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nimal sex is determined by the num-

ber of X chromosomes in many spe-
cies, creating unequal gene dosage
(aneuploidy) between Dosage
Compensation mechanisms equalize this
dosage difference by regulating X-linked
gene expression. In the nematode C.

s€xes.

elegans the current model suggests that
DC is achieved by a 2-fold transcrip-
tional downregulation in hermaphrodites
mediated by the Dosage Compensation
Complex (DCC), which restricts access
to RNA Polymerase II by an unknown
mechanism. Taking a nuclear organiza-
tion point of view, we showed that the
male X chromosome resides in the pore
proximal  subnuclear  compartment
whereas the DCC bound to the X, inhib-
its this spatial organization in the her-
maphrodites. Here we discuss our results
and propose a model that reassigns the
role of DCC from repression of genes to
inhibition of activation.

Introduction

Sex chromosome based sex determina-
tion leads to difference in sex chromosome
copy number between the sexes.! In mam-
mals, female animals carry 2 X chromo-
somes (XX) whereas males have only a
single X copy and a Y chromosome (XY).
To compensate this X-linked gene dosage
difference, one of the X chromosomes in
females is almost completely silenced,
thereby equalizing the expression between
the 2 sexes. In Drosophila, the single X
chromosome in males (XY) is hyper tran-
scribed to equalize expression with females
(XX). In C. elegans, hermaphrodites (XX)
from both X

reduce  transcription
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chromosomes by half to match transcrip-
tional output from the single X chromo-
some in the males (XO). These different
strategies that compensate for the gene
dosage imbalance between sexes are collec-
tively referred to as Dosage Compensation
(DC).? Failure to compensate dosage
imbalance leads to embryonic lethality as
documented by mutations crippling the
components of dosage compensation
machinery, independently of the compen-

sation mechanism in question.””

Sex determination in mammals is
dependent on the presence or absence of a
Y chromosome. In worms as in Drosophila,
the sex of the animal is determined by the
ratio between X and autosome (X:A).!
Careful genetic dissection in C. elegans
revealed that although both controlled by
the same upstream transcription factor
XOL-1 (XO lethal), sex determination and
dosage compensation are separable phe-
nomena.’® In hermaphrodites, the X:A ratio
leads to the repression of xo/-I transcrip-
tion. This leads to the activation of DC
and repression of the masculinizing gene
her-1 (hermaphrodization of XO animals).
In males, the X:A ratio allows xo/-1 expres-
sion; XOL-1 represses DC and activates
her-1, leading to male development.” For-
ward genetic screens for mutations leading
to hermaphrodite specific phenotypic
defects characterized a number of muta-
tions wherein X-linked genes are overex-
pressed, sign of absence of dosage
compensation (Dumpy genes: dpy-21,
—26, —27, —28, —30).>" Another set of
mutants showed Sex Determination and
Dosage Compensation Deficiency (sdc-1,
—2, —3).5'% Remarkably, all proteins of
the Dpy and Sdc mutant gene classes inter-
act and form a single complex, the Dosage
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Compensation Complex (DCC)."" The
DCC is structurally similar to a condensin
I complex, with 2 SMC-like components,
DPY-27 and MIX-1, the latter being also
part of the mitotic and meiotic condensin
complexes.'" Loading of the DCC on the
X chromosome is nucleated at rex (recruit-
ment element on X) sites characterized by
a 12 bp consensus sequence called MEX
(Motif Enriched on X).'>!3 Interestingly,
these sites also seem to recruit the mitotic
and meiotic Condensin I/II complexes in
an sdc-2 dependent manner.'* Current
estimates suggest the presence of 100 to
300 rex sites on the X chromosome,
although only 38 have been formally char-
acterized.'? This imprecise estimation is
due to the fact that the DCC is able to
spread along the X chromosome from its
nucleation sites and accumulate at pro-
moters upstream of transcription start
sites, 121315

How the loading of a condensin-like
complex represses transcription remains
unclear. A wealth of genome-wide studies
has shown that dosage compensated X
chromatin is different from autosomal
chromatin in various manners. At the
sequence level, the X chromosome has a
slightly higher GC content in promoter
sequences compared to autosomes.'> As
DNA sequence dictates in part nucleo-
some binding, X-linked gene promoters
have higher nucleosome occupancy, inde-
pendently of DC.'® At the chromatin
level, the dosage compensated X chromo-
somes are depleted for the histone variant
H2A.Z (HTZ-1) and H4K16 acetylation
while they carry high H4K20 monome-
thylation."”** The first two might be a
consequence of lower transcription levels,
while the latter is a consequence of DCC
binding as the methylation mark spreads
with the DCC.'"® The function of this
methylation marks remains however elu-
sive. Animals deficient for set-4, the meth-
yltransferase  carrying di- and  wi-
methylation of H4K20, in which the
entire genome is marked with H4K20
monomethyl have no dosage compensa-
tion related phenotypes. Finally, X-linked
appear
expressed compared to autosomal genes in
males and dosage compensation deficient

genes transcriptionally  over-

. 21-23 . .
animals, suggesting an X-specific
transcription  activation ~ mechanism.
2

Genome-wide run-on experiments cou-
pled to RNA polymerase II chromatin
immunoprecipitation have shown that the
DCC globally reduces transcription from
the X chromosomes by evicting the poly-
merase from X-linked genes.zz’24 The pre-
cise mechanism by which polymerase
loading is impaired by the DCC still
remains mysterious.zs‘26

The current model of DC, in which
transcription is repressed in hermaphro-
dites by the DCC leaves many caveats.
For example, DCC binding to a gene is
not a proxy for its transcriptional downre-
gulation. Across the X chromosome, there
are many examples of compensated genes
not bound by DCC and conversely, DCC
bound genes that do not undergo com-
pensation.'” Secondly, end to end chro-
between X and
autosomes show DCC spreading on auto-
somal regions for few kilobases but with

mosomal fusions

little change in the transcriptional status

13,18
318 Moreover,

of the autosomal genes.
autosomal regions bound by DCC do not
show a significant change in transcrip-
tion.'” The exact mechanism of DC in
hermaphrodites remains unclear, in par-
ticular the molecular path linking DCC
loading onto the X chromosome and X-
linked transcriptional gene regulation by

impairment of polymerase loading.

A Nuclear Organization
Perspective to Understand DC

Dosage compensation has been investi-
gated from the nuclear organization point
of view in different model organisms,
exploring the interaction between chro-
mosome organization and chromosome-
wide gene regulation.27 In mammals, DC
is initiated by the expression of the long
noncoding RNA Xisz from one of the X
copies in females. Xist spreads along the
entire X chromosome and represses tran-
scription by multiple mechanisms.*® Xist
binding changes the chromatin conforma-

29 and its

tion of the X chromosome
spreading depends on the 3D organization
of the X chromosome. Chromosome Con-
formation Capture techniques demon-
strated that the first regions bound by Xisz
are in close proximity to the Xisz locus in

0 ..
the nuclear space.3 Moreover, binding of

Nucleus

the Xist RNA leads to local chromatin
conformation changes correlated with
gene expression regulation.31

Another line of evidence supporting
the role of nuclear organization in chro-
mosome-wide gene regulation came from
studies of the Drosophila DCC. In flies, X-
linked genes are upregulated 2-fold in
males; a consequence of the recruitment
of the fly DCC, the male-specific lethal
(MSL) complex onto the X chromo-
some.>? Consequent to this loading, the
male X chromosome shows a specific 3D
conformation.”® Fly DCC activates X-
linked gene transcription via H4K16 acet-
ylation®* and co-purifies with 2 nucleo-

MTOR/TPR and NUPI153.

These nucleoporins interact broadly with

porins,

the male X chromosome and are impor-
tant for transcriptional upregulation and
spatial positioning,?**® suggesting a func-
tional link between dosage compensation
and nuclear organization.

In comparison, very little is known
about sex-specific nuclear organization of
the X chromosome in worms. All auto-
somes arrange as an Omega ({)) shape
inside the nuclear space, with both arms
anchored at the nuclear lamina. On the
opposite, the X chromosome in hermaph-
rodites is largely internal and only loosely
interacting with the periphery at telo-
meres.””?® This difference in organization
was suggested early to be a consequence
of dosage compensation in hermaphro-
dite animals.”” Given the similarity
between the DCC and condensins, a spe-
cific higher order structure of the X chro-
mosomes has been suggested as a model
for years,”” but never tested directly. In
males, no specific chromosome organiza-
tion or X-specific chromatin marks have
been described owing to the technical
roadblock of obtaining a pure male popu-
lation in large quantities. Additionally,
addressing the X organization in males
can provide insights into the yet unex-
plored mechanisms of the suggested male
X chromosome upregulation.zl‘23 Here,
we discuss a new model of DC in worms
based on the latest findings. We describe
an X specific organization in C. elegans
and the possible links between tridimen-
sional folding of the chromosome inside
the nucleus and its transcriptional
regulation.
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The DCC Condenses the X
Chromosome in Hermaphrodites

Since the DCC shares subunits with
Condensin I and II and is structurally sim-
ilar to these complexes, it was proposed
early that the DCC could promote X
chromosome compaction during inter-
phase.”” To test this hypothesis directly,
we and others made use of DNA-fluores-
cent #n situ hybridization to measure
actual physical distances between different
loci separated by a given genomic

distance. These distances were measured
in both sexes in either embryos post estab-
lishment of DC (between 50-150 cell
stages) or in tail tip hypodermal cells of
adult animals. In both systems X chromo-
some distances were significantly shorter
in hermaphrodites compared to males,
irrespective of their position along the
chromosome (Fig. 1A-D). Whole chro-
mosome paints in adult intestinal or tail
tip nuclei led to the same conclusion that
the X chromosome is more compact in
hermaphrodites than in males.*° Finally,

formally demonstrating that increased
compaction is a consequence of DCC
loading onto the X, non-compensating
XO hermaphrodites9 show similar X com-
paction rates as males*’ while knock-
down of DCC subunits leads to increased
X chromosome volume.*° Together, these
studies demonstrate that the DCC indeed
condenses the X chromosome. Surpris-
ingly however, 2-points measurements in
males showed that the X chromosome
appears significantly more compact than

autosomes (Fig. 1E) o
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Figure 1. The Dosage Compensation Complex compacts the (X)chromosome in hermaphrodites. (A) Schematic map of the chromosome showing the
positions of the genomic segments analyzed. Overlay represents the LEM-2 (lamina-associated protein) ChIP-chip profile with high (red) and low (blue)
enrichment on the chromosomes, adapted from Ikegami et al. 2010 (B) Partial projection of a z-stack obtained after FISH with 2 probes separated by
1 Mb on X chromosome as shown in A. Images were acquired in hermaphrodite (top panel) or male (bottom panel) embryos. FISH probes are shown in
red and green, nuclei counterstained with DAPI (blue) (C) Box plot representation for the nuclear diameter normalized distance distribution for the 1 Mb
region on the autosome (green) and the X chromosome (white) as shown in A, in hermaphrodite embryos (solid line) or male (dashed lines) embryos.
(D) Cumulative distribution representation for the data in C. (E) Model of chromatin compaction summarizing the observed chromosome compaction
levels of chromosomes according to sex and DCC presence.
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Another question arising from these
observations was whether the DCC
mediates this compaction by enhanced
interaction between specific sites (for
example rex sites) giving rise to rosette
structures or whether DCC loading led
to sequence-independent global compac-
tion? To answer this we scored the fre-
quency of ‘rex/rexX’ and ‘rex/non-rex’
colocalization in both sexes. In her-
maphrodites, rex sites colocalized with
each other more frequently compared to
rex/non-rex (~18% compared to ~8%),
irrespective of the genomic distance
between them. In males, although the
overall frequency of interaction was low,

the trend remained the same. This sug-
gests that the observed higher frequency
of interaction in hermaphrodites is not
rex specific but an outcome of DCC
mediated overall chromatin compaction.
However, our observations are limited
to a small subset of rex sites. Owing to
the large number of these motifs on the
X chromosome, there might be a possi-
bility of random rex sites clustering
together or a more dynamic interaction
between these sites (Fig. 1E). Chromo-
some Conformation Capture experi-
ments will likely provide insights into
whether and how rex sites impact on
genome folding.

The Male X Chromosome
Demonstrates a Spatial
Preference for the Nuclear
Periphery

Gene expression regulation is con-
trolled at multiple levels, ranging from
transcription factor binding to the posi-
tion of the locus inside the nuclear space.
Over the last years, it became increasingly
clear that subnuclear positioning can have
a profound effect on gene expression in
many model systems.*? In C. elegans, 3
distinct nuclear domains have been
described.*® The nuclear interior was
shown to be enriched with active develop-

mentally regulated genes, remi-
niscent  of  the  internal

A Nuclear envelope

Nuclear lamina

X chromosome
Nuclear pore

Autosome

e'rex’ site

C Previous
model

Proposed
model

euchromatic regions seen using
electron  microscopy.**  The
nuclear periphery is a contrasted
environment with silent chroma-
tin anchored at the nuclear lam-
4 ina®”?%% and active domains
located close to nuclear pores by
transcription-dependent mecha-
! nisms. "% We asked whether
the X chromosome would show
a sex-specific spatial positioning
inside the nucleus. Using both
FISH and live imaging, we

scored the position of multiple

Nuclear envelope

Nuclear lamina

Autosome
d% Dcc

erex’ site

X Pore-mediated
chromosome upregulation

: Expression DCC-mediated

| (transcripts)

impairment of activaiton

loci across the X chromosome in
I embryos.
n our observations agreed with the
I published reports that the X
i remains largely randomly posi-
“ tioned except the extremities of
the arms that interact with the

In  hermaphrodites,

nuclear periphery (Fig. 2B). In
males however, all loci scored on
the X chromosome showed peri-
nuclear positioning, demonstrat-
ing a sex-specific X chromosome
conformation (Fig. 2A). More-
over, knocking down DCC sub-

units in hermaphrodites led to

DCC in hermaphrodites.

Figure 2. Interplay between Nuclear Organization and Dosage Compensation. (A) Schematic representation of of an
the chromosome organization inside a male nucleus. rex sites direct the interaction of the X chromosome with
the nuclear periphery, which in turn leads to pore interactions, promoting transcriptional upregulation. (B)
Same as A in a hermaphrodite nucleus. DCC binding to rex sites and spreading on X chromatin impairs perinu-
clear localization and interaction with nuclear pore proteins, thereby impairing activation of X-linked tran-
scripts and promoting chromosomal compaction. (C) Comparison between the previous and proposed
models of Dosage Compensation in C. elegans. In the proposed model, the final transcriptional output of the X
chromosome is a consequence of pore mediated activation in males and impairment of this activation by the

male-like peripheral positioning
otherwise randomly
located X locus. Together, these
experiments  suggested  that
default positioning of the X
chromosome is at the nuclear
periphery and that DCC loading

led to internal (re-)positioning

of the chromosome.

Nucleus
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A ‘rex’ Site Motif is Sufficient to
Target the X Chromosome to the
Nuclear Periphery in Males

These observations raised a fundamen-
tal question: which sequences target the X
chromosome to the periphery in males?
Very few DNA motifs were characterized
that are sufficient to autonomously direct
an external locus to a specific sub-nuclear
position. In yeasts, 2 motifs known as gene
recruitment sequence elements (GRSI and
GRSII) have been reported to target
ectopic loci to the nuclear pores.48’49 More
recently, mammalian Lamina associating
sequences (LAS) binding several transcrip-
tional repressors target different loci to the
nuclear lamina for repression.’”’" In C.
elegans, heat shock-induced promoters
were shown to be recruited to nuclear pores
in a similar manner as yeast GRS.*®

Prime candidates for X-specific sequen-
ces that may direct male-specific targeting
of the chromosome to the nuclear periphery
are rex sites. rex sites are enriched on the X
chromosome and in hermaphrodites, they
are sufficient for loading of the DCC.”
Since our FISH analysis showed an enrich-
ment of 7ex sites at the periphery in males,
we hypothesized that these sites could be
sufficient to target the chromosome in
males. To test this, we generated transgenic
lines with a 33 bp rex sequence’ ectopically
integrated in the middle of an autosome.
FISH analysis with embryos in both sexes
revealed that the locus is randomly located
in hermaphrodite nuclei whereas it shows
significant enrichment at the nuclear rim in
males. Moreover, insertion at the same site
of the same construct with a mutated rex
sequence, unable to load the DCC, is no
longer able to target this locus to the periph-
ery in males. Given the specificity and den-
sity of rex sites on the X chromosome, these
sites would be sufficient to target the entire
X chromosome to the periphery, although
there might be other sequences involved in
the process.

The X Chromosome in Males
Shows Widespread Interaction
With a Nuclear Pore Protein

If rex sites are sufficient to target the
X chromosome to the nuclear periphery

www.tandfonline.com

in males, which perinuclear compart-
ment is the X chromosome targeted to?
Two major subcompartments have been
described at the nuclear rim: the nuclear
lamina, which in C. elegans as in other
metazoans clusters repressed chromatin;
and nuclear pores, which was shown to
be a hub for active genes. To answer
this question, we made use of a
mapping protein-DNA
interactions iz vivo, DNA
methyltransferase identification
(DamID). In brief, the protein of inter-
est (in our case, lamin/LMN-1 and a
nucleoporin/MEL-28) is fused with a
DNA  Adenine Methyltransferase
(DAM) which methylates adenine resi-

dues in close proximity with the protein.

genome-wide
adenine

These methylated fragments can then be
amplified and sequenced to identify
binding sites of the protein of interest.
By using a single-tube protocol, we
could generate genome-wide interaction
profiles starting from 20 adult animals,
hermaphrodites or males, for LMN-1
and MEL-28, although at low resolution
(100 kb). Genome interaction with the
nuclear lamina was similar in males and
hermaphrodites. However for MEL-28,
the X chromosome showed a broad
interaction compared to autosomes, spe-
cifically in males. The male X chromo-
some therefore resides at the nuclear
periphery and interacts with nuclear
pore proteins, likely in proximity of
these given the observed location of the
X chromosome (Fig. 2A). However, we
cannot rule out that the interaction with
a pore inside the
nucleoplasm.

protein  occurs

Interaction with nuclear pore proteins
has been shown to facilitate transcriptional
upregulation in C. elegans and other spe-
cies.”>>* Therefore, it would be interest-
ing to see whether nuclear pore proteins
are involved in the upregulation of the sin-
gle X copy in males. Secondly, whether
DCC knockdown leads to enhanced inter-
action with the nuclear pore proteins in
hermaphrodites remains to be tested.
Since XX embryos that fail to dosage com-
pensate, die due to excessive transcription
from the 2 X copies, interaction with
nucleoporins would serve as a general
mechanism to upregulate transcription in
both sexes.

Nucleus

A Structural Model for Dosage
Compensation in C. elegans

As discussed above, how DCC medi-
ates  transcriptional  downregulation
remains unclear. Based on our results, we
propose a “structural” model of dosage
compensation, based on the subnuclear
localization of the X chromosome. Our
observations suggest that the previously
reported upregulation of the X chromo-
some occurs in males at the nuclear pores
via interaction with nucleoporins. Target-
ing to the nuclear periphery is achieved by
rex sites, which leads to perinuclear posi-
tioning of the male X chromosome
(Fig. 2A and C). However, owing to the
low resolution of our DamID datasets, it
is impossible to determine whether rex
sites preferentially interact with nuclear
pores. Using a modeling approach, we
showed that interaction of a polymer with
discrete anchoring sites such as nuclear
pores could explain the observed increased
compaction of the X compared to auto-
somes in males (in the absence of DCC).
In hermaphrodites, recruitment of the
DCC on ‘rex’ sites masks the interaction
of the X chromosome with perinuclear
anchors and nucleoporins, thereby modi-
fying nuclear positioning and impairing
transcriptional activation (Fig. 2B and
C). This model could explain a number of
previous observations. First, it would pro-
vide a mechanism for the male-specific
overexpression of X-linked genes. Second,
it would explain why DCC spreading
onto the autosomal moiety of X to auto-
some fusions (up to 2 Mb)'>?* does not
correlate with transcriptional downregula-
tion of autosomal genes.13 If rex site
anchoring activates transcription and
DCC impairs this activation, in the
absence of rex site (in case of autosomes)
the loading of the DCC should have little

transcriptional impact.

Open Questions and
Considerations with the Model

Although we demonstrate that a single
rex site is able to autonomously target a
randomly positioned locus toward the
nuclear periphery in males specifically, we
do now know whether rex sites interact
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with nuclear pores or other perinuclear
structures. Similarly, although the X chro-
mosome interacts broadly with a nuclear
pore subunit, the low resolution obtained
with DamID did not allow to identify
which regions on the X chromosome
interact with the nucleoporins in males. In
particular, the X chromosome is highly
enriched for non coding RNA genes,
some of which have been reported to be
transcribed at the nuclear pores in her-
maphrodites.47 Second, the X-linked gene
activation  machinery largely
unknown but is likely to be similar to the

remains

nucleoporin containing activating com-
plex acting on autosomes. In particular,
the SAGA/TREX complex has been
shown in both mammalian cells, Drosoph-
tla and nematodes to mediate transcrip-
tional activation at the pores via
interaction with nuclear basket proteins in
a number of other organisms.*®>>°
Third, since the X chromosome in her-
maphrodites is 2-fold downregulated and
not completely silent, two mechanisms
linking DCC loading and transcriptional
downregulation could be envisioned. In a
first static scenario, the DCC remains sta-
bly associated with the X chromosome in
hermaphrodites and does not allow associ-
ation with nuclear pores, impairing tran-
scriptional upregulation while allowing
transcription. In a second, dynamic sce-
nario, DCC binding could be a highly
dynamic process due to the sliding proper-
ties of the condensin-like complex.
Regions not masked by the DCC would
get intermittent interaction with pore pro-
teins, initiating transcriptional activation.
This creates open chromatin, attracting
the DCC which in turns restricts tran-
scription. Sliding of the DCC would then
re-initiate the activation/repression cycle.
Setting up conditional tools will help
addressing the dynamics of DCC loading

and pore mediated activation.
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