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ABSTRACT
In eukaryotic organisms, gene regulation occurs in the context of chromatin. In the interphase
nucleus, euchromatin and heterochromatin occupy distinct space during cell differentiation, with
heterochromatin becoming enriched at the nuclear and nucleolar peripheries. This organization is
thought to fine-tune gene expression. To elucidate the mechanisms that govern this level of
genome organization, screens were carried out in C. elegans which monitored the loss of
heterochromatin sequestration at the nuclear periphery. This led to the identification of a novel
chromodomain protein, CEC-4 (Caenorhabditis elegans chromodomain protein 4) that mediates the
anchoring of H3K9 methylation-bearing chromatin at the nuclear periphery in early to mid-stage
embryos. Surprisingly, the loss of CEC-4 does not derepress genes found in heterochromatic
domains, nor does it affect differentiation under standard laboratory conditions. On the other hand,
CEC-4 contributes to the efficiency with which muscle differentiation is induced following ectopic
expression of the master regulator, HLH-1. This is one of the first phenotypes specifically attributed
to the ablation of heterochromatin anchoring.
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Tethering chromatin at the nuclear lamina

Studies in organisms including yeast, worms, flies and
mammals have begun to shed light on the mecha-
nisms that sequester chromatin at the nuclear periph-
ery. Such studies generally rely on live imaging of
genetic loci, tagged with a GFP-fusion protein. Not
only did these studies show that silent genes are
enriched at the nuclear periphery, but they found that
repressed genes were also more constrained in their
dynamics than active genes.1-3 This suggested that
they might be molecularly tethered at the inner
nuclear membrane (INM).

The radial distribution of chromatin changes dur-
ing cell differentiation. A significant increase in chro-
matin positioned at the INM has been documented
during mammalian hematopoiesis,4-7 C. elegans devel-
opment,8,9 and upon the induction of neuronal cell
types from pluripotent ES cells.10-12 This coincides
with the restriction of gene transcription to cell-type
specific profiles, which generally accompanies cell-fate
determination. Gene activity is dependent on

transcription factor availability, histone modification
and local chromatin structure. It is likely that all 3 of
these are affected by sequestration of chromatin, par-
ticularly in the form of heterochromatin, at the INM.

Heterochromatin is enriched for repressive histone
modifications, in particular the di- and tri-methylation
of histone H3K9. Moreover, the distribution of
H3K9me2 and me3 changes during the establishment
of differentiated cell states.13-16 Consistent with the
notion that this modification regulates gene expres-
sion, stem cell differentiation in mammals was shown
to be dependent on G9a, the methyltransferase respon-
sible for H3K9me1 and me2.7 There also appears to be
an increase in levels of H3K9me2 during ESC differen-
tiation, and the concurrent formation of “large
domains of chromatin bearing H3K9-modifications”
or LOCKs.17 Conversely, the reduction of H3K9 meth-
ylation levels correlates with enhanced efficiency in
cell fate reprogramming.18-21 Finally, down-regulation
of both PRDM3 and PRDM16 (two H3K9-specific
mono-methyltransferases) led to loss of H3K9me1,
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and the preclusion of higher levels of H3K9 methyla-
tion. This alteration resulted in the dispersal of centro-
meric foci, an accumulation of major satellite
transcripts, and perturbation of the ultrastructure of
the nuclear lamina.22 Although centromeric foci are
not necessarily lamin-associated, secondary effects
could arise from the release of satellite chromatin, dis-
rupting general heterochromatin organization.

The major ligand of H3K9 methylation is HP1,
which has at least 3 isoforms in mammalian cells
(HP1a, HP1b and HP1g), 2 in C. elegans (HPL-1 and
HPL-2) and 2 in S. pombe (Chp2 and Swi6). All HP1
proteins contain an N-terminal chromodomain and a
C-terminal chromo-shadow domain. The chromodo-
main specifically recognizes both H3K9me2 and
me3,23,24 while the chromo-shadow domain mediates
interaction with other proteins. Intriguingly, the dif-
ferent HP1 variants have very distinct roles in the
ESC-to-differentiated cell transition, and not all HP1
binding correlates with heterochromatic gene repres-
sion.25 In S. pombe, the RNA binding functions of
HP1 which are associated with the linker domain,
actually restrict the spread of silencing.26,27 Thus,
although HP1 might seem a good candidate for bridg-
ing from heterochromatin to the INM, direct involve-
ment has not been shown.

On the side of the INM, one finds the nuclear lam-
ina, which is composed of integral INM proteins
including LAP2, Emerin and MAN1 (the so-called
LEM proteins) and nuclear lamins. In mouse differen-
tiated tissues heterochromatin sequestration is depen-
dent on both Lamin A/C and LBR (Lamin B
Receptor) in a partially redundant manner.16 Lamins
interact directly with histones and DNA in vitro,28,29

yet it is unclear whether or not these low affinity inter-
actions are relevant in vivo. Indeed, there are still no
lamin mutations identified that interfere with the rec-
ognition of specific chromatin motifs. Alternatively, a
loss of lamin function could affect the stability or spa-
tial distribution of different lamin-associated proteins,
such as LEM domain proteins or the Lamin-B recep-
tor (LBR).30 LBR contains a Tudor domain that was
reported to bind histone H4K20me2 in vitro,31 yet this
histone modification is distributed broadly across the
genome without strong enrichment in lamin associ-
ated heterochromatin.32 LBR was also reported to
bind HP1a and HP1g,33 although the ablation of
HP1a or HP1b in pluripotent or differentiated embry-
onic stem cells failed to alter pericentric

heterochromatin organization.25 Thus the link
between the INM and chromatin was unclear.

Perinuclear chromatin segregation via H3K9
methylation in C. elegans

Several studies have used C. elegans to examine the
impact of nuclear organization on gene expression
during differentiation (for reviews see refs. 34, 35). In
worms, large integrated gene arrays become transcrip-
tionally silenced and bear histone modifications that
are typical for heterochromatin, notably histone H3K9
and H3K27 methylation. Moreover, these heterochro-
matic arrays are sequestered at the INM.36 In a
genome-wide RNAi screen that exploited such hetero-
chromatic arrays tagged with lacO/LacI-GFP, factors
were identified that silence the array and link it to the
INM. This screen looked first for RNAi targets that
led to the derepression of a constitutive promoter on
the array. Among the 29 hits were many histone
modifiers, yet only one of the RNAi constructs lead to
release of the array from the nuclear periphery. This
one identified a pair of closely related genes encoding
S-adenosyl methionine synthetase (SAMS – sams-3
and sams-4). Loss of these enzymes reduced histone
methylation globally, provoking both transcriptional
up-regulation and displacement of the array from the
nuclear periphery. Given that the other RNAi clones
allowed derepression without affecting localization,
one concluded that peripheral anchoring does not
silence per se. In other words, gene expression is com-
patible with perinuclear localization.

Based upon this result, a second, targeted screen
was performed to identify the relevant histone methyl-
transferases (HMTs) necessary for array sequestration
at the nuclear envelope. Beyond the HMT genes tested
in the genome-wide RNAi screen, 12 single and dou-
ble mutant combinations in a range of putative C. ele-
gans HMTs were tested. The majority of the different
mutants were defective in array silencing, but not in
array anchoring. Only the combined elimination of 2
HMTs, MET-2 and SET-25, showed a release of het-
erochromatic arrays that was as efficient as the SAMS-
3/-4 knockdown. MET-2 is the worm homolog of
human SetDB1/ESET, while the catalytic domain of
SET-25 is similar to human G9a. These experiments,
together with mass spectroscopy analysis of histone
methylation in single and double mutants, revealed
that (1) both MET-2 and SET-25 target lysine 9 of
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histone H3, (2) H3K9me1 and -me2 are sufficient for
array anchoring, while H3K9me3 also mediates INM
contact, and (3) that H3K9me3 was needed for tran-
scriptional silencing of the reporter array.37 Since
chromatin bearing H3K9me1 and me2 was anchored
but not repressed, one can conclude that different lev-
els of H3K9 methylation distinguish anchoring signals
from transcriptional repression, even though they
concern modification of the same lysine residue.

Interestingly, the SET-25 enzyme (the sole spe-
cific for H3K9me3 in worms) was shown to coloc-
alize with peripheral heterochromatin, although its
binding did not mediate anchoring. Indeed, at this
point it was unclear what component of the INM
might recognize the H3K9me1, me2 or me3 marks,
and whether it required one or several proteins.
The binding of HP1 homolog (HPL-2) and/or LIN-
61, an MBT (Malignant Brain Tumor) domain pro-
tein, which both recognize H3K9me2/me3, were
able to mediate transcriptional repression, but even
the double mutant did not alter chromatin anchor-
age significantly.37,38 Similarly downregulation of
HPL-1 affected the transcription of endogenous
loci, but did not affect INM anchoring.37,39

Importantly, we note that although H3K9 methyla-
tion is essential for chromatin anchoring in early
embryos, this pathway is not the only INM anchoring
mechanism in adult worms. As early as L1 larvae,
when most cells have acquired a cell-type specific
pattern of gene expression and morphology, sequences
that were released from the INM in H3K9-methyla-
tion deficient embryos became re-anchored, despite
the persistent absence of the H3K9 methylation
mark.37 This led to the conclusion that alternative
pathways for heterochromatin anchoring are induced
during terminal differentiation. This may account for
the unexpected finding that C. elegans embryos lack-
ing all histone H3K9 methylation still develop into
adult worms with the full range of differentiated
tissues.

One alternative anchorage pathway that had
already been characterized tethers C. elegans telomeric
repeats.40 The terminal repeats are anchored at the
INM, becoming increasingly peripheral in terminally
differentiated cells. Their anchorage is not dependent
on H3K9 methylation, but requires a factor that rec-
ognizes the ss telomeric overhang (POT-1) and an
inner nuclear membrane SUN domain protein,
SUN-1. The interaction is also affected by

sumoylation, reminiscent of telomere anchoring in
budding yeast.40,41

A novel perinuclear anchor: CEC-4

Knowing that H3K9 methylation is required for
anchoring of C. elegans heterochromatin,37 another
genetic screen was implemented to identify H3K9
methylation readers that might function as perinuclear
tethers. In a screen of all potential histone methylation
mark readers, a previously uncharacterized C. elegans
chromodomain protein, CEC-4, was identified as a
perinuclear heterochromatin anchor.42 CEC-4 binds
preferentially mono-, di-, or tri-methylated H3K9 and
localizes at the nuclear envelope independently of
H3K9 methylation and nuclear lamin. CEC-4 is neces-
sary for the perinuclear anchoring of endogenous het-
erochromatin, but does not affect transcriptional
repression. This is in clear contrast to other known
worm H3K9 methyl-binders, which mediate gene
repression but not perinuclear anchoring (Fig. 1).

Although CEC-4 was identified using the trans-
gene-based heterochromatic reporter, the majority of
the effects seen with the heterochromatic reporter also
held true for endogenous chromatin. Chromatin
immunoprecipitation confirmed that CEC-4 contrib-
utes to the perinuclear sequestration of endogenous
H3K9me3 marked chromatin, yet the distribution of
H3K9me2 or me3 along the chromosome arms was
independent of CEC-4. Finally, CEC-4 localized con-
stitutively to the INM, which enabled it to carry out
its anchoring function. Intriguingly, in differentiated
tissues of the L1 larvae, CEC-4 function is redundant
with other anchoring pathways, meaning that CEC-4
is only essential for anchoring in embryos. Nonethe-
less, as described below, further experiments identified
a functional role for CEC-4-mediated perinuclear
chromatin anchoring in an induced muscle differenti-
ation program.

The interactions that properly localize CEC-4 are
unclear. While CEC-4 does not have a putative
transmembrane domain, attempts to identify an
additional protein interactor that would hold CEC-
4 at the nuclear periphery were fruitless. Indeed,
CEC-4 was able to locate at the INM independently
of lamin and other INM proteins when expressed
in budding yeast. Either CEC-4 interacts directly
with the membrane (e.g. through a lipid anchor) or
it may interact redundantly with a range of INM
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proteins, such that single knockouts were insuffi-
cient to trigger its delocalization.

Perinuclear localization of chromatin is not
necessary for gene silencing nor for differentiation
under normal developmental conditions

CEC-4 recognizes the methylation of H3K9 on chro-
matin for anchoring purposes,42 yet gene expression
profiles are not altered in embryos that lose this
anchor. Thus, stable INM anchoring does not drive
transcriptional silencing. Although many studies have
reported correlations between INM association and
gene repression, they have not resolved whether the
INM sequestration of chromatin results from or is
causal for gene repression. The Gonzalez-Sandoval
study clearly demonstrates that in C. elegans early
embryonic development, chromatin anchoring is not
needed for proper gene expression under normal
growth conditions. Nonetheless, since perinuclear
chromatin accumulates over time, one cannot exclude
that at later stages of development, anchoring might
play a role in maintaining proper gene expression
under specific conditions.

CEC-4 is not required for the proper timing of
embryonic development under standard laboratory
conditions. Brood-size and embryonic viability are
unchanged in the cec-4 mutant, and there is only a
very slight increase in male induction in mutant
worms at 26�C. A similar observation applies to the
anchoring of H3K9 methylated chromatin during cell
differentiation in mice, i.e., Lamin A/C and the Lamin
B Receptor or LBR. In mice that lack both of Lamin
A/C and LBR proteins, there are major issues in cell
structure and nuclear organization, and the animals
die immediately after birth, yet ablation of these 2
pathways of chromatin anchoring does not prevent
cell differentiation.16

Other aspects of genome biology may be influenced
by chromatin positioning. Intriguingly, genome-wide
analysis of early and late DNA replication domains
shows that these correlate with the 3D organization of
chromatin domains.43,44 Chromatin associated with
the nuclear lamina (LADs) correlate with late replicat-
ing domains.45 Upon neuronal differentiation, 20% of
the genome changes replication timing concomitant
with changes in gene expression of intermediate/low
CpG-containing promoters and a shift in radial

Figure 1. Anchoring chromatin to the nuclear periphery in C. elegans. In early embryos, CEC-4 is a H3K9 me1, me2 or me3 ligand
that mediates anchoring to the nuclear periphery, without necessarily repressing transcription. The H3K9me-ligands, HPL-1, HPL-2 and
LIN-61 mediate transcriptional repression by binding H3K9 methylation, but do not anchor chromatin. SET-25 recognizes the H3K9me3-
containing chromatin that it creates and together with HP1 homologues and LIN-61, leads to repression. In differentiated cells alterna-
tive anchors may be present. Reprinted from Harr et al.48 © SM Gasser. Reproduced by permission of the authors. Permission to reuse
must be obtained from the rightsholder.
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position for the loci tested.46 Perhaps perinuclear
localization of chromatin plays a more important role
in relation to replication, than in the control of gene
expression per se. However, in order to prove a causal
link between subnuclear position and an altered func-
tion, it will be necessary to show genetically that the
mechanism that mediates positioning also mediates
late replication.

Chromatin anchoring supports commitment to an
induced differentiation program

At later stages of worm development additional chroma-
tin anchorage mechanisms are induced, which compen-
sate for the null cec-4 mutation and restore anchoring of
heterochromatic arrays.42 These compensatory mecha-
nisms may help maintain cell-type identity, and likely
mediate the residual anchoring observed for endogenous
sequences in cec-4 mutant embryos. They are likely to
involve chromatin modifications other than histone
H3K9 methylation, given that the absence of SET-25
and MET-2, the 2 H3K9me histone methyltransferases,
also is permissive to cell differentiation under normal
laboratory conditions.37

In order to probe more deeply for the function of
perinuclear anchoring in embryos, muscle cell fate
was induced during an early embryonic stage, either
in the absence or presence of CEC-4. Efficient muscle
cell programming was triggered by the heat-shock
induced expression of the master regulator HLH-1
(known as MyoD in mammals).47 In wild-type
embryos, the induction of HLH-1 forces cells into a
muscle specification pathway, resulting in the 100%
conversion of embryonic cells into muscle. In contrast,
in the cec-4 mutant about 25% of the embryos contin-
ued to develop over the next 24 hours to the point of
hatching from the eggshell. One interpretation of this
result is that the loss of heterochromatin anchoring
impaired the proper commitment to muscle, allowing
some cells to pursue other developmental programs.
Unfortunately, the mechanism is not yet clear, as the
resulting larva-like embryos do not survive. Under
this forced differentiation condition, heterochromatin
anchoring by CEC-4 may indeed support stable gene
silencing, or else anchoring may influence events that
prepare genes for tissue-restricted patterns of expres-
sion, such as replication timing.

This study suggests that gene or promoter position-
ing at the nuclear lamina does help fine-tune gene

regulation under conditions of developmental pertur-
bation or environmental stress. Anchoring is not
essential for muscle-fate induction, but it appears to
contribute to the repression of alternative develop-
mental pathways. While there is no clear mammalian
homolog of CEC-4 identified to date, the function
may be covered by 2 or more proteins working
together. These results suggest that the repression of
differentiation pathways is distinct from pathway
induction, and that both can be necessary under some
conditions of growth.

C. elegans has proven to be an invaluable tool for
the study of nuclear organization. Further experiments
may reveal other situations in which INM anchoring
contributes to cell-type specific gene repression. The
identification and ablation of other anchors that func-
tion at later stages of development, will help the field
elucidate the gene regulatory function of this univer-
sally conserved nuclear subcompartment.
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