell dynamics of
genome-nuclear lamina interactions. Cell. 2013;153:178–92.
Poleshko A, Shah PP, Gupta M, Babu A, Morley MP, Manderfield LJ, Ifkovits
JL, Calderon D, Aghajanian H, Sierra-Pagán JE, et al. Genome-nuclear
lamina interactions regulate cardiac stem cell lineage restriction. Cell.
2017;171:573–87.
Bannister AJ, Zegerman P, Partridge JF, Miska EA, Thomas JO, Allshire RC,
Kouzarides T. Selective recognition of methylated lysine 9 on histone H3
by the HP1 chromo domain. Nature. 2001;410:120–4.
Lachner M, O’Carroll D, Rea S, Mechtler K, Jenuwein T. Methylation
of histone H3 lysine 9 creates a binding site for HP1 proteins. Nature.
2001;410:116–20.
Canzio D, Chang EY, Shankar S, Kuchenbecker KM, Simon MD, Madhani
HD, Narlikar GJ, Al-Sady B. Chromodomain-mediated oligomerization of
HP1 suggests a nucleosome-bridging mechanism for heterochromatin
assembly. Mol Cell. 2011;41:67–81.
Cao R, Wang L, Wang H, Xia L, Erdjument-Bromage H, Tempst P, Jones RS,
Zhang Y. Role of histone H3 lysine 27 methylation in Polycomb-group
silencing. Science. 2002;298:1039–43.
Czermin B, Melfi R, McCabe D, Seitz V, Imhof A, Pirrotta V. Drosophila
enhancer of Zeste/ESC complexes have a histone H3 methyltransferase
activity that marks chromosomal Polycomb sites. Cell. 2002;111:185–96.
Fischle W, Wang Y, Jacobs SA, Kim Y, Allis CD, Khorasanizadeh S. Molecular
basis for the discrimination of repressive methyl-lysine marks in histone
H3 by Polycomb and HP1 chromodomains. Genes Dev. 2003;17:1870–81.
Min J, Zhang Y, Xu RM. Structural basis for specific binding of Polycomb chromodomain to histone H3 methylated at Lys 27. Genes Dev.
2003;17:1823–8.
Francis NJ, Kingston RE, Woodcock CL. Chromatin compaction by a
Polycomb group protein complex. Science. 2004;306:1574–7.
Margueron R, Li G, Sarma K, Blais A, Zavadil J, Woodcock CL, Dynlacht BD,
Reinberg D. Ezh1 and Ezh2 maintain repressive chromatin through different mechanisms. Mol Cell. 2008;32:503–18.
Eskeland R, Leeb M, Grimes GR, Kress C, Boyle S, Sproul D, Gilbert N, Fan
Y, Skoultchi AI, Wutz A, et al. Ring1B compacts chromatin structure and
represses gene expression independent of histone ubiquitination. Mol
Cell. 2010;38:452–64.
Grau DJ, Chapman BA, Garlick JD, Borowsky M, Francis NJ, Kingston RE.
Compaction of chromatin by diverse Polycomb group proteins requires
localized regions of high charge. Genes Dev. 2011;25:2210–21.
Azzaz AM, Vitalini MW, Thomas AS, Price JP, Blacketer MJ, Cryderman DE,
Zirbel LN, Woodcock CL, Elcock AH, Wallrath LL, et al. Human heterochromatin protein 1α promotes nucleosome associations that drive
chromatin condensation. J Biol Chem. 2014;289:6850–61.
Larson AG, Elnatan D, Keenen MM, Trnka MJ, Johnston JB, Burlingame
AL, Agard DA, Redding S, Narlikar GJ. Liquid droplet formation by

Page 16 of 17

39.
40.

41.
42.

43.
44.
45.
46.

47.

48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.

59.
60.

HP1α suggests a role for phase separation in heterochromatin. Nature.
2017;547:236–40.
Harr JC, Gonzalez-Sandoval A, Gasser SM. Histones and histone modifications in perinuclear chromatin anchoring: from yeast to man. EMBO Rep.
2016;17:139–55.
Filion GJ, van Bemmel JG, Braunschweig U, Talhout W, Kind J, Ward LD,
Brugman W, de Castro IJ, Kerkhoven RM, Bussemaker HJ, et al. Systematic protein location mapping reveals five principal chromatin types in
Drosophila cells. Cell. 2010;143:212–24.
Luo SD, Shi GW, Baker BS. Direct targets of the D. melanogaster DSXF
protein and the evolution of sexual development. Development.
2011;138:2761–71.
Southall TD, Gold KS, Egger B, Davidson CM, Caygill EE, Marshall OJ, Brand
AH. Cell-type-specific profiling of gene expression and chromatin binding without cell isolation: assaying RNA Pol II occupancy in neural stem
cells. Dev Cell. 2013;26:101–12.
Maksimov DA, Koryakov DE, Belyakin SN. Developmental variation of
the SUUR protein binding correlates with gene regulation and specific
chromatin types in D. melanogaster. Chromosoma. 2014;123:253–64.
Pindyurin AV, Pagie L, Kozhevnikova EN, van Arensbergen J, van Steensel
B. Inducible DamID systems for genomic mapping of chromatin proteins
in Drosophila. Nucleic Acids Res. 2016;44:5646–57.
Pindyurin AV. Genome-wide cell type-specific mapping of in vivo
chromatin protein binding using an FLP-inducible DamID system in
Drosophila. Methods Mol Biol. 2017;1654:99–124.
La Fortezza M, Grigolon G, Cosolo A, Pindyurin A, Breimann L, Blum H, van
Steensel B, Classen AK. DamID profiling of dynamic Polycomb-binding
sites in Drosophila imaginal disc development and tumorigenesis. Epigenetics Chromatin. 2018;11:27.
Meuleman W, Peric-Hupkes D, Kind J, Beaudry JB, Pagie L, Kellis M, Reinders M, Wessels L, van Steensel B. Constitutive nuclear lamina-genome
interactions are highly conserved and associated with A/T-rich sequence.
Genome Res. 2013;23:270–80.
de Wit E, Greil F, van Steensel B. Genome-wide HP1 binding in Drosophila:
developmental plasticity and genomic targeting signals. Genome Res.
2005;15:1265–73.
Cherbas L, Willingham A, Zhang D, Yang L, Zou Y, Eads BD, Carlson JW,
Landolin JM, Kapranov P, Dumais J, et al. The transcriptional diversity of 25
Drosophila cell lines. Genome Res. 2011;21:301–14.
Schwaiger M, Kohler H, Oakeley EJ, Stadler MB, Schübeler D. Heterochromatin protein 1 (HP1) modulates replication timing of the Drosophila
genome. Genome Res. 2010;20:771–80.
Chintapalli VR, Wang J, Dow JA. Using FlyAtlas to identify better Drosophila melanogaster models of human disease. Nat Genet. 2007;39:715–20.
Yang CP, Fu CC, Sugino K, Liu Z, Ren Q, Liu LY, Yao X, Lee LP, Lee T. Transcriptomes of lineage-specific Drosophila neuroblasts profiled by genetic
targeting and robotic sorting. Development. 2016;143:411–21.
Wu F, Yao J. Spatial compartmentalization at the nuclear periphery characterized by genome-wide mapping. BMC Genom. 2013;14:591.
Wu F, Yao J. Identifying novel transcriptional and epigenetic features of
nuclear lamina-associated genes. Sci Rep. 2017;7:100.
Chiolo I, Minoda A, Colmenares SU, Polyzos A, Costes SV, Karpen GH.
Double-strand breaks in heterochromatin move outside of a dynamic
HP1a domain to complete recombinational repair. Cell. 2011;144:732–44.
Henikoff S, Ahmad K, Platero JS, van Steensel B. Heterochromatic deposition of centromeric histone H3-like proteins. Proc Natl Acad Sci USA.
2000;97:716–21.
Blower MD, Karpen GH. The role of Drosophila CID in kinetochore formation, cell-cycle progression and heterochromatin interactions. Nat Cell
Biol. 2001;3:730–9.
Kharchenko PV, Alekseyenko AA, Schwartz YB, Minoda A, Riddle NC,
Ernst J, Sabo PJ, Larschan E, Gorchakov AA, Gu T, et al. Comprehensive
analysis of the chromatin landscape in Drosophila melanogaster. Nature.
2011;471:480–5.
Shevelyov YY, Nurminsky DI. The nuclear lamina as a gene-silencing hub.
Curr Issues Mol Biol. 2012;14:27–38.
Zullo JM, Demarco IA, Piqué-Regi R, Gaffney DJ, Epstein CB, Spooner CJ,
Luperchio TR, Bernstein BE, Pritchard JK, Reddy KL, et al. DNA sequencedependent compartmentalization and silencing of chromatin at the
nuclear lamina. Cell. 2012;149:1474–87.

Pindyurin et al. Epigenetics & Chromatin

(2018) 11:65

61. Bian Q, Khanna N, Alvikas J, Belmont AS. β-Globin cis-elements determine
differential nuclear targeting through epigenetic modifications. J Cell
Biol. 2013;203:767–83.
62. Harr JC, Luperchio TR, Wong X, Cohen E, Wheelan SJ, Reddy KL. Directed
targeting of chromatin to the nuclear lamina is mediated by chromatin
state and A-type lamins. J Cell Biol. 2015;208:33–52.
63. Gonzalez-Sandoval A, Towbin BD, Kalck V, Cabianca DS, Gaidatzis D,
Hauer MH, Geng L, Wang L, Yang T, Wang X, et al. Perinuclear anchoring
of H3K9-methylated chromatin stabilizes induced cell fate in C. elegans
embryos. Cell. 2015;163:1333–47.
64. Riddle NC, Minoda A, Kharchenko PV, Alekseyenko AA, Schwartz YB,
Tolstorukov MY, Gorchakov AA, Jaffe JD, Kennedy C, Linder-Basso D, et al.
Plasticity in patterns of histone modifications and chromosomal proteins
in Drosophila heterochromatin. Genome Res. 2011;21:147–63.
65. Spierer A, Seum C, Delattre M, Spierer P. Loss of the modifiers of variegation Su(var)3-7 or HP1 impacts male X polytene chromosome morphology and dosage compensation. J Cell Sci. 2005;118:5047–57.
66. Liu LP, Ni JQ, Shi YD, Oakeley EJ, Sun FL. Sex-specific role of Drosophila
melanogaster HP1 in regulating chromatin structure and gene transcription. Nat Genet. 2005;37:1361–6.
67. Brueckner L, van Arensbergen J, Akhtar W, Pagie L, van Steensel B. Highthroughput assessment of context-dependent effects of chromatin
proteins. Epigenetics Chromatin. 2016;9:43.
68. Chen H, Zheng X, Zheng Y. Age-associated loss of lamin-B leads to
systemic inflammation and gut hyperplasia. Cell. 2014;159:829–43.
69. Piacentini L, Fanti L, Berloco M, Perrini B, Pimpinelli S. Heterochromatin
protein 1 (HP1) is associated with induced gene expression in Drosophila
euchromatin. J Cell Biol. 2003;161:707–14.
70. Cryderman DE, Grade SK, Li Y, Fanti L, Pimpinelli S, Wallrath LL.
Role of Drosophila HP1 in euchromatic gene expression. Dev Dyn.
2005;232:767–74.
71. De Lucia F, Ni JQ, Vaillant C, Sun FL. HP1 modulates the transcription
of cell-cycle regulators in Drosophila melanogaster. Nucleic Acids Res.
2005;33:2852–8.
72. de Wit E, Greil F, van Steensel B. High-resolution mapping reveals links
of HP1 with active and inactive chromatin components. PLoS Genet.
2007;3:e38.
73. Piacentini L, Fanti L, Negri R, Del Vescovo V, Fatica A, Altieri F, Pimpinelli
S. Heterochromatin protein 1 (HP1a) positively regulates euchromatic
gene expression through RNA transcript association and interaction with
hnRNPs in Drosophila. PLoS Genet. 2009;5:e1000670.
74. Yin H, Sweeney S, Raha D, Snyder M, Lin H. A high-resolution wholegenome map of key chromatin modifications in the adult Drosophila
melanogaster. PLoS Genet. 2011;7:e1002380.
75. Kwon SH, Workman JL. The changing faces of HP1: from heterochromatin
formation and gene silencing to euchromatic gene expression: HP1 acts
as a positive regulator of transcription. BioEssays. 2011;33:280–9.
76. Lee YCG, Karpen GH. Pervasive epigenetic effects of Drosophila euchromatic transposable elements impact their evolution. Elife. 2017;6:e25762.
77. Ui K, Nishihara S, Sakuma M, Togashi S, Ueda R, Miyata Y, Miyake T. Newly
established cell lines from Drosophila larval CNS express neural specific
characteristics. In Vitro Cell Dev Biol Anim. 1994;30A:209–16.
78. Eissenberg JC, Elgin SC. HP1a: a structural chromosomal protein regulating transcription. Trends Genet. 2014;30:103–10.

Page 17 of 17

79. Zhu J, Adli M, Zou JY, Verstappen G, Coyne M, Zhang X, Durham T, Miri
M, Deshpande V, De Jager PL, et al. Genome-wide chromatin state
transitions associated with developmental and environmental cues. Cell.
2013;152:642–54.
80. Padeken J, Mendiburo MJ, Chlamydas S, Schwarz HJ, Kremmer E, Heun P.
The nucleoplasmin homolog NLP mediates centromere clustering and
anchoring to the nucleolus. Mol Cell. 2013;50:236–49.
81. Padeken J, Heun P. Nucleolus and nuclear periphery: velcro for heterochromatin. Curr Opin Cell Biol. 2014;28:54–60.
82. Solovei I, Wang AS, Thanisch K, Schmidt CS, Krebs S, Zwerger M, Cohen
TV, Devys D, Foisner R, Peichl L, et al. LBR and lamin A/C sequentially
tether peripheral heterochromatin and inversely regulate differentiation.
Cell. 2013;152:584–98.
83. Zhu Y, Gong K, Denholtz M, Chandra V, Kamps MP, Alber F, Murre C. Comprehensive characterization of neutrophil genome topology. Genes Dev.
2017;31:141–53.
84. Lukášová E, Kovarík A, Bacíková A, Falk M, Kozubek S. Loss of lamin
B receptor is necessary to induce cellular senescence. Biochem J.
2017;474:281–300.
85. Wijchers PJ, Geeven G, Eyres M, Bergsma AJ, Janssen M, Verstegen
M, Zhu Y, Schell Y, Vermeulen C, de Wit E, et al. Characterization and
dynamics of pericentromere-associated domains in mice. Genome Res.
2015;25:958–69.
86. Marshall OJ, Brand AH. Chromatin state changes during neural development revealed by in vivo cell-type specific profiling. Nat Commun.
2017;8:2271.
87. Silies M, Yuva Y, Engelen D, Aho A, Stork T, Klämbt C. Glial cell migration in
the eye disc. J Neurosci. 2007;27:13130–9.
88. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat
Methods. 2012;9:357–9.
89. Anders S, Pyl PT, Huber W. HTSeq—a Python framework to work with
high-throughput sequencing data. Bioinformatics. 2015;31:166–9.
90. Lawrence M, Huber W, Pagès H, Aboyoun P, Carlson M, Gentleman R,
Morgan MT, Carey VJ. Software for computing and annotating genomic
ranges. PLoS Comput Biol. 2013;9:e1003118.
91. Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing
genomic features. Bioinformatics. 2010;26:841–2.
92. Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq
data with or without a reference genome. BMC Bioinform. 2011;12:323.
93. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK. limma powers differential expression analyses for RNA-sequencing and microarray
studies. Nucleic Acids Res. 2015;43:e47.
94. Shpiz S, Lavrov S, Kalmykova A. Combined RNA/DNA fluorescence in situ
hybridization on whole-mount Drosophila ovaries. Methods Mol Biol.
2014;1093:161–9.
95. Stuurman N, Maus N, Fisher PA. Interphase phosphorylation of the Drosophila nuclear lamin: site-mapping using a monoclonal antibody. J Cell
Sci. 1995;108(Pt 9):3137–44.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

