However difficult life may seem,
there is always something you can do and succeed at.
- Stephen Hawking
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An Efﬁcient FLP-Based Toolkit for Spatiotemporal
Control of Gene Expression in Caenorhabditis elegans
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ABSTRACT Site-speciﬁc recombinases are potent tools to regulate gene expression. In particular, the Cre (cyclization recombination)
and FLP (ﬂipase) enzymes are widely used to either activate or inactivate genes in a precise spatiotemporal manner. Both recombinases
work efﬁciently in the popular model organism Caenorhabditis elegans, but their use in this nematode is still only sporadic. To increase
the utility of the FLP system in C. elegans, we have generated a series of single-copy transgenic strains that stably express an optimized
version of FLP in speciﬁc tissues or by heat induction. We show that recombination efﬁciencies reach 100% in several cell types, such as
muscles, intestine, and serotonin-producing neurons. Moreover, we demonstrate that most promoters drive recombination exclusively
in the expected tissues. As examples of the potentials of the FLP lines, we describe novel tools for induced cell ablation by expression of
the PEEL-1 toxin and a versatile FLP-out cassette for generation of GFP-tagged conditional knockout alleles. Together with other
recombinase-based reagents created by the C. elegans community, this toolkit increases the possibilities for detailed analyses of
speciﬁc biological processes at developmental stages inside intact animals.
KEYWORDS baf-1; DamID; FLP-out gene inactivation; genome engineering; MosSCI; PEEL-1 toxin; tissue-speciﬁc gene expression

P

RECISE manipulation of gene expression is central to
understand most biological processes. Strategies such as
gene knockouts (KO), expression of transgenes, and RNAmediated interference are commonly used tools, but many
experiments also require spatiotemporal regulation; that is,
either activation or inactivation of (trans-) genes in speciﬁc
cell types and/or at particular moments during the experiment. Efﬁcient optogenetics methods have emerged to
achieve this, but they require certain technical expertise and
are most suitable for analysis of a relatively low number of
cells and animals (Qi et al. 2012; Churgin et al. 2014; Glock
et al. 2015; Xu and Chisholm 2016). Genetic approaches
based on site-speciﬁc recombinases, such as FLP (ﬂipase)
and Cre (cyclization recombination) derived from the yeast
Saccharomyces cerevisiae and the bacteriophage P1, respectively,
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have been adapted to induce DNA excisions, inversions, or
translocations in a variety of organisms, including several
plants (Liu et al. 2013), mice (Anastassiadis et al. 2010), ﬁsh
(Trinh le et al. 2011; Wong et al. 2011), fruit ﬂies (Xu and
Rubin 2012), and nematodes (Hubbard 2014). FLP and Cre
recognize speciﬁc 34-bp recombination target (RT) sequences known as Frt (FLP recognition target) and loxP (locus of crossing over in P1), respectively. The RT sites consist
of a central, nonpalindromic 8-bp sequence ﬂanked by 13-bp
inverted perfect (wild-type loxP) or imperfect (Frt) repeats.
Two molecules of the recombinase bind cooperatively to an
RT site and if two compatible RTs are within the vicinity of
each other, recombination will occur between the central
8-bp sequences. If the two RT sites are positioned on the
same DNA molecule and in the same orientation, the recombination reaction will excise the intervening sequence and
leave a single RT site (Figure 1). If the RTs are oriented toward each other, the intervening sequence will be inverted,
whereas reactions involving two pairs of RT sites can be used
for recombinase-mediated cassette exchange. Normally, the
recombination events catalyzed by FLP and Cre are reversible, but variation in Frt and loxP sequences has been explored to make reactions irreversible and to increase the
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control of multiple recombination events between homotypic and heterotypic recognition sites (Anastassiadis et al.
2010; Hubbard 2014).
There are multiple considerations for optimal design of a
recombination system. FLP and Cre both work efﬁciently in
mammalian cells, and the latter in particular has gained
popularity in the design of transgenic mice, although high
expression levels of Cre can be toxic to mammalian cells (see
Anastassiadis et al. (2010) and Takata et al. (2011) for references). The original FLP enzyme has optimal activity at 30°,
whereas recombination by Cre is highest at 37° (Buchholz
et al. 1996). This might have favored the creation of Crerelated tools in mammalian systems, although FLP variants
with increased temperature stability have been developed
(Buchholz et al. 1998). A direct comparison of FLP and Cre
activities suggests that the optimal recombinase for a particular reaction might differ between recombination strategies
(Takata et al. 2011). The combined use of Frt and loxP sites in
allele construction can provide additional layers of control of
gene expression (Anastassiadis et al. 2010).
Whereas, in most organisms, the use of recombinases to
control gene expression involves stable lines where FLP or
Cre expression constructs are inserted into the genome and
crossed to lines carrying Frt or loxP-containing transgenes,
experiments in Caenorhabditis elegans have generally been
performed with expression of recombinases from extrachromosomal arrays or injected mRNA (Hubbard 2014). Extrachromosomal arrays are easy to generate in C. elegans and
their variable stability during mitotic divisions can be explored through analyses of mosaic animals. Nevertheless,
for many experiments, it is desirable that recombination occurs in most or all cells of a particular tissue and in a reproducible manner between individual animals in a population.
The Hubbard and Jorgensen laboratories were the ﬁrst to
report the utility of the FLP/Frt system in C. elegans (Davis
et al. 2008; Voutev and Hubbard 2008). Both studies found
that FLP expressed from extrachromosomal arrays was able
to excise (“ﬂip out”) transgenes that were also present in
multiple copies. For concatenated multi-copy Frt reporter
constructs different outcomes can be expected, ranging from
no excision to partial excision (i.e., some but not all Frtﬂanked cassettes are ﬂipped out from the multi-copy transgene) and complete excision. Generally, partial excision was
observed in the aforementioned studies although some cells
underwent complete excision (Davis et al. 2008; Voutev and
Hubbard 2008). Voutev and Hubbard also quantiﬁed FLP
activity in a single cell by expressing FLP from integrated
constructs carrying the hsp-16.2 heat shock promoter and
observed recombination of an extrachromosomal reporter
in the dorsal cell of gonadal sheath pair 1 in 11–20% of the
animals. Possibly, the complexity of the multi-copy reporter
was partly responsible for this relatively low efﬁciency. Importantly, expression of FLP was reported not to affect viability, fecundity, or behavior (Voutev and Hubbard 2008).
Direct comparison of FLP and Cre in the same cell types and
on identical reporters is still limited in C. elegans. Intersectional
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restriction of gene expression involves two different cell typespeciﬁc promoters to drive expression of the recombinase
and its target construct: the gene downstream of the RT cassette is expressed only in tissues where both promoters are
active. A recent study tested the FLP and Cre systems to
achieve intersectional restriction of expression and concluded that it depends on the promoter combinations which
recombinase works best (Schmitt et al. 2012). Remarkably,
highly restricted expression in one or two neurons with either
FLP/Frt or Cre/loxP can be achieved in close to 100% of
tested animals, although extensive optimization might be required (Macosko et al. 2009; Ezcurra et al. 2011; Schmitt
et al. 2012). Insertion of Frt or loxP sites into endogenous
loci has also proven to be feasible for either complete gene
KO (Vazquez-Manrique et al. 2010) or conditional deletion of
a genomic 1-kb fragment (Lo et al. 2013). In addition, Cre
has successfully been implemented for removal of selection
markers after clustered regularly interspaced short palindromic repeats (CRISPR)-mediated genome engineering
(Dickinson and Goldstein 2016; Schwartz and Jorgensen
2016), as well as for control of loxP-ﬂanked, integrated single-copy transgenes (Flavell et al. 2013; Ruijtenberg and van
den Heuvel 2015).
To facilitate the use of the FLP/Frt recombination system to
manipulate gene expression in a highly efﬁcient, versatile, and
reproducible manner, we decided to generate a collection of
stable FLP lines. We provide a characterization of 13 integrated, single-copy FLP lines that cover all major tissue types
in C. elegans and report their efﬁciencies at single-cell resolution. We demonstrate that the system offers tight spatiotemporal control of expression of a ﬂuorescent reporter protein,
and as further examples of their utility we developed tools
for conditional cell ablation and KO of CRISPR-engineered
GFP-tagged alleles. Importantly, the tools presented here are
compatible with other reagents created by the C. elegans community, and together they increase the potentials of the gene
expression toolbox.

Materials and Methods
Plasmid construction

We initially PCR-ampliﬁed a FLP::39UTRglh-2 sequence from
the plasmid pWD79 (Davis et al. 2008) with primers B441
and B551 (Supplemental Material, Table S1) and inserted it
into KpnI/XmaI of plasmid pBN9 designed for Mos1-mediated
single-copy insertion (MosSCI) into chromosome IV (MoralesMartinez et al. 2015). This FLP version, which we here name
FLP pWD79, encodes a glycine residue at position 5 and contains a single artiﬁcial intron (see File S1 for complete sequences
of FLP versions used in this study). Next, we inserted a 983-bp
PstI/KpnI Pmyo-2 fragment from pBN41 (Morales-Martinez et al.
2015) upstream of the FLP pWD79 sequence to generate
plasmid pBN155 Pmyo-2::FLP pWD79. Plasmids pBN158
Pmyo-3::FLP pWD79, and pBN159 Punc-119::FLP pWD79 were
made by substituting the PstI/KpnI Pmyo-2 sequence of

Figure 1 Comparison of strategies for spatiotemporal control of gene expression. (A and B) Schematic representation of dual color reporters integrated
by MosSCI into chromosome II, and constructs expressing FLP recombinase inserted into chromosome IV. The dual color reporters contain a Frt-ﬂanked
mCherry::his-58 cassette with a let-858 39UTR and a downstream GFP::his-58 cassette with a unc-54 39UTR, whereas the glh-2 39UTR is used in the FLP
constructs. (A) Placing the FLP and Frt transgenes under control of a tissue-speciﬁc promoter (dpy-7 is used as example) and the heat-inducible hsp16.41 promoter, respectively, enables very rapid, strong, and transient induction of a downstream transgene (GFP::his-58 in this example) in the target
tissue. In other tissues, induction of the hsp-16.41 promoter leads to expression of mCherry::HIS-58. Because of the leaky expression of the hsp-16.41
promoter in the absence of induction, the system can be utilized to obtain low expression in the target tissue. (B) In the opposite conﬁguration, in the
absence of heat induction, the Frt-ﬂanked transgene is expressed in the target tissue at levels equivalent to the activity of the tissue-speciﬁc promoter. A
heat shock will lead to high expression of FLP in all tissues and efﬁcient recombination. After recombination (i.e., after a short time delay indicated by an
asterisk), the downstream transgene is under control of the tissue-speciﬁc promoter. In (A), the target tissue includes all cells derived from lineages in
which the tissue-speciﬁc promoter has induced recombination; in (B), the downstream gene will only be expressed when and where the tissue-speciﬁc
promoter is active. (C and D) Single confocal sections of animals carrying the transgenes described in (A and C) and (B and D). Shown are examples 0 hr
(top), 2 hr (middle), and 17 hr (bottom) after heat induction. Note the rapid and transient induction of GFP::HIS-58 (green in merge; mCherry in
magenta) in (C), which is in contrast to the slow induction in (D). Images were acquired with identical microscope settings; inserts in (D) represent
contrast adjusted images to facilitate visualization of GFP::HIS-58. Bar, 10 mm. Chr, chromosome; h.s., heat shock; MosSCI, Mos1-mediated single-copy
insertion.

pBN155 by the corresponding promoter sequences ampliﬁed
from Bristol N2 genomic DNA [or plasmid pUP1 (Rodenas
et al. 2012) for unc-119] using a KAPA HiFi DNA polymerase
(KAPA Biosystems, Wilmington, MA). Throughout this study,
we used conventional restriction enzyme-mediated cloning
and Gibson assembly technology. By introducing relatively
few modiﬁcations, our plasmids can be made Gateway compatible, but others have observed that the extra sequences
inherent to Gateway recombination sites might decrease recombination efﬁciencies (Schmitt et al. 2012). The primers
used to clone promoters in this study as well as promoter

lengths and sequence veriﬁcation are described in Table S2
in the Supplemental Material.
To increase FLP expression levels we used the C. elegans
codon adapter tool (Redemann et al. 2011) with the parameters “Optimize for weak mRNA structure at ribosome binding site” and “Avoid splice sites in coding region” resulting in a
codon adaptation index of 0.9808. The sequence, which we
termed FLP G5, was synthesized by Euroﬁns Genomics
(Ebersberg, Germany). The initial design contained three artiﬁcial introns, but due to cloning problems the ﬁnal sequence
contains two introns as well as the glh-2 39UTR. The FLP
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G5::39UTRglh-2 sequence is ﬂanked by KpnI and XmaI sites
and was used to substitute the KpnI/XmaI fragment of
pBN155 to create plasmid pBN168 Pmyo-2::FLP G5. Derivatives of pBN168 were made by substituting the myo-2 promoter by other promoters as either PstI/KpnI or NotI/KpnI
fragments from PCR amplicons or plasmids to generate
pBN172 Pmyo-3::FLP G5, pBN173 Punc-119::FLP G5, pBN176
Pnhr-82::FLP G5, and pBN219 Pdpy-7::FLP G5.
Substitution of glycine for aspartic acid at position 5 to
generate FLP D5 was made by PCR ampliﬁcation using FLP G5
as the template and primers B572 and B826. The forward
primer introduced two nucleotide changes in the ﬁfth FLP
codon; the resulting fragment was digested with KpnI and SalI
and used to replace the KpnI/SalI fragment of pBN176 to
generate pBN237 Pnhr-82::FLP D5. Derivatives of pBN237
were made by substituting the nhr-82 promoter with other
promoters by either conventional cloning of NotI/KpnI fragments (from PCR amplicons or subcloning) or Gibson assembly to generate pBN258 Punc-119::FLP D5, pBN260 Pmyo-3::FLP
D5, pBN262 Phsp-16.41::FLP D5, pBN263 Pmyo-2::FLP D5,
pBN266 Pdpy-7::FLP D5, pBN267 Prgef-1::FLP D5, pBN278
Pmec-7::FLP D5, pBN279 Phlh-8::FLP D5, pBN280 Ptph-1::FLP
D5, pBN282 Pelt-2::FLP D5, pBN283 Pdat-1::FLP D5, pBN303
Punc-47::FLP D5, and pBN310 Plag-2::FLP D5. Sequence veriﬁcation revealed that pBN282 carries a mutation that introduces an amino acid substitution at position 6 of FLP D5
(I6L), which does not prevent enzymatic activity.
Finally, FLAG-NLS-FLP D5 was made by Gibson assembly
using a 222-nucleotide gBlock (Integrated DNATechnologies,
Leuven, Belgium) encoding 3xFLAG and a nuclear localization
sequence (NLS) from EGL-13, a PCR fragment encoding FLP
D5 (primers B827 + B828), a PCR fragment containing the
tbb-2 39UTR (primers B829 + B830), and pBN176 digested
with KpnI and XmaI to generate pBN238 Pnhr-82::FLAG-NLSFLP D5. These modiﬁcations were inspired by results with the
Cre recombinase (Ruijtenberg and van den Heuvel 2015).
Derivatives of pBN238 were made by substituting the nhr82 promoter by other promoters by either conventional cloning of NotI/KpnI fragments from plasmids described above or
Gibson assembly to generate pBN252 Pdat-1::FLAG-NLS-FLP
D5, pBN254 Punc-47::FLAG-NLS-FLP D5, pBN261 Phsp-16.41::
FLAG-NLS-FLP D5, pBN268 P rgef-1 ::FLAG-NLS-FLP D5,
pBN269 Punc-119::FLAG-NLS-FLP D5, and pBN270 Pmyo-3::
FLAG-NLS-FLP D5.
Plasmid pBN338 Pdat-1::FLP D5::SL2::mNG was designed
to provide visualization of FLP D5 expression. First, an intergenic gpd-2/-3 fragment and a mNeonGreen sequence were
ampliﬁed with primers B1012 + B1013 and B1014 + B1015
using pMLS268 (Schwartz and Jorgensen 2016) and dg357
(Hostettler et al. 2017) as templates, respectively. Next, the
two products were stitched by PCR with primers B1012 and
B1015 and inserted by Gibson assembly into MluI of pBN283
followed by sequence veriﬁcation.
Whereas the FLP expression plasmids described here all are
designed for MosSCI integration into chromosome IV, most
promoter::FLP::39UTR cassettes (including cassettes with
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dat-1, myo-2, nhr-82, rgef-1, unc-47, or unc-119 promoters)
can be excised by digestion with NotI and XmaI and inserted
into NotI/NgoMIV of pBN8 (Rodenas et al. 2012). Plasmid
pBN8 was originally designed for insertion into chromosome
II by MosSCI, but can be used for insertion into any of
the universal MosSCI sites generated on chromosomes I–V
(see http://www.wormbuilder.org/ and (Frokjaer-Jensen et al. 2014).
The heat inducible, dual color reporter plasmid pBN154
P hsp-16.41 . mCherry::his-58::39UTR let-858 . gfp::his58::39UTRunc-54 (Frt recombination sites are indicated with
“.” symbols) was generated through multiple steps. (1) A .
mCherry::39UTRlet-858 . gfp cassette was ampliﬁed from
pWD178 (Davis et al. 2008) with primers B445 and B446
and inserted into the cloning vector pSPARK I (Canvax Biotech, Cordoba, Spain) to produce plasmid #1151. (2) Plasmid #1151 was digested with NotI and religated to produce
plasmid #1231. (3) The . mCherry::39UTRlet-858 . gfp cassette was puriﬁed from plasmid #1231 by digestion with
SalI and XmaI and inserted into XhoI/NgoMIV of pBN16
(Rodenas et al. 2012) to generate plasmid pBN152. (4) A
his-58-containing XhoI/BamHI fragment from plasmid
pJH4.52 (Strome et al. 2001) was inserted into XhoI/BglII
of pBN152 to produce pBN153. (5) Two overlapping PCR
fragments containing Phsp-16.41 . mCherry 59half (ampliﬁed
with primers B211 and B440 using pBN153 as template) and
mCherry 39half::his-58 [ampliﬁed with primers B220 and
B355 using pBN1 (Rodenas et al. 2012) as template] were
PCR-stitched with primers B211 and B355 and inserted
into pSPARK I. (6) Finally, a SphI/StuI fragment encoding
Phsp-16.41 . mCherry::his-58 from this plasmid was inserted
into SphI/NaeI of pBN153 to generate pBN154. All inserts
were sequence veriﬁed. The hypodermal dual color reporter
plasmid pBN368 Pdpy-7 . mCherry::his-58::39UTRlet-858 .
gfp::his-58::39UTRunc-54 was generated in two steps. (1)
The . mCherry::his-58::39UTRlet-858 . gfp::his-58::39UTRunc-54
sequence was ampliﬁed from pBN154 with primers B1064 and
B1065, and inserted by Gibson assembly into pBN266 cut with
KpnI and XmaI to generate pBN360. (2) A 2.5-kb SphI/XhoI
fragment from pBN360 was inserted into SphI/XhoI of
pBN154 to produce pBN368.
Plasmid pBN189 Phsp-16.41 . mCherry::his-58::39UTRlet-858 .
Dam::mel-28::39UTRunc-54 for FLP-induced expression of
Dam::MEL-28 was generated by Gibson assembly using
two overlapping PCR fragments containing Phsp-16.41 .
mCherry::his-58::39UTR let-858. (ampliﬁed with primers
B662 and B676 using pBN154 as template) and Dam [ampliﬁed with primers B674 and B675 using pBN69 Phsp-16.41::
Dam::mel-28::39UTRunc-54 (Sharma et al. 2014) as template],
together with pBN69 digested with NotI and NgoMIV. Next,
pBN189 was digested with NgoMIV and NheI to substitute the
mel-28 sequence by a NgoMIV/NheI fragment from pBN79
P hsp-16.41 ::Dam::emr-1::39UTR unc-54 (Gonzalez-Aguilera
et al. 2014) to produce pBN209 Phsp-16.41 . mCherry::his58::39UTR let-858 . Dam::emr-1::39UTR unc-54 . Finally,
pBN209 was digested with XhoI and NheI to substitute the

Dam::emr-1 sequence by a XhoI/NheI peel-1 cDNA fragment
ampliﬁed by PCR with primers B871 and B872, and pMA122
(Frokjaer-Jensen et al. 2012) as template, producing plasmid
pBN255 Phsp-16.41 . mCherry::his-58::39UTRlet-858 . peel1::39UTRunc-54. All inserts were sequence veriﬁed.
Plasmid pBN312 GFP KO for FLP-mediated gene KO was
generated by insertion of two synthetic DNA fragments
Integrated DNA Technologies (IDT) into NcoI+XbaI of
pMLS252 (a gift from Erik Jorgensen; Addgene plasmid #
73720). pBN312 contains 34-bp Frt sequences in the ﬁrst and
second intron of GFP as well as an unc-119-rescuing fragment
ﬂanked by loxP sites in the third GFP intron. pBN312 can be
used as “Tag + Marker Donor Plasmid” in the recent SapTrap
protocol for CRISPR/Cas9 genome engineering (Schwartz
and Jorgensen 2016). The targeting vector pBN313 for insertion of the GFP KO cassette into the baf-1 locus was made
by SapTrap cloning with destination plasmid pMLS256,
N-tagging connector plasmid pMLS288, and tag + donor
plasmid pBN312, as well as the annealed primer pairs 59HA
(B963–B964), 39HA (B965–B966), and sg (B961–B962). All
inserts were sequence veriﬁed.
Plasmid pBN306 Pmyo-2::GFP::39UTRunc-54 was generated
by subcloning a PstI/SpeI fragment from pBN41 into PstI/SpeI
of pBN9.
Strains and transgenesis

Strains were maintained on standard NGM plates at 16°
(Stiernagle 2006). Except where noted, all transgenic strains
were made by MosSCI with unc-119(+) recombination plasmids together with pCFJ601 (transposase) and three red
(pCFJ90, pCFJ104, and pBN1) or green (pBN40, pBN41,
and pBN42) co-injection markers (Frokjaer-Jensen et al.
2012; Dobrzynska et al. 2016). Plasmids were microinjected
into the gonads of uncoordinated adults and successful integrants were identiﬁed after 7–14 days based on wild-type
locomotion and absence of ﬂuorescent markers. FLP transgenes were inserted into the cxTi10882 locus in chromosome
IV of strain EG5003 unc-119(ed3) III or EG6700 unc119(ed3) III. Frt constructs were inserted into the ttTi5605
locus in chromosome II of strain EG4322 unc-119(ed9) III.
Strains BN225 (Morales-Martinez et al. 2015), BN243
(Gonzalez-Aguilera et al. 2014), and BN578, carrying ﬂuorescent markers inserted into the cxTi10882 and ttTi5605
loci, were used to facilitate crosses. Strains OH7193
(Flames and Hobert 2009) and XE1375 (Firnhaber and Hammarlund 2013) were used to mark dopaminergic and GABA
(g-aminobutyric acid)-ergic neurons, respectively.
Strain BN552, which carries a GFP KO cassette and an unc119-rescuing gene inserted into the baf-1 locus, was generated by injection of HT1593 unc-119(ed3) with plasmids
pBN313 (65 ng/ml), #1286 Peft-3::cas9-SV40-NLS (25 ng/ml;
Friedland et al. 2013), pBN1 (10 ng/ml), pCFJ90 (2.5 ng/ml),
and pCFJ104 (5 ng/ml), and selecting for nonred, wild-type
moving animals. Next, the unc-119-rescuing gene in the third
intron of GFP in BN552 was removed to generate BN565.
This was achieved by injection with Cre plasmid pMLS328

(50 ng/ml; Schwartz and Jorgensen 2016), pBN1 (10 ng/ml),
pCFJ90 (2.5 ng/ml), pCFJ104 (5 ng/ml), and an irrelevant
plasmid to reach a total DNA concentration of 100 ng/ml,
followed by selection for nonred, Unc animals. Finally,
BN565 was crossed with wild-type N2 to produce BN580,
which is unc-119(+), and with BN508 Pelt-2::FLP D5 to produce BN582, in which baf-1 expression is disrupted speciﬁcally in intestinal cells.
Microscopy

Evaluation of FLP activity on the dual color reporter was
assayed by heat induction at 34° for 15 min followed by recovery at 20° for 3 hr, unless indicated otherwise. In experiments with two heat shocks, these were performed 24-hr
apart. For confocal microscopy, nematodes were mounted
in 3 ml 10 mM levamisole HCl (Sigma [Sigma Chemical],
St. Louis, MO) on 2% agarose pads (Askjaer et al. 2014)
and observed on a Nikon Eclipse Ti microscope equipped with
Plan Fluor 403/1.3 and Plan Apo VC 603/1.4 objectives and
a A1R scanner (Nikon, Garden City, NY) using a pinhole of
1.2–1.4 airy unit. Quantiﬁcation of GFP-positive nuclei was
done by direct observation at the microscope or, in most
cases, after acquisition of z-stack images with integrated
Nikon NIS software. Image stacks were opened in Fiji/ImageJ
2.0.0-rc-43 (Schindelin et al. 2012), which was also used for
postacquisition processing, such as cropping, merging, and
maximum projection.
peel-1-induced toxicity

For strains with FLP D5 expressed in body wall muscles (Pmyo-3)
or broadly in neurons (Prgef-1), plates with 20 synchronized
L3–L4 larvae raised at 16° were heat shocked at 34° for 1 hr
followed by recovery at 20°. After 24 hr, 20 animals were
transferred to 0.5 ml M9 in 24-well plates and videos were
immediately acquired at 20 frames per second on an Olympus SZX16 stereoscope equipped with a PLAPO 13 lens and
an Olympus DP73 camera. Unbiased quantiﬁcation of locomotion (expressed as body bends per second) was performed
using the wrMTrck plugin for ImageJ/Fiji (NussbaumKrammer et al. 2015). For strains with FLP D5 expressed in
mechanosensory neurons (Pmec-7) or serotonin-producing
neurons (Ptph-1), synchronized L4 larvae were raised at 16°
and heat shocked at 33° for 1 hr followed by recovery at 20°.
Mechanosensation was evaluated after 24 hr by gently touching animals laterally on their head 1–3 times with an eyelash
mounted on a toothpick. Animals that did not respond immediately were scored as Mec (Mechanosensation defective).
Rate of egg laying was determined during a 3-hr time window 24 hr after the heat shock.
Data availability

See Table S1, Table S2, and Table S3 for complete lists of
primers, promoters, and strains, respectively. At least one
strain for each FLP D5 line will be made immediately available through the Caenorhabditis Genetics Center; others can
be requested from the authors. Most plasmids produced in
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this study and their sequences are available at Addgene
(www.addgene.org); the remaining plasmids can be requested
from the authors. File S6 contains legends for File S2 – S5.

Results and Discussion
Evaluation of FLP variants

Previous reports on FLP activity in C. elegans were mainly
based on expression from extrachromosomal arrays containing
typically hundreds of copies of the recombinase. To achieve
completely stable meiotic and mitotic inheritance of the FLP
transgene, we decided to optimize FLP activity from single-copy
integrations into known sites of the C. elegans genome (MosSCI;
Frokjaer-Jensen et al. 2012). We ﬁrst designed a MosSCI dual
color reporter integrated on chromosome II to enable direct
visual scoring. The reporter contains the hsp-16.41 promoter,
which, in the absence of FLP activity, drives widespread and
strong expression of mCherry (mCh) fused to the histone
HIS-58 upon a short heat shock (Figure 1A; see also Figure
3). The mCh::his-58 fusion gene is also regulated by the
let-858 39UTR, which serves as transcriptional terminator.
The mCh::his-58::let-858 39UTR cassette is ﬂanked by two
Frt sequences, which trigger excision of the cassette in the
presence of the FLP enzyme. Recombination between the two
Frt sequences juxtaposes the hsp-16.41 promoter with a
GFP::his-58::unc-54 39UTR fusion gene, which upon heat
shock produces bright green nuclei. Thanks to the transparency of C. elegans, the number of green nuclei can be counted
in live, anesthetized animals on a compound microscope,
providing a measure on the efﬁciency of FLP activity. We
never observed GFP::HIS-58 expression in the absence of
FLP, which indicates that the let-858 39UTR sequence efﬁciently prevents transcriptional readthrough (Davis et al.
2008; Voutev and Hubbard 2008). However, one report
based on a multi-copy extrachromosomal array has suggested
that a gene placed downstream of the let-858 39UTR might be
expressed at low levels (Ruaud et al. 2011). Thus, depending
on the particular experiment, it is advisable to investigate
potential effects caused by the downstream gene in the absence of recombination.
Recombination efﬁciency can be expressed either as the
percentage of animals expressing the downstream gene in at
least a single cell or as the frequency of nuclei in which
recombination has occurred. The former is the most feasible
measurement for tissues with a high number of nuclei,
whereas the latter is a more precise predictor of how many
cells of a particular cell type will be affected in a given
experiment (Table 1). Importantly, it should be noted that
we might falsely score nuclei as GFP negative if the induction
of the hsp-16.41 promoter is weak, particularly if these nuclei
are positioned deeper into the animal relative to the microscope objective. Thus, FLP activity might be underestimated
for some tissues.
We assumed that MosSCI FLP transgenes would be expressed at lower levels than transgenes on multicopy arrays, so
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we engineered a novel FLP-encoding sequence with optimized
codon usage for C. elegans and artiﬁcial introns (Redemann
et al. 2011; see Materials and Methods). Using the nhr-82
promoter and the glh-2 39UTR to control expression of FLP
containing a glycine residue at position 5 (FLP G5; Davis et al.
2008), we ﬁrst compared the activities of extrachromosomal
and MosSCI lines on the dual color reporter. nhr-82 is
expressed in the seam cell lineage, which gives rise to a total
of 130 seam and hypodermal nuclei in adults (Miyabayashi
et al. 1999). We found that animals expressing FLP G5 from
an extrachromosomal array had 99 6 21 GFP-positive nuclei
(average 6 SD; n = 7), whereas animals expressing the same
FLP version from an integrated single copy had 40 6 20 GFPpositive nuclei (n = 11; Figure 2A).
The relative low efﬁciency of the MosSCI FLP G5 line led us
to test a FLP variant with an aspartic acid residue at position 5,
which was reported to be much more active in Drosophila
melanogaster (FLP D5; Nern et al. 2011). Moreover, inspired
by modiﬁcations of the Cre recombinase reported by
Ruijtenberg and van den Heuvel (2015), we also generated
a FLP D5 variant with a heterologous nuclear localization
signal and a 3xFLAG epitope, both at the N-terminus
(FLAG-NLS-FLP D5). Surprisingly, animals expressing
FLAG-NLS-FLP D5 had a highly variable number of GFPpositive nuclei with many animals showing no recombination
(19 6 27; n = 48), whereas untagged FLP D5 was much more
active (86 6 22 GFP-positive nuclei; n = 25), equaling the
multicopy FLP G5 array (P = 0.19 by unpaired, two-sided ttest; Figure 2A). It should be noted that, in all experiments,
animals were maintained at 16° to minimize transcription
from the hsp-16.41 promoter of our reporters prior to heat
induction and recovery. Because FLP has an optimum temperature of 30° (Buchholz et al. 1996), we speculated that
higher recombination efﬁciencies could be obtained if animals were raised at 25°. However, we obtained similar efﬁciencies at 16 and 25° (Figure S1). Importantly, we only
observed GFP-positive nuclei in seam cells and the hypodermis, suggesting that the nhr-82 promoter activates the FLP
recombinase exclusively in the expected cell types. Therefore,
we conclude that the combination of a hsp-16.41-controlled
Frt construct and expression of FLP D5 in the seam cell lineage from integrated single-copy transgenes provides efﬁcient
spatiotemporal control of gene expression.
Generation of tissue-speciﬁc FLP lines

We next generated multiple MosSCI lines expressing FLP D5 in
speciﬁc cell types. In particular, to demonstrate the versatility
of the FLP/Frt system, we were interested in developing tools
to control expression either broadly in the entire nervous
system or restricted to speciﬁc neuronal subtypes. As panneuronal promoters we tested unc-119 and rgef-1. Although
expression of FLP D5 from the unc-119 promoter induced
recombination in neurons, we also detected several green
nonneuronal nuclei (Figure S2A). The activity of unc-119
outside the nervous system has been reported in WormBase
(http://www.wormbase.org) and we did not characterize

Table 1 Efﬁciency of FLP-mediated recombination
Cell Typea

Promoter
dat-1
dpy-7

Dopaminergic neurons
Hypodermal (vulval cells)

elt-2

Intestine

hlh-8
hsp-16.41
lag-2
mec-7
myo-2
myo-3
nhr-82
rgef-1
tph-1
unc-47

M lineage
Ubiquitous
Multiple (distal tip cell)
Mechanosensory neurons
Pharyngeal muscle
Body wall muscle
Seam cell lineage
Neurons (dopaminergic and GABAergic)
Serotonin-producing neurons
GABAergic motor neurons

Stageb
L2-adult
L2
L3
L4
L1
L2
Adult
L4–adult
L3–adult
L4–adult
Adult
L1–L2
Adult
L2–L4
Adult
L2-adult

Observedc

Expected

Efﬁciency (%)

8.0 6 0.0 (15)
8
6.0 6 0.0 (3)
6d
12.0 6 0.0 (5)
12d
22.0 6 0.0 (2)
22d
20.2 6 1.0 (14)
20 (19–22)
31.3 6 1.1 (9)
32 (30–34)
19.2 6 4.9 (18)
32
Overlap with mCh::HIS-positive nuclei (20)
1.0 6 0.0 (8)
1f
. 12 (8)
12
33.5 6 1.6 (14)
37
80.4 6 1.3 (9)
81
86.2 6 22.2 (25)
130
Overlap with unc-47 and dat-1 markers (15)
6.0 6 0.0 (14)
6
19.2 6 4.3 (27)
26

100
100
100
100
101
98
60
92e
100
NAg
91
99
66
99h
100
74

Quantiﬁcation of FLP D5 activity in different tissues using the dual color reporter (see Figure 1). For all strains, we observed multiple recombination events in all animals. mCh,
mCherry; NA, not applicable; GABA, g-aminobutyric acid.
a
Cell types where the promoter is active; cell types used for quantiﬁcation of recombination efﬁciency are indicated in brackets.
b
Developmental stage that was used for determination of recombination efﬁciency; recombination was also observed in other stages.
c
Average number of GFP-positive nuclei 6 SD; number in brackets: n.
d
Efﬁciencies were calculated based on recombination in central Pn.p cells and their descendants: recombination was also observed throughout the hypodermis.
e
Experiments performed with NLS-FLAG-FLP D5; recombination efﬁciency was calculated as percentage of nuclei coexpressing mCh::HIS-58 and GFP::HIS-58 after two
rounds of heat induction (see Figure 4).
f
Efﬁciency was calculated based on recombination in the distal tip cell most proximal to the microscope objective; recombination was also observed in other cell types.
g
Not applicable; we did not attempt to identify and evaluate the 12 expected nuclei because expression levels were low and because we observed GFP in unexpected
neurons.
h
Efﬁciency was calculated based on recombination in the dopaminergic neurons in the head and GABAergic motor neurons in the ventral nerve cord; recombination was
also observed in other types of neurons.

this construct further. Instead, we focused on rgef-1, which is
expressed in postmitotic neurons (Altun-Gultekin et al.
2001). In all Prgef-1::FLP D5 animals (n . 40), we observed
numerous green nuclei throughout the nervous system (Figure 3, A–C; note that several of the images represent single
confocal sections, hence only subsets of nuclei are visible;
Table 1). We did not attempt to count the absolute number
of GFP-positive nuclei, but when crossed to markers of dopaminergic and GABAergic motor neurons, we observed recombination in 99% of the cells expressing the marker (n = 15;
Figure S2, B and C and Table 1). Thus, we conclude that the
rgef-1 promoter is highly active and speciﬁc for induction of
recombination in C. elegans neurons. As examples of speciﬁc
neuronal subtypes, we tested four promoters: dat-1 (dopaminergic neurons, Nass et al. 2002), mec-7 (mechanosensory
and other neurons, Mitani et al. 1993), tph-1 (serotoninproducing neurons, (Sze et al. 2000), and unc-47 (GABAergic
motor neurons, McIntire et al. 1997). In all 14 Ptph-1::FLP D5
animals analyzed, we observed GFP expression exclusively in
six neurons that were located in the expected positions
(NSML/R, ADFL/R, and HSNL/R; Figure 2B, Figure 3, D
and E, and Table 1). For the unc-47 promoter, we observed
19 6 4 GFP-positive nuclei in the head and along the ventral
nerve cord, which corresponds to 74% of the expected nuclei
(Figure 2B, Figure 3, G and H, and Table 1). Although the nhr82 and unc-47 promoters produced similar recombination efﬁciencies in terms of percentage of GFP-positive nuclei (Figure 2B and Table 1), they showed a remarkable difference:

Most green nuclei in Pnhr-82 animals coexpressed mCh::HIS58, which suggests that only one of the two alleles in the
genome had undergone FLP-recombination (Figure 3U). In
contrast, none of the green nuclei in Punc-47 animals had expression of mCh::HIS-58, indicating that either both alleles
had recombined or, less likely, only a single allele was
expressed. Similar to the results with the tph-1 and unc-47
promoters, the Pmec-7::FLP strain also produced recombination speciﬁcally in the nervous system, but in all eight animals
analyzed we observed more GFP-positive nuclei than
expected. For instance, we expected recombination only in
two neurons in the head (FLPL/R) but we detected up to
seven GFP-positive nuclei (Figure 3F). Because the FLP/Frt
system also tracks cell lineages (Voutev and Hubbard 2008),
we speculate that these “extra” cells might reﬂect transient
activation of the mec-7 promoter earlier in development. An
alternative, and not mutually exclusive, possibility is that
current expression annotations are incomplete (Schmitt
et al. 2012). The ﬁrst line carrying a Pdat-1::FLP D5 transgene
did not produce recombination of the dual color reporter
(data not shown), possibly due to insufﬁcient expression of
the recombinase. Therefore, we generated a second line, this
time including a downstream transsplicing cassette encoding
mNeonGreen to indirectly visualize FLP D5 expression. This
line had robust mNeonGreen expression in six head neurons
and two posterior neurons of all animals, as expected for
the dat-1 promoter (n = 37; Figure S3). When crossed with
the dual color reporter, coexpression of GFP::HIS-58 and
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Figure 2 Optimization and quantiﬁcation of FLP
activity. FLP activity was evaluated based on the
number of nuclei expressing GFP::HIS-58 in animals carrying the integrated dual color reporter
described in Figure 1. (A) Comparison of strains
expressing FLP from an extrachromosomal array
(FLP G5; red squares) or from integrated singlecopy transgenes (MosSCI): FLP G5 (green circles), NLS-FLAG-FLP D5 (blue triangles), or FLP
D5 (black crosses). The same nhr-82 promoter
sequence was used in all strains. Shown are absolute numbers of GFP-positive nuclei; numbers
in brackets indicate the number of adults evaluated for each strain; black horizontal lines represent the means. P values were obtained
through unpaired, two-sided t-tests, indicating
that FLP D5 has the highest activity among the
MosSCI strains. (B) Comparison of MosSCI
strains expressing FLP D5 under control of different cell type-speciﬁc or inducible promoters:
dopaminergic neurons (dat-1; red triangles), hypodermis (dpy-7; green crosses), intestine (elt-2;
blue diamonds), M lineage (hlh-8; black triangles), heat inducible (hsp-16.41; brown triangles), notch signaling (lag-2; purple crosses),
pharynx (myo-2; orange diamonds), body wall
muscles (myo-3; red triangles), seam cell lineage
(nhr-82; green triangles), pan-neuronal (rgef-1;
blue crosses), serotonin-producing neurons (tph-1;
black diamonds), and GABAergic motor neurons (unc-47; brown triangles). Shown are the
percentages of expected nuclei expressing
GFP::HIS-58; numbers in brackets indicate the
number of animals evaluated for each strain;
black horizontal lines represent the means.
For three promoters, on average, FLP activity
was observed in 60–70% of the expected nuclei; for the remaining promoters, the mean
activity was . 90% (see Table 1). GABA,
g-aminobutyric acid; MosSCI, Mos1-mediated
single-copy insertion; NLS, nuclear localization
signal.

mNeonGreen was observed in all dopaminergic neurons (Figure 3C, Figure S3, and Table 1). Based on these results, we
conclude that the C. elegans nervous system is amenable to
spatiotemporal control of gene expression using integrated
single-copy FLP/Frt transgenes, in some cases with 65–
100% efﬁciency.
The M lineage is derived from a single embryonic mesodermal blast cell, which generates 14 striated body wall
muscle cells, 16 nonstriated uterine and vulval muscle cells,
and 2 coelomocytes during larval development (Sulston and
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Horvitz 1977). Thus, the M lineage offers an attractive system to study postembryonic control of cell proliferation and
differentiation. The hlh-8 gene is a marker of the M lineage
(Harfe et al. 1998) and we tested if the hlh-8 promoter can be
used to induce speciﬁc expression of FLP D5 and recombination in this cell lineage. In adults, we observed GFP expression in 19 6 5 nuclei, all belonging to the expected cell types
(Figure 2B, Figure 3, I–K, and Table 1). This demonstrates
that the M lineage is susceptible to lineage-speciﬁc,
FLP-mediated recombination via the hlh-8 promoter. A

Figure 3 Tissue-speciﬁc FLPase activity. Transgenic animals expressing FLP D5 in speciﬁc cell types and the dual color reporter were observed by live
confocal microscopy. (A and B) Promoter of rgef-1 (Prgef-1); projection of eight confocal sections [(A) adult head lateral view] or single confocal section
[(B) adult tail lateral view]. (C) Pdat-1; projection of four confocal sections of head of L4 larva. Note that the green channel represents coexpressed GFP::
HIS-58 and mNeonGreen in this strain (see Figure S3). (D and E) Ptph-1; projection of three confocal sections [(D); adult head lateral view] or a single
confocal section [(E); adult vulva lateral view]. (F) Pmec-7; projection of seven confocal sections of head of L4 larva. To ease visualization of the weak GFP
signal, the corresponding DIC image was not included in the merge. Asterisks indicate six unidentiﬁed neurons, whereas a seventh neuron might be
FLPL. (G and H) Punc-47; late L1; projection of four confocal sections [(G); head lateral view] or stitch of single confocal sections (H). (I–K) Phlh-8; single
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similar conclusion was recently made based on the Cre/lox
system, although a low frequency of recombination outside
the M lineage was also observed (Ruijtenberg and van den
Heuvel 2015).
The C. elegans intestine consists of 20, or occasionally 19,
21, or 22, cells (Sulston and Horvitz 1977; McGhee 2007). At
the L1/L2 larval molt, 10–14 of the 20 nuclei divide to
produce a total of 30–34 nuclei; for calculation of recombination frequencies, we assumed 20 and 32 nuclei in L1 and
L2 larvae, respectively, as expected values. To drive expression of the recombinase in the intestine, we cloned the elt-2
promoter (Fukushige et al. 1998) and crossed Pelt-2::FLP D5
animals with the dual color reporter strain. In L1 and L2
larvae we observed 20 6 1 and 31 6 1 GFP-positive nuclei,
respectively, which corresponds to 98–100% efﬁciency (Figure
2B, Figure 3, L–N, and Table 1). We also found expression of
GFP::HIS-58 in a few cells of the gonad primordium (asterisks
in Figure 3N). Analyzing adult animals consistently revealed
GFP-positive nuclei in the somatic gonad, including the spermathecae and gonadal sheet cells (Figure S2B). Activity of the elt-2
promoter in the somatic gonad has been reported (Ruijtenberg
and van den Heuvel 2015), and this should be taken into account when designing FLP or Cre-based recombination experiments to analyze biological processes in the intestine.
Nevertheless, in L1 and young L2 larvae before proliferation of
the gonad primordium, the contribution from nonintestinal
cells is likely to be negligible.
To achieve recombination in nonstriated pharyngeal muscles and striated body wall muscles, we tested the wellestablished myo-2 and myo-3 promoters (Okkema et al.
1993). Both promoters induced speciﬁc recombination in
the expected cell types at 91–99% efﬁciency with 34 6
2 and 80 6 1 GFP-positive nuclei in the pharynx and the body
wall muscles, respectively (Figure 2B, Figure 3, O–Q, and
Table 1). As described above, using the nhr-82 promoter to
control FLP D5 expression leads to recombination in nuclei
that will later form part of the hypodermis. However, many
hypodermal nuclei are not derived from the seam cell lineage, so to target the hypodermis more broadly we tested the
dpy-7 promoter (Gilleard et al. 1997; Page and Johnstone
2007). All animals analyzed (n . 50) had very high density
of GFP-positive nuclei in the hypodermis, as well as in the
ventral nerve cord and in vulval cells (Figure 3, R–T and
Table 1). The expression of GFP in these latter cell types
suggests that Pdpy-7::FLP D5-mediated recombination happens

relatively early in development before the P cells migrate
and produce neurons and vulva precursor cells (Sulston and
Horvitz 1977). Moreover, we also observed partial recombination in a few polyploid intestinal cells in some animals
(1.4 6 2.2 nuclei, n = 50; arrow in Figure 3T). Finally, we
included the lag-2 promoter in our battery of FLP D5 lines to
explore the potential of the FLP/Frt system in the context of
a classical cell signaling pathway. LAG-2 is a ligand for GLP-1
and LIN-12 Notch-like receptors and is expressed in many
different cell types to inﬂuence the proliferation and differentiation of neighboring cells (Henderson et al. 1994;
Wilkinson et al. 1994; Greenwald 2005). In all Plag-2::FLP
D5 animals (n . 50), we observed a large number of GFPpositive nuclei, in particular in the somatic gonads including
the spermathecae and the distal tip cells (Figure 3, V and W
and Table 1).
Based on the results above, we conclude that single-copy
FLP D5 transgenes are highly efﬁcient and speciﬁc tools to
excise Frt-ﬂanked DNA fragments from the C. elegans genome.
Because the FLP D5 transgenes are integrated into the genome, they can easily be crossed to relevant Frt strains and
show complete stability during meiotic and mitotic divisions,
ensuring that all cells in individual animals and all animals in
a population carry the FLP D5 transgene.
Temporal control of leaky transcription

Some protocols utilize the basal or “leaky” transcription of the
hsp-16.41 promoter in noninduced conditions to achieve low
expression levels. This is typically the case in DNA adenine
methyltransferase (Dam)ID (identiﬁcation) experiments,
where low amounts of a chromatin-interacting protein fused
to Escherichia coli Dam are used to identify protein–DNA interactions (Gomez-Saldivar et al. 2016). This low expression
level is typically not detectable by ﬂuorescent reporters or
western blotting but is sufﬁcient to generate speciﬁc DamID
signals [Figure 1C, 0 hr post heat shock; see Figure S1 in
Gonzalez-Aguilera et al. (2014)]. However, because methylation marks made by Dam are stable in postmitotic cells,
DamID proﬁles obtained from old animals will represent
the sum of methylation accumulated since their cells were
born. Therefore, to determine protein–DNA interactions taking place in old animals, expression of the Dam fusion protein
should be completely avoided at earlier time points. To this
end, we tested if the hsp-16.41 promoter can be used to temporally control FLP-mediated recombination (Figure 4A). Using

confocal section [(I); adult vulva lateral view] or max projections [(J); vulva region, 8 confocal sections and (K); posterior gonad loop region; 15 confocal
sections]. Examples of body wall muscle (bwm), coelomocyte (cc), uterine muscle (um), and vulval muscle (vm) cells are indicated. (L–N) Pelt-2; L1 [(L);
projection of seven confocal sections] and L2 larvae [(M); projection of seven confocal sections, (N); single confocal section corresponding to boxed area
in (M); note weak GFP expression in the gonad primordium indicated by *]. (O and P) Pmyo-3; projection of seven confocal sections of L2 (O) and L4 (P)
larvae. (Q) Pmyo-2; projection of 12 confocal sections of adult head. (R–T) Pdpy-7; projection of 8 [(R); head lateral view] or 10 [(S); vulva lateral view]
confocal sections of L4 larva or single confocal section of L3 larva (T). Examples of vulva cells (vul) and ventral nerve cord neurons (VNC) are indicated.
Arrow points to intestinal cell that expresses both markers. (U) Pnhr-82; projection of four confocal sections of tail of young adult. Note that white nuclei
indicate simultaneous expression of mCh::HIS-58 and GFP::HIS-58. (V and W). Plag-2; projection of six confocal sections (V) or single confocal section (W)
of central region of young adult. Spermatheca (sp) and distal tip cell (DTC) are indicated. All micrographs are oriented with anterior to the left and
ventral down. Bar, 10 mm.

1772

C. Muñoz-Jiménez et al.

Figure 4 Temporal control of FLP recombination. Frt-ﬂanked cassettes can be efﬁciently excised by heat shock-induced FLP expression. (A)
Schematic representation of experimental setup
and (B) single confocal sections of adult heads.
The ﬁrst time the animals are heat shocked they
express mCh::HIS-58 and FLP. The FLP recombinase excises the mCh::his-58 cassette but efﬁcient expression of the downstream GFP::his-58
fusion gene requires a second heat shock, suggesting that recombination is completed after
the transient activation of the hsp-16.41 promoter ends. Bar, 10 mm. Chr, chromosome; mCh,
mCherry.

again the dual color reporter to evaluate recombination efﬁciency, we observed that an initial heat shock led to ubiquitous
and strong expression of mCh::HIS-58, whereas similar GFP::
HIS-58 expression was only observed after a second heat shock
(Figure 4B). These results demonstrate that recombination requires induction of the hsp-16.41 promoter to produce sufﬁcient
FLP enzyme and that, once this occurs, recombination is efﬁcient throughout the animal. We have implemented this system
to analyze nuclear organization in old animals and preliminary
data suggest both local and global changes when compared to
young animals (C. Muñoz-Jiménez and P. Askjaer, unpublished
data). Moreover, by substituting the hsp-16.41 promoter in the
Frt construct with a tissue-speciﬁc promoter, the system can
easily be adapted to stimulation within a target tissue using
heat shock (Figure 1B). For instance, if a BirA fusion gene is
inserted after the Frt-ﬂanked cassette, the system can be used
for spatiotemporal control of proximity-dependent biotin identiﬁcation (BioID) of protein interaction partners (Kim and Roux
2016). Whether the best conﬁguration to achieve spatiotemporal control is by expression of FLP from a tissue-speciﬁc promoter and the Frt construct from a heat-inducible promoter
or vice versa depends on the particular experiment. In the
former conﬁguration, potentially the entire cell lineage(s) in
which FLP has been transiently expressed will rapidly produce
a boost of temporal expression of the downstream gene upon

heat shock (Figure 1, A and C). In contrast, if the recombinase is
placed under control of the hsp-16.41 promoter, a heat shock
will induce expression of the downstream gene only in cells in
which the tissue-speciﬁc promoter is currently active and with a
time delay reﬂecting the kinetics of recombination (Figure 1, B
and D). Typically, the expression levels in the latter case will be
lower than the ones obtained with the induced hsp-16.41 promoter, although this will naturally depend on the particular
tissue-speciﬁc promoter.
Spatiotemporal control of cell ablation

Killing of speciﬁc cells or cell types represents an important
tool to understand their physiological role. Different systems
have been proposed to achieve temporal and/or spatial control, including expression of reconstituted caspases (Chelur
and Chalﬁe 2007), tetanus toxin (Davis et al. 2008), mini
Singlet Oxygen Generator (miniSOG; Qi et al. 2012; Xu and
Chisholm 2016), and histamine-gated chloride channels
(Pokala et al. 2014). Each of these methods has its advantages and drawbacks, and we reasoned that our collection of
stable FLP lines could potentially serve as an efﬁcient and fast
way to target a variety of speciﬁc tissues without the need of
multiple cloning steps or experience with optogenetic equipment. To test this, we used a cDNA encoding the PEEL-1 toxin
(Seidel et al. 2011) to replace the GFP::his-58 sequence
of our dual color reporter and inserted this construct as
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Figure 5 Spatiotemporal control of cell ablation.
(A) Schematic representation of FLP-regulated
peel-1 cell killing construct. Heat shock activation
of the construct produces mCh::HIS-58 in the absence of FLP and PEEL-1 toxin in cells positive for FLP
activity. (B) Locomotion of animals carrying the peel-1
construct alone or together with either Prgef-1::FLP
or Pmyo-3::FLP was quantiﬁed before (blue boxes) or
after heat shock (red boxes). Top and bottom of
boxes indicate the ﬁrst and third quartiles, respectively, whereas lines inside boxes correspond to the
medians; whiskers cover the 1.53 interquartile
range. (C) Strains carrying the peel-1 construct
alone (circles), or together with either Ptph-1::FLP (triangles) or Pmec-7::FLP (crosses), were observed for
mechanosensation defects (Mec) in the absence of
(blue symbols) or after heat shock (red symbols).
Shown are the percentages of Mec animals in three
to nine independent experiments; numbers in
brackets indicate the total number of animals evaluated for each condition; and black horizontal lines
represent the means. P values were obtained
through Mann–Whitney–Wilcoxon (B) and Fisher’s
exact (C) tests, indicating that heat-induced ablation
of neurons (Prgef-1::FLP), body wall muscles (Pmyo-3::
FLP), or mechanosensory neurons (Pmec-7::FLP) induce Unc or Mec phenotypes. Chr, chromosome;
mCh, mCherry.

single-copy transgene on chromosome II (Figure 5A). We ﬁrst
crossed the peel-1 line to the Prgef-1::FLP D5 and Pmyo-3::FLP
D5 lines to broadly target neurons and muscles, respectively.
For unbiased assessment of locomotion, we transferred the
animals to liquid media and quantiﬁed the number of body
bends per second using the wrMTrck software (NussbaumKrammer et al. 2015). In the absence of heat shock all lines
behaved like wild-type animals, indicating that leaky expression of PEEL-1 in neurons or muscles has no obvious consequence (blue boxes in Figure 5B; video in File S2 and File S3).
In contrast, when PEEL-1 expression was induced in muscles,
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all animals became uncoordinated (Unc phenotype) and
were paralyzed within 2 hr (video in File S4). Although the
penetrance was less severe, peel-1 Prgef-1::FLP D5 animals
(video in File S5) had a signiﬁcant Unc phenotype, whereas
the heat shock did not affect peel-1 animals in the absence of
FLP recombinase (red boxes in Figure 5B).
Next, we tested the cell ablation system in speciﬁc neuronal
subtypes using the tph-1 and mec-7 promoters. As described
above, mec-7 is expressed in mechanosensory neurons and
mec-7 mutants have Mec phenotypes (Mitani et al. 1993). In
concordance with this, we observed 87 6 12% Mec animals

Figure 6 Tissue-speciﬁc inhibition of gene expression.
(A) Schematic representation of experimental design
and (B) single confocal sections of anterior part of intestine in L4 larvae. The endogenous baf-1 locus was
modiﬁed by insertion of a GFP KO cassette immediately
upstream of the coding region. The GFP KO cassette
contains Frt sites in the ﬁrst and second intron [indicated as g . f . p in (B)]: these sites do not interfere
with pre-mRNA splicing and, in the absence of FLP, the
locus expresses GFP::BAF-1. In cells expressing FLP, GFP
exon 2 is excised and the spliced mRNA contains a premature termination codon (red TAA), which triggers
nonsense-mediated mRNA decay. (B) The left animal
expresses GFP::BAF-1 in all cells, whereas the right animal lack expression in intestinal cells due to the speciﬁc
expression of FLP in this tissue. Nuclei of different tissues are indicated: ph: pharynx; int: intestine; bwm:
body wall muscle nuclei; germ: germ line. An asterisk
indicates an enlarged intestinal lumen surrounded by
abnormally thin cellular processes. Bar, 10 mm. Chr,
chromosome; KO, knockout.

in heat-shocked peel-1 Pmec-7::FLP D5 animals (n = 79),
whereas FLP expression in serotonin-producing neurons
(from the tph-1 promoter) did not affect mechanosensation
(red symbols Figure 5C). As expected, in the absence of heat
shock, the expression of the recombinase in any of the two
neuronal subtypes did not produce Mec phenotypes (P = 0.25–
0.48 by Fisher’s exact test) (blue symbols in Figure 5C). Mutation of tph-1 interferes with egg laying (Sze et al. 2000) and
peel-1 Ptph-1::FLP D5 animals produced fewer eggs per hour than
peel-1 animals after heat shock (P = 0.02 by unpaired, twosided t-test; Figure S4). However, the transgene Ptph-1::FLP D5
reduced egg laying also without heat shock (P = 0.003), which
could reﬂect that the serotonin-producing neurons are potentially already affected by the leaky expression of PEEL-1 from
the hsp-16.41 promoter (Figure S4). In conclusion, the tools
developed here to induce killing of cells in a spatiotemporal
manner produce, in most cases, the expected behavioral phenotypes. More detailed microscopy studies are required to determine the precise damage at the tissue level, and future
experiments under comparable conditions are needed to determine which effector (e.g., PEEL-1, tetanus toxin, caspases, and
histamine-gated chloride channels, etc.) might be most suitable
for recombination-driven cell ablation.
Tissue-speciﬁc gene disruption by combined FLP and
CRISPR tools

The development of CRISPR/Cas9 methods to precisely engineer the genome has revolutionized genetics experiments in
a wide range of organisms, including C. elegans (Dickinson

and Goldstein 2016). We decided to explore the combination
of CRISPR and FLP-based recombination to interfere with
gene expression in speciﬁc cells. As a proof-of-principle, we
modiﬁed the endogenous baf-1 locus. BAF-1 is a small chromatinbinding protein that is essential for nuclear envelope assembly
(Gorjanacz et al. 2007). Homozygous baf-1 mutants complete
embryogenesis thanks to maternally contributed protein but arrest as larvae with defects in multiple tissues, whereas BAF-1depleted embryos die during early embryogenesis (Gorjanacz
et al. 2007; Margalit et al. 2007). We ﬁrst generated a SapTrapcompatible (Schwartz and Jorgensen 2016) GFP KO cassette containing Frt sites in introns 1 and 2 (indicated as g . f . p in
genotype descriptions). The two Frt sites are separated by 205 bp,
which should be compatible with optimal recombination efﬁciency (Ringrose et al. 1999). When expressed in C. elegans cells
without FLP activity, the introns are removed from the primary
transcript by splicing and the processed mRNA will encode GFP::
BAF-1, which localizes to the nuclear envelope (Figure 6A; “Other
tissues”). In contrast, in the presence of FLP, the second GFP exon
is excised by recombination between the two Frt sites, which
causes a reading frame shift in the third GFP exon and the appearance of a premature termination codon (PTC; Figure 6A;
“Intestine”). This will most likely lead to degradation of the
aberrant GFP::baf-1 transcript by nonsense-mediated mRNA
decay, which is highly efﬁcient in C. elegans (Zahler 2012).
Even if a few mRNA molecules escape decay, expression of
baf-1 downstream of the PTC would require that ribosomes
are not released at the PTC but instead reinitiate translation
(He and Jacobson 2015).
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Animals homozygous for the GFP KO cassette in the baf-1
locus did not show any obvious phenotypes and a bright
ﬂuorescent signal was detected at the periphery of nuclei
throughout the body at all developmental stages (Figure 6B
left and data not shown). However, when crossed with the
Pelt-2::FLP D5 line, the intestine showed clear signs of atrophy
and lack of GFP expression, whereas other tissues as expected
expressed GFP::BAF-1 (Figure 6B right). Concordantly, animals were sick with reduced body size and slow movements.
A more detailed characterization of the role of BAF-1 in the
development and/or maintenance of the intestine goes beyond the scope of this study, but our data clearly demonstrate
the potential of this new collection of FLP lines to address
gene function in speciﬁc tissues. We have focused on an example with insertion of the GFP KO cassette into an endogenous locus, but the same strategy can easily be adapted for
generation of Frt-ﬂanked transgenes for MosSCI into the genome, as has recently been demonstrated for the Cre/lox
system (Flavell et al. 2013; Ruijtenberg and van den Heuvel
2015). In the example presented here, we inserted the GFP
KO cassette at the translational start codon and, as explained
above, this is likely to efﬁciently prevent synthesis of the
tagged proteins in FLP-expressing cells. We are currently
testing the efﬁciency of conditionally controlling expression
of loci in which the GFP KO cassette, or a novel red variant
(wrmScarlet; El Mouridi et al. 2017) KO cassette, is inserted
immediately in front of the endogenous translational termination codon. We expect that the mRNA produced in FLPexpressing cells will be unstable due to the presence of a
premature termination codon speciﬁcally in these cells, but
this needs to be tested empirically.
Conclusions

We have provided quantitative evidence that stable FLP lines
can drive speciﬁc and efﬁcient recombination between Frt
sites in multiple cell types in C. elegans. Because the FLP
transgenes are integrated into a known locus in the genome,
genetic crosses to different Frt-ﬂanked constructs are
straightforward. We plan to expand the collection of FLP
lines in the future and we hope that other members of the
community will participate to increase the number of speciﬁc
cell types amenable to FLP-mediated recombination. Sitespeciﬁc recombination can be utilized in many experimental
strategies [see Hubbard (2014) for a comprehensive review]
and the FLP lines reported here can easily be combined with
existing tools for tissue-speciﬁc GFP tagging (Schwartz and
Jorgensen 2016) or expression of RNAi hairpins (Voutev and
Hubbard 2008). We have demonstrated that the FLP system
can be used tissue-speciﬁcally to knock out gene function or
ablate cells. Our GFP KO cassette is compatible with the efﬁcient SapTrap protocol for preparation of repair templates for
genome engineering (Schwartz and Jorgensen 2016) and
can therefore be readily applied to other loci. Finally, we
envision that other advances in CRISPR technology will further facilitate the insertion of Frt sites into endogenous loci to
make them controllable by FLP.
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Active chromatin marks drive spatial sequestration
of heterochromatin in C. elegans nuclei
Daphne S. Cabianca1, Celia Muñoz-Jiménez2, Véronique Kalck1, Dimos Gaidatzis1,3, Jan Padeken1, Andrew Seeber1,4,5,
Peter Askjaer2 & Susan M. Gasser1,4*

The execution of developmental programs of gene expression
requires an accurate partitioning of the genome into subnuclear
compartments, with active euchromatin enriched centrally and
silent heterochromatin at the nuclear periphery1. The existence
of degenerative diseases linked to lamin A mutations suggests
that perinuclear binding of chromatin contributes to cell-type
integrity2,3. The methylation of lysine 9 of histone H3 (H3K9me)
characterizes heterochromatin and mediates both transcriptional
repression and chromatin anchoring at the inner nuclear
membrane4. In Caenorhabditis elegans embryos, chromodomain
protein CEC-4 bound to the inner nuclear membrane tethers
heterochromatin through H3K9me3,5, whereas in differentiated
tissues, a second heterochromatin-sequestering pathway is induced.
Here we use an RNA interference screen in the cec-4 background and
identify MRG-1 as a broadly expressed factor that is necessary for
this second chromatin anchor in intestinal cells. However, MRG-1 is
exclusively bound to euchromatin, suggesting that it acts indirectly.
Heterochromatin detachment in double mrg-1; cec-4 mutants is
rescued by depleting the histone acetyltransferase CBP-1/p300
or the transcription factor ATF-8, a member of the bZIP family
(which is known to recruit CBP/p300). Overexpression of CBP-1
in cec-4 mutants is sufficient to delocalize heterochromatin
in an ATF-8-dependent manner. CBP-1 and H3K27ac levels
increase in heterochromatin upon mrg-1 knockdown, coincident
with delocalization. This suggests that the spatial organization of
chromatin in C. elegans is regulated both by the direct perinuclear
attachment of silent chromatin, and by an active retention of
CBP-1/p300 in euchromatin. The two pathways contribute
differentially in embryos and larval tissues, with CBP-1
sequestration by MRG-1 having a major role in differentiated cells.
To identify H3K9me-independent pathway(s) for heterochromatin
segregation at the nuclear envelope in differentiated cells, we screened
an RNA interference (RNAi) library of 97 candidates for compromised
positioning of a heterochromatic reporter in C. elegans larvae that lack
CEC-4, the H3K9me anchor. The candidates were selected on the basis
of their inner nuclear membrane (INM) localization or their ability
to bind or modify histones. Our heterochromatic reporter (gwIs4,
Fig. 1a) is a well-characterized, stably integrated array that is sequestered at the INM and bears the repressive marks H3K9me2, H3K9me3
and H3K27me3, and lacks H3K4me35,6. The low-level expression of
a GFP–LacI fusion protein from the array enables visualization of
heterochromatin relative to a fluorescently marked INM (Fig. 1a). We
score position by acquiring a stack of confocal images and measuring the position of the GFP-tagged array relative to the INM in the
plane in which it is brightest7. INM-to-locus distances are binned into
three zones, so that 33% of the signal in each zone represents a random
distribution (Fig. 1b). Even in cells that lack H3K9 methylation or its
membrane-anchored reader, CEC-4 (met-2 set-25 or cec-4 mutants),
the heterochromatic reporter was significantly enriched in the most
peripheral zone of differentiated intestine and hypoderm cells (Fig. 1c).
1

We monitored changes in array localization in 20 mononucleated cells that were clonally derived from a single blastomere of the
eight-cell embryo8 to form the intestine of C. elegans L1 larvae. In the
four posterior intestinal cells of wild-type larvae, the gwIs4 reporter was
anchored less efficiently than in other intestine cells (Extended Data
Fig. 1a). A similar pattern was scored for a marker of facultative heterochromatin; that is, a low-copy insert, gwIs42, which carries a silent
neuron-specific promoter that shifts to the INM only after differentiation6 (Extended Data Fig. 1b). Thus, both constitutive and facultative
heterochromatin reporters show peripheral sequestration in all
intestinal cell nuclei, although efficiency varies among tissue
subcompartments.
Our screen yielded two hits, mrg-1 and akap-1, the downregulation
of which in a cec-4 mutant background delocalized heterochromatin
(Fig. 1d). The four anteriormost cells were more strongly affected than
the mid-intestine cells. Depletion of MRG-1 gave the same strong delocalization in the met-2 set-25 strain, which lacks all H3K9 methylation5
(Fig. 1e). Thus, MRG-1 functions independently of CEC-4–H3K9me
to promote the perinuclear anchoring of heterochromatin in differentiated intestine cells.
We confirmed the RNAi results by scoring reporter position in
L1 larvae that bear either mrg-1 deletion or the double mrg-1; cec-4
deletions. The latter showed complete array detachment in anterior
and posterior gut cells, and significant release in mid-gut (Fig. 1f,
Extended Data Fig. 1c). Positioning data in intestinal cells, combined
in a weighted average, were compared with reporter position in hypoderm nuclei. Delocalization in both tissues was observed upon loss of
both MRG-1 and CEC-4, although the effect was stronger in intestine
(Fig. 1g).
We extended our positional analysis to endogenous sequences in
intestine cells by genome-wide emerin (EMR-1) DNA adenine methyltransferase identification (DamID). EMR-1 is a conserved INM
protein that contacts perinuclear chromatin9. EMR-1 was fused to
the Escherichia coli DNA adenine methyltransferase (Dam) and
expressed exclusively in worm intestine by means of a FLP–FRT
system10 (Extended Data Fig. 2a), enabling INM-bound DNA to be
marked by adenine methylation on GATC motifs9. Consistent with
earlier results5,9,11, we found gene-poor, heterochromatin-rich chromosome arms associated with the INM in wild-type intestinal nuclei,
whereas euchromatic, gene-rich domains did not associate with the
INM (Fig. 1h–j, Extended Data Fig. 2c, d). Loss of either mrg-1 or cec-4
partially compromised the spatial separation of autosomal arms and
centres, whereas the double depletion almost fully compromised the
segregation of chromosome centres and arms (Fig. 1h); in particular,
the autosomal arms that carry the meiotic pairing centre were released
from the INM (Fig. 1h–k, Extended Data Fig. 2c, d). We conclude that
endogenous heterochromatin, similar to the array, shifts away from
the INM in intestinal cells of mrg-1; cec-4 mutants. CEC-4 functions
weakly in differentiated cells, whereas MRG-1 regulates an H3K9meindependent heterochromatin-anchoring pathway.

Friedrich Miescher Institute for Biomedical Research, Basel, Switzerland. 2Andalusian Center for Developmental Biology (CABD), Consejo Superior de Investigaciones Científicas,
Universidad Pablo de Olavide, Seville, Spain. 3Swiss Institute of Bioinformatics, Basel, Switzerland. 4Faculty of Natural Sciences, University of Basel, Basel, Switzerland. 5Present address: Center for
Advanced Imaging, Harvard University, Cambridge, MA, USA. *e-mail: susan.gasser@fmi.ch
7 3 4 | N A T U RE | V O L 5 6 9 | 3 0 M A Y 2 0 1 9

Letter RESEARCH

RFP

80

***

60
40
20

***

60
40
20

0
RNAi:

40
20

0
Zone:

Ant intestine

100

1
WT

2
3
met-2 set-25

Mid intestine

1
cec-4

g

Post intestine

***

***

80

***
***

40

cec-4

mrg-1

**

† ††
*** #

log2(EMR−1/GFP)

4

***

††

##

†††

*** ***

*

* *

2
0
–2

–6

6

***

4

***

***

Left arm w/ PC

4

WT

Left arm w/ PC

Right arm w/o PC

20

0
RNAi:

L1

Mid intestine

100

*

80
60

Posterior

40
20

0
RNAi:

cec-4 background

Centre

Right arm w/o PC

mrg-1 (RNAi); cec-4

0

−4

2

100 kb bins
0

0

k

2
4
6
8
10
12
Chromosome III genomic position (×106)

14

EMR-1
Dam

–6 10-kb bins
Centre

40

2

–4
10-kb bins

60

−2

–2

–4

***
***

80

j

All autosomes
Control
mrg-1 (RNAi); cec-4

mrg-1 (RNAi); cec-4

*

***

n=
144
n224
=

0

mrg-1; cec-4

log2(EMR−1/GFP)

#

i

log2(EMR−1/GFP)

Control
6

**

20

WT

Co
nt
m rol
rg
-1

Chromosome III
mrg-1 (RNAi) cec-4

100

40

20

Ant intestine

100

cec-4 background
Hypoderm Intestine

60

met-2 set-25 background

h

2
3
met-2 set-25; cec-4

80

60

0

d

60

f

Mid intestine

80

Co

0
RNAi:

100

gwIs4 foci i n zone 1 (%)

Ant intestine

nt
m rol
rg
-1

gwIs4 foci i n zone 1 (%)

100

gwIs4 foci i n zone 1 (%)

EMR–1-mCherry

e

3 zones
equal
surface in
single plane

12 3

Non-muscle
nucleus

gwIs4

***

nt
m rol
r
ak g-1
ap
-1

gwIs4
myo-3p

L1 hypoderm

***

Co

n ≈ 280

L1 intestine

80

nt
m rol
r
ak g - 1
ap
-1

lacO

100

Co

Nuclear 3D
focal stack

gwIs4 foci i n zone 1
(%)

baf-1p

c

Zoning assay

gwIs4 foci i n zone 1 (%)

GFP La cI

gwIs4 foci in zone 1 (%)
m
rg
-1
;c W
ec T
-4
m
rg
-1
;c W
ec T
-4

b

Heterochromatic reporter

gwIs4 foci (%)

a

Lamin

Arm w/ PC Centre Arm w/o PC

Autosome (WT)

Fig. 1 | MRG-1 functions redundantly with CEC-4–H3K9me to anchor
heterochromatin in intestine. a, Schematic of the gwIs4 heterochromatic
reporter. b, Zoning assay for reporter distribution. Radial spot position
relative to fluorescently tagged INM. Rim-to-spot ratios are binned into
three concentric zones of equal surface. Zone 1 is the most peripheral.
c, Reporter distribution, as in b, in intestine and hypoderm of L1 larvae
of indicated genotypes. Red dashed line indicates a random distribution.
χ2 test confirms nonrandomness. ***P < 0.001. Exact P values, number
of foci scored and strains are shown in Supplementary Table 1. WT,
wild type. d, Mean gwIs4 distribution in zone 1 as in b in indicated
intestine compartments of cec-4 L1 larvae after indicated RNAi. Dots
show three independent biological replicates. Ant, anterior. e, Same as
d, but in met-2 set-25 mutant. f, Reporter distribution in zone 1 in the
indicated compartments and genotypes. g, Same as f, but in hypoderm
and intestine of the indicated genotype. Whole-intestine values were
pooled in proportion to their relative abundance. For d–g, each sample

was compared pairwise to control RNAi or wild type by χ2 test. *P < 0.05,
**P < 0.01 and P < 0.001; P, n values and strains as in b. h, Box plots show
contact frequency of endogenous chromatin (chrIII) to EMR-1–Dam,
normalized to GFP–Dam. The median is shown as a thick line; box limits
are 25th and 75th percentiles; whiskers denote 1.5 times the interquartile
range. ChrIII arms and centre were determined as previously described9.
Signals were averaged over 10-kb windows of 3 biological replicates (2 for
mrg-1 single depletion). Two-sided Wilcoxon rank-sum tests *P < 0.01,
P < 0.0001 and P < 10−10, respectively, versus wild type. Significance
versus mrg-1 RNAi or cec-4 is shown as † or #, respectively. For exact
P values, n (genomic reads) and strains, see Supplementary Table 2.
i, Same as h, but combining signals from all autosomes. Arms are grouped
by presence (w/) or absence (w/o) of a pairing centre (PC). j, Line plot of
chrIII data as in h, but over 100-kb windows. k, Sketch of the chromosome
position described by j.

MRG-1 is the worm homologue of chromodomain proteins Eaf3
(yeast) and MRG15 (human)12. MRG-1 homologues have been mapped
to euchromatic regions that bear histone H3 methylated on lysine 3613–15.
There, they regulate levels of histone acetylation within transcribed
genes through the histone acetyltransferase (HAT) complex NuA4–
TIP60 and the histone deacetylase (HDAC) complex RPD3–Sin313,16,17.
Given that H3K36me2 and H3K36me3 (hereafter H3K36me2/me3) are
established markers of active domains in other species, we examined
its binding across the worm genome.
Histone distribution following MRG-1 chromatin immunoprecipitation (ChIP) was compared with the distribution of histone marks
mapped by the modENCODE consortium18. MRG-1 is highly enriched
in euchromatin, correlating positively with H3K36me2/me3 marked
chromatin and anti-correlating with H3K27me3 and H3K9me3
(Fig. 2a). Fluorescently tagged MRG-1, expressed from its endogenous
locus as a single-copy integrant, was excluded from the GFP-tagged
heterochromatin reporter (Fig. 2b), which implies that mrg-1 influences
heterochromatin positioning indirectly.
To determine whether loss of histone H3K36 methylation mimics
mrg-1 ablation, we first verified the specificity of two H3K36-targeting
histone methyltransferases (HMTs) in C. elegans, MET-1 and MES-4.
We performed quantitative mass spectrometry of histones in wildtype and met-1-null larvae, treated or not with mes-4 RNAi. The
met-1 mutation alone reduced H3K36me3 by 95%, whereas RNAi for

mes-4 reduced H3K36me1, H3K36me2 and H3K36me3 by 55%,
74% and 60%, respectively (Extended Data Fig. 3a). The met-1;
mes-4 double depletion resulted in no detectable H3K36me3, and
only residual levels of H3K36me2, probably as a result of incomplete mes-4 RNAi. H3K36me2 was undetectable by immunostaining
in the met-1; mes-4 double mutant (Extended Data Fig. 3b), which
confirms that MET-1 and MES-4 are the major H3K36 HMTs in
C. elegans.
We then used the gwIs4 reporter as a quantitative measure of
the position of the heterochromatic array in all combinations of met-1,
mes-4 and cec-4 mutants. Recapitulating mrg-1 loss, combining
mes-4 and met-1 with cec-4 led to the complete displacement of the
gwIs4 reporter in anterior and posterior intestinal nuclei. Mid-gut
nuclei showed significant, but partial, release (Extended Data Fig. 3c, d).
Partial delocalization was scored in hypodermal nuclei (Extended Data
Fig. 3e). Thus, similar to MRG-1, euchromatic H3K36me2/me3 modification is needed for heterochromatin positioning in differentiated
nuclei.
Previous work had shown that mes-4 RNAi, similar to mrg-1 RNAi,
triggers transcriptional derepression of heterochromatic arrays in C.
elegans embryos5 (Extended Data Fig. 4a), but array transcription did
not lead to internalization (Extended Data Fig. 4b, c). On closer inspection, we found the array unfolded along the INM in mrg-1 embryos,
consistent with chromatin decompaction (Extended Data Fig. 4d, e),
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and on ablation of both mrg-1 and cec-4, the array regained a spherical shape and was released from the INM (Extended Data Fig. 4b–e).
Thus, even in embryos, mrg-1 ablation triggers array unfolding and
derepression, but a strong CEC-4–H3K9me anchoring pathway blocks
its delocalization.
Because reporter derepression was also observed in L1 larval tissues
of mrg-1 and/or met-1 mes-4 strains (Extended Data Fig. 4f), we next
examined the status of endogenous gene expression in these mutant
larvae (Fig. 3a, b). RNA sequencing (RNA-seq) analysis showed that
411 genes were significantly upregulated and 24 genes were downregulated in mrg-1 mutants (Fig. 3a), whereas 364 genes were upregulated
and 51 genes were downregulated on depletion of met-1 and mes-4
(Fig. 3b). The overlap of genes affected was significant (P < 10−16),
including 69 robustly upregulated genes (Fig. 3c).
We characterized the genes derepressed by either mutant by looking at their expression levels and chromatin features in wild-type
larvae. Figure 3d compares the expression level of the genes with
histone mark enrichment; loci were colour-coded, with genes sensitive to mrg-1 in green (class 1), genes sensitive to H3K36me in
red (class 2) and genes sensitive to both in blue (class 3). Of note,
most genes affected by mrg-1 and H3K36me depletion were silent in
wild-type nuclei, and were specifically enriched for H3K27me3 and
H3K9me3, lacking active marks (Fig. 3d, Extended Data Fig. 4g).
Thus, silent domains are indirectly delocalized and derepressed on
loss of MRG-1–H3K36me.
Others have shown that the polycomb repressive complex 2 (PRC2)mediated H3K27me3 is mutually exclusive with H3K36me319, and that
H3K36me3 can antagonize H3K27me320–22. We therefore investigated
whether the positioning defect triggered by MRG-1 or H3K36me2/me3
depletion stems from altered H3K27me3 distribution. However, even
in combination with cec-4, the loss of the EZH2 homologue MES-2
did not lead to altered reporter localization in anterior and mid-gut
cells, although it affected the four posterior cells (Fig. 3e). Notably,
ChIP showed no major change in H3K27me3 levels in L1 larvae on
selected class 3 genes following mrg-1 depletion23 (Fig. 3, Extended
Data Fig. 4h); thus heterochromatin delocalization in mrg-1 worms
does not reflect reduced H3K27me3.
We examined whether other heterochromatic marks, such as
H3K9me2/me3 or H4K20me2/me3, or their HMTs, were involved.
However, loss of HMTs (set-424 and met-2 set-25), did not alter
array anchoring (Fig. 3f). We conclude that MRG-1–H3K36me

ablation does not act through these well-known heterochromatin
modifiers.
In all species, MRG-1 homologues23 participate in complexes
that contain HAT or HDAC enzymes. The release of these enzymes
from euchromatic domains could perturb heterochromatin, as was
recently suggested for fission yeast25, in turn affecting localization.
We examined whether the effect of mrg-1 ablation depends on a HAT
or HDAC by downregulating C. elegans HATs, HAT-related factors
and HDACs in mrg-1; cec-4 L1 larvae, and monitoring restored perinuclear array position. No HDACs RNAi altered the internal gwIs4
position in the mrg-1; cec-4 strain (Extended Data Fig. 5a). By contrast,
RNAi against HAT enzymes identified the CBP-related factor
cbp-3 as necessary for array delocalization in mrg-1; cec-4 L1 intestine
(Fig. 4a).
CBP-3 is a truncated version of CBP-1 (Extended Data Fig. 5b), the
main CBP/p300 homologue in worms. Given that complete CBP-1
depletion was lethal, it was not included in the original panel of RNAi
probes. We tested cbp-1 RNAi at reduced efficiency, which led to a
partial—but significant—restoration of perinuclear positioning for the
reporter in mrg-1; cec-4 larvae (Fig. 4b). Notably, there was no effect
of cbp-3 or cbp-1 RNAi if the mrg-1 allele was intact (Extended Data
Fig. 5c). This suggests that MRG-1 loss enables HAT CBP-1 to bind
heterochromatin and shift it away from the INM. CBP-1 access to heterochromatin could also account for the decompaction and derepression observed in mrg-1 embryos (Extended Data Fig. 4a–e).
Our model suggests that CBP-1 levels are limiting under normal
conditions. We tested this by overexpressing cbp-1 in intestine cells
and scoring for array position. Indeed, CBP-1 overexpression was
sufficient to release the heterochromatic reporter, but only if the
CEC-4–H3K9me-anchor was ablated (Fig. 4c, d), similar to mrg1 depletion. CBP-1 overexpression was equally efficient under all
conditions (Extended Data Fig. 5d, e).
CBP/p300 HATs are transcriptional co-regulators that interact with
various transcription factors26. To determine whether transcription
factors are involved in heterochromatin delocalization, we analysed
the promoters of the heterochromatic class 3 genes that were upregulated in the mrg-1 mutant and H3K36me-depleted larvae (Fig. 3c).
Concomitant with their derepression, these genes shifted away from
the INM on mrg-1 depletion (Fig. 4e), whereas a control set of heterochromatic genes were insensitive to mrg-1. Moreover, mrg-1-sensitive promoters showed enrichment for a C/EBP transcription factor
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Fig. 3 | Loss of MRG-1 and H3K36me2/me3 derepresses endogenous
heterochromatin. a, Scatter plot comparing expression in wild type
(N2) to mrg-1 mutant (strain XA6227) L1 larvae. Upregulated genes are
in purple, downregulated genes are in blue. Significant transcript level
changes were scored by EdgeR34 with a false discovery rate <0.01 and a
blocking factor for the batches. b, As a, but comparing L1 larvae of wildtype (N2) worms under control RNAi to met-1; mes-4 (RNAi), strain
GW1183, with a 2.5-fold expression-change linear cut-off. c, Scatter plot
comparing changes in expression from a and b. Genes upregulated in
mrg-1 only (class 1, green), in met-1; mes-4 (RNAi) (class 2, red) and in
both (class 3, blue). d, Scatter plots compare gene expression in wild-

type (N2) L1 larvae (x axis) to the enrichment for the indicated histone
mark (y axis) with the classes of upregulated genes colour-coded as in c.
Class 1 genes are enriched for Gene Ontology (GO) categories ‘defence
response’, ‘immune response’ and ‘response to stress’, whereas class 2 and
3 genes show no enrichment. e, gwIs4 reporter distribution in zone 1 in
different intestine compartments of indicated genotypes. Each sample
was compared pairwise to cec-4 mutants by χ2 test. *P < 0.05, **P < 0.01
and ***P < 0.001. NS, not significant. Exact P values, n (foci scored) and
strains are listed in Supplementary Table 1. f, Same as e, but comparing
set-4; met-2 set-25 to met-2 set-25. Each sample was compared pairwise to
met-2 set-25 mutants by χ2 test.

consensus motif27 (Fig. 4f), and the same motif was found in the baf-1
promoter on the gwIs4 array reporter. This suggested that there may be
a common pathway for endogenous and array delocalization (Extended
Data Fig. 5f, g).
C/EBPs belong to the bZIP transcription factor family, which is
known to recruit CBP/p300 to target genes28,29 by binding closely
related motifs. To test whether C/EBP transcription factors are
necessary for detachment, we performed RNAi for 10 of the
11 C. elegans C/EBP family members individually, monitoring for
restored reporter positioning at the INM. Loss of ATF-8—similar
to depletion of cbp-1—restored perinuclear array localization in
mrg-1; cec-4 mutants (Fig. 4g), but array position was unchanged
upon ATF-8 ablation in MRG-1 wild-type larvae (Extended Data
Fig. 5c). ATF-8 was also needed for the heterochromatin detachment observed upon CBP-1 overexpression (Fig. 4h). This suggests
a mechanism through which CBP-1 can be recruited to heterochromatic loci by ATF-8 when MRG-1 is lost or CBP-1 is overexpressed.
As with many bZIP factors, ATF-8 is predicted to heterodimerize
with two related transcription factors, ZIP-7 and CES-230 (Extended
Data Fig. 5h). Consistently, the ablation of either of these related
factors also partially restored anchoring in mrg-1; cec-4 mutants
(Fig. 4g).

MRG-1–H3K36me and H3K27ac colocalize on euchromatic
domains genome-wide (Extended Data Fig. 5i). This suggests that upon
loss of MRG-1, CBP-1 may be released from euchromatin and be mistargeted to heterochromatin. To confirm this, we performed ChIP for
a functional, endogenously Flag-tagged CBP-1 in L1 larvae following
mrg-1 RNAi. We scored increased CBP-1 binding at selected class 3
promoters and on the gwIs4 baf-1 promoter (Fig. 4i). Consistent with
the observation that CBP/p300 acetylates H3K2731,32, we also scored
an increase of H3K27ac at the array-borne baf-1 promoter and on the
class 3 promoter bearing three C/EBP motifs, upon mrg-1 ablation
(Fig. 4j). However, we did not score significant CBP-1 nor H3K27ac
depletion from a euchromatic promoter after mrg-1 RNAi (Fig. 4i, j),
consistent with the small number of genes downregulated under these
conditions. In conclusion, the loss of MRG-1 led to the gain of CBP/
p300 HAT function in silent domains, driving their mislocalization
and derepression.
Our results show that the internal sequestration of a gene-activating,
H3K27ac HAT, CBP/p300, is crucial for the correct segregation of
heterochromatic chromatin. This result in worms is a parallel to findings in mammalian cell nuclei, which show that CBP/p300 is limiting
in abundance and that transactivating factors complete for its presence33. Unsurprisingly, the perturbation of this equilibrium by altered
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of the indicated gene or control. Dots show independent biological
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of transcription factor motifs in promoters of class 3 genes (Fig. 3c)
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levels of transcription factors or by elevated CBP activation can trigger
heterochromatin misorganization and disease33.
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Methods

Data reporting. No statistical methods were used to predetermine sample size. The
experiments were not randomized. The investigators were not blinded to allocation
during experiments and outcome assessment.
Constructs and strains. All worm strains used are listed in Supplementary Table
3. For the MRG-1–mCherry fusion construct, mrg-1 mRNA was amplified from
N2 worm cDNA and fused by PCR to mCherry, which contained introns. mrg-1
promoter and 3′ UTR were amplified from N2 genomic DNA. The final plasmid
construct was generated by MultiSite Gateway cloning (Invitrogen). The strain
expressing MRG-1–mCherry was made using the MosSCI technique35 and outcrossed twice to N2 wild-type strain. The transgene was inserted into ttTi5605 on
Chr II. Plasmids pBN181 and pBN209 for tissue-specific expression of GFP::Dam
or Dam::EMR-1 were made by subcloning appropriate fragments from pBN67
and pBN799, respectively, into pBN15410 and inserted into ttTi5605 on Chr II
by MosSCI. The mrg-1(tm1227) strain was received from CGC and outcrossed
ten times.
Worms were grown on NGM plates and fed OP50 bacteria, except for RNAi
and emerin (EMR-1)-DamID experiments. For microscopy experiments, growth
was at 22.5 °C, with the exception of the strains overexpressing CBP-1 and the
corresponding control strains, which were grown at 20 °C. For RNA analysis, mass
spectrometry, ChIP and DamID, growth was at 20 °C. Because mrg-1 and mes-4
mutants have maternal effects, in every experiment indicating the use of these
mutants, we examined homozygous mutant progenies deriving from homozygous
mutant mothers.
RNAi. RNAi was performed by placing an isolated population of L1 larvae on
feeding plates (except for cbp-1 RNAi, for which young adults were used) as
previously described36. The progeny of this population was scored for phenotypes.
All RNAi bacteria clones used were sequenced to confirm target specificity. As a
mock RNAi control, the L4440 vector (Fire vector library) was modified by removing an EcoRV fragment containing 25 bp identical to GFP–LacI.
Microscopy. Microscopy was carried out on spinning disk multipoint confocal microscopes: (1) AxioImager M1 (Carl Zeiss) with Yokogawa CSU-22 scan
head, Plan-Neofluar 100×/1.45 NA oil objective, EM-CCD camera (Cascade
II; Photometrics), and MetaMorph v.7.7.2 software; (2) Olympus IX81 with
Yokogawa CSU-X1 scan head, PlanApo 100×/1.45 TIRFM objective, 2X Backilluminated EM-CCD EvolveDelta (Photometrics) and VisiView v.4.1.0.6 software;
or (3) AxioImager M1 with Yokogawa CSU-X1 scan head, A plan-NEOFLUAR
100×/1.45 oil, Rolera Thunder Back Illuminated EM-CCD (Q Imaging) and
VisiView v.4.1.0.6. GFP and mCherry flurophores were excited using a Toptica
iBeamSmart 491-nm and 561-nm lasers. For live microscopy, plates were washed
twice with M9 to remove adults and larvae and leave only eggs. L1s were allowed
to hatch for 3–5 h and collected with an M9 wash. Samples were prepared as previously described6. For imaging embryos, samples were prepared as previously
described3.
Single-plane (maximum intensity Z projections) images and analysis were
generated using Fiji/ImageJ software37. Quantification of gwIs4 and gwIs42
reporter distribution (zoning assay) on focal stacks of images was done with
plugin PointPicker (http://bigwww.epfl.ch/ thevenaz/pointpicker/) as previously
described7. The position of the GFP-tagged heterochromatin array is determined
relative to the diameter of the nucleus in the plane of focus, after decapping the
uppermost and lowermost focal sections, which have poor resolution. The ratios
are binned into three zones of equal surface such that 33% in any one zone is
indistinguishable from a random distribution6,7. For the analyses in Extended Data
Fig. 4d, e, the shape descriptors tools ‘circularity’ and ‘aspect ratio’ of the Fiji/ImageJ
software were used.
For Fig. 2b, emission signals were captured for GFP through a Semrock
Green only FF01 filter and for mCherry through a Semrock Red only FF01 filter.
Fifty-five z slices of 200-nm thickness were acquired to visualize the entire larva.
Huygens professional and the classic maximum-likelihood algorithm were used
with a signal-to-noise ratio of 5, automatic background estimation and 40 iterations.
Deconvolved images were aligned according to transformation coordinates
determined from beads that fluoresce in both GFP and mCherry channels,
and were merged to form a GFP array and MRG-1–mCherry composite image. To
quantify the signals of the GFP array and MRG-1–mCherry at the same position
an 18-pixels-wide × 2-pixels-high ROI was drawn in Fiji (ImageJ). A line plot
integrating both GFP and mCherry signals across the region of interest was then
calculated and averaged over multiple cells, excluding pixels outside the nucleus.
For Extended Data Fig. 4f, maximum GFP intensities in the nuclei of indicated
tissues were first normalized over background fluorescence and then relative to
the GFP intensity in the wild type.
EMR-1 DamID. DamID was performed largely as described38. Because the mrg1-null mutation leads to second generation sterility, precluding the possibility of
expanding worms to reach the numbers required for the experiment, we used RNAi
to deplete this gene product. Three biological replicates were prepared: all strains

were grown in parallel in each replica. For technical reasons, we eliminated one
replica of mrg-1 (RNAi).
As in other studies5,9, we used the promoter of the heat shock-inducible gene
hsp-16.41, and performed the DamID experiments without induction, to have only
trace expression levels of EMR-1–Dam. Strains expressing a nuclear GFP–Dam
fusion were used as a standard control for the experiments. Plates full of mix-staged
worms growing on Dam plates were washed with M9 and collected in 15-ml tubes.
Worms were pelleted by centrifugation at 500g for 2 min and washed twice before
adding 2 ml of bleach solution (5 ml H2O, 2 ml 5 M NaOH, 3 ml bleach). Tubes
were agitated until half of the worms were broken up (maximum, 4 min). M9 was
added and released embryos were washed ten times. Finally, embryos were resuspended in M9 and allowed to hatch overnight. Around 1,000 L1s per plate were
seeded onto four 10-cm plates (NGM plates + 1 mM IPTG + 100 µg/ml ampicillin) previously seeded with E. coli, producing double-stranded control or mrg-1
RNA. Animals were incubated for 66 h at 20 °C to produce embryos, which were
collected by hypochlorite treatment, as described above, and hatched overnight
at 20 °C in the absence of food. Cultures were centrifuged and ~20,000 L1s were
incubated in 10 ml liquid culture containing E. coli GM119 Dam- bacteria as food
source for 2.5 h at 20 °C in an orbital shaker (120 r.p.m.). L1 larvae were collected
by centrifugation, washed with M9 ten times and distributed in aliquots of 30 μl.
Excess liquid was removed and aliquots were snap-frozen in liquid nitrogen and
stored at −80 °C.
RNAi efficiency was verified by incubating L1s on mrg-1 RNAi plates for two
generations, which produced 30–50% F1 adult sterility. Genomic DNA (gDNA)
extraction from ~30 µl L1s was performed by 5 rounds of rapid freeze–thaw cycles
in liquid nitrogen and 37 °C water bath to break the worm cuticle followed by purification using a DNeasy Blood and Tissue Kit (QIAGEN #69504). gDNA was eluted
in two rounds in a total volume of 300 μl and precipitated using 0.1× volume 3 M
NaAc and 2.5× volume 96% ethanol. The final concentration after resuspension
in 10 µl of 10mM Tris-Cl was measured by QUBIT.
gDNA (200 ng) was digested using 10 U DpnI (NEB, R0176S; cuts methylated
GATC) in 10 μl for 6 h at 37 °C in a thermocycler. Next, DpnI was inactivated by
heating to 80 °C for 20 min. Double-stranded adaptors were prepared by heating a
mixture of 50 μl primer AdRt (5′-CTAATACGACTCACTATAGGGCAGCGTGGT
CGCGGCCGAGGA, 100 μM) and 50 μl AdRb (5′-TCCTCGGCCGCG; 100
μM) to 95 °C and cooling slowly to room temperature. Next, 0.8 µl of the double-stranded adapters were ligated to the DpnI-digested gDNA in a volume
of 20 µl at 16 °C in a thermocycler overnight using T4 DNA ligase (Roche no.
10799009001), which was later inactivated by incubation for 10 min at 65 °C.
The ligated gDNA was purified with 1.8× volume Agencourt AMPure XP beads
(Beckman Coulter, A63880) using a magnetic particle concentrator, washed with
180 µl of freshly prepared 70% ethanol and eluted in 20 µl elution buffer (10 mM
Tris-Cl, pH 8.5). Unmethylated GATC sites were digested with 10 U DpnII (NEB
R0543S) in a volume of 50 μl for 1 h at 37 °C. Next, DpnII was inactivated by
heating to 80 °C for 20 min. The digested gDNA was re-purified with AMPure XP
beads as above and eluted in 25 μl.
Methylated gDNA fragments were amplified using Taq DNA polymerase with ThermoPol buffer (NEB, M0267) in 50-µl reactions containing
5 µl 10× PCR reaction buffer, 25 μl DpnII-digested DNA, 1.25 μl primer AdR
(5′-NNNNGTGGTCGCGGCCGAGGATC; 50 μM), 4 μl dNTP mix (each 2.5 mM)
and 1 µl polymerase. PCR parameters were (1) 68 °C 10 min; (2) 94 °C 1 min; (3)
65 °C 5 min; (4) 68 °C 15 min; (5) 94 °C 1 min; (6) 65 °C 1 min; (7) 68 °C 10 min;
(8) go to step 5 and repeat three times; (9) 94 °C 1 min; (10) 65 °C 1 min; (11) 68 °C
2 min; and (12) go to step 9 and repeat 19 times. Five microlitres of each PCR
reaction were analysed by agarose gel electrophoresis: successful amplification of
methylated DNA was confirmed by the presence of a 400–1,000-bp smear which
was not observed in controls without DpnI or T4 DNA ligase. Finally, the PCR
products were purified using QIAquick PCR Purification Kit (QIAGEN, 28104),
eluted in 30 μl elution buffer, and their concentration was measured using QUBIT.
PCR fragments (400 ng) were used as input in the NEBNext Ultra DNA Library
Prep Kit for Illumina (E7370). The manufacturer’s instructions were used with
the following conditions. Size selection was performed by first adding 30 μl of
resuspended SpeedBead magnetic carboxylate modified particles in 0.05% azide
(GE Healthcare, 65152105050250) to the 100-μl ligation reaction. The beads were
discarded and the supernatant was mixed with 60 μl resuspended SpeedBeads.
Then, the supernatant was discarded, the beads were washed with ethanol and
DNA was eluted in 17 μl 10 mM Tris. Eight PCR cycles were performed to amplify
the samples. The quality of the samples was verified by agarose gel electrophoresis
and QUBIT analysis as above. Samples were pooled and sequenced on a NextSeq
500 (Illumina) sequencer with 75 cycles of single-end reads.
Most analyses were performed in R Studio (v.1.0.153; RStudio Team 2016)
using the damid.seq.R pipeline39 (available at https://github.com/damidseq/
RDamIDSeq). This pipeline identifies and maps specifically those NGS reads that
contain the DamID adapters (adapt.seq = “CGCGGCCGAG”) and corresponds
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to genomic fragments flanked by GATC sites (restr.seq = “GATC”). Mapping
was to the C. elegans genome release WBCel235 (species = “BSgenome.Celegans.
UCSC.ce11”). The pipeline provides absolute and relative read counts both
per GATC fragment and per user-defined bin size. Uniquely mapped reads
(2.2–18.7 million) were obtained from each sample. Moreover, the pipeline computes the log2 ratio between relative Dam::EMR-1 and GFP::Dam reads across all
replicates.
For comparison of chromosome arms versus centres, the following border coordinates were used: ChrI 3745632 and 10809938; ChrII 4708341 and 11877168;
ChrIII 3508994 and 9947268; ChrIV 7317812 and 12176625; ChrV 8125434 and
13849337; ChrX 41919369. Pairwise Wilcoxon Rank test values were calculated
in R.
For comparison of class 3 and corresponding control genes (see below), genetic
coordinates were retrieved from the UCSC Genome Browser ce11 and 3 kb of
upstream promoter sequence was added. For each 1-kb bin window, we analysed
only windows for which the absolute total read count was above 150 to increase
stringency. This resulted in 298 and 238 windows for the class 3 and control genes,
respectively. Highly similar results were obtained using 2-kb bin windows without this filtering step (262 and 240 windows; data not shown). Again, pairwise
Wilcoxon rank-test values were calculated in R.
Comparison of the Modencode ChIP–seq data. The Modencode data18 used in
Fig. 2a and Extended Data Fig. 5i for acetylation on H3K18/23/27 (5152, 5151,
5159), H3K4me3 (5166), H3K9me3 (5153), H3K27me3 (5163), H3K36me2/me3
(5164, 5165) and MRG-1 (6341) were downloaded from http://data.modencode.
org/ and mapped to ce10 using bowtie40, considering only uniquely mapping reads.
Quantification for each gene was performed by counting the reads overlapping the
gene body. All samples were normalized for total library size and log2 transformed
after adding a pseudocount of 8. ChIP enrichments (log2) were calculated by subtracting the input samples from the matching ChIP–seq samples.
Isolation of histones and mass spectrometry. mes-4 mutation leads to second
generation sterility, precluding the possibility to expand worms and obtain the
required amounts for the experiment; therefore MES-4 function was reduced using
RNAi41. For each 1 of the 3 biological replicates, 3,000 N2 and met-1 mutant L1s
obtained by synchronization after hypochlorite treatment were seeded on RNAi
plates with a diameter of 15 cm and 6-fold concentrated RNAi bacteria. For each
condition, six RNAi plates were seeded. After three days at 20 °C, plates were
washed with M9 twice to remove adults and hatched larvae while leaving embryos
on. After 5 h, L1s were collected by an M9 wash and frozen as droplets in liquid N2.
H3 was isolated for mass spectroscopy from each sample as previously described5,
with the following difference: grinding with a ball mill was done at 25 Hz for 20 s.
The eluted peptides were analysed on a Thermo EASY nLC 1000 system coupled
to a Thermo Orbitrap Fusion mass spectrometer with a modified New Objective
Digital Pico View ion source and a Thermo Fisher Scientific PepMap RSLC analytical column (50 μm × 15 cm, C18, 2 μm) using targeted parallel reaction monitoring (PRM) methods for selected histone H3 and histone H4 peptides. MS1
and scheduled PRM experiments were alternated in a single acquisition method.
MS1 scans were acquired in the Orbitrap at 30,000 resolution over a scan range
of m/z 350–100, whereas PRM was used with a quadrupole isolation window set
to 1.6 m/z and HCD MSMS scans over a scan range of m/z 340–1450, with detection in the Orbitrap at 15,000 resolution, and normalized collision energies from
35–45, depending on the peptide. The sizes of the scheduled time windows were
between 4 and 9 min for the different peptides. Peak integration was performed
with QuanBrowser (Thermo Scientific). Further evaluation was done in Excel. To
correct for different sample amounts loaded into mass spectrometer, correction
factors were calculated as follows: ratios of peak areas (mutant versus the corresponding wild type) of H3 peptides assumed not to be affected by the experiment
(H3 residues 117–128, 41–49, 54–63, 73–83, K79me1, K79me2) were calculated
and the average of the peak area ratios was used as correction factor. In case of
peptides existing in two charged states, the ratios of these were averaged and normalized to the corresponding wild-type histone H3 peptide.
Immunofluorescence. Samples were fixed using methanol–acetone42. For staining,
a primary antibody against H3K36me241 (clone 2C3, kind gift from H. Kimura)
was incubated at 1:200 overnight at 4 °C in a humid chamber. As a secondary
antibody we used anti-mouse conjugated with Alexa fluor 555 (Thermo Fisher,
A-21422). DAPI staining was performed to identify nuclei.
RNA extraction. Because mutation of mrg-1 and mes-4 leads to abnormal germline
development, we used the L1 stage, where only two primordial germ cells exist,
allowing us to compare somatic gene expression profiles as accurately as possible. For total RNA extraction from wild type and mrg-1 mutants, worms were
expanded by hand picking to select worms carrying the balancer for mrg-1 mutants.
Depending on the replicate, 2,000–4,000 non rollers of F1 gravid adults, homozygous for mrg-1 mutation, were hand-picked and treated with hypochlorite to collect
embryos. For control N2, an equivalent number of gravid adults were washed
off from plates and hypochlorite-treated. Eggs were allowed to hatch in M9 for

18 h and then re-fed for 2 h and 30 min with OP50. After three washes in M9, L1s
were lysed in XB buffer from ARCTURUS PicoPure RNA Isolation Kit (Thermo
Fisher), incubated for 30 min at 42 °C and snap-frozen in liquid nitrogen. After
freeze cracking of the samples by 6 subsequent transfers from liquid nitrogen to
42 °C, samples were vigorously shaken for 10 min at room temperature and for
10 min at 42 °C. Next, RNA was extracted following the manufacturer’s instructions, including an on-column DNase digestion. Three biological replicates were
performed. For analysis of cbp-1 overexpression, two biological replicates were
collected.
RNA-seq and gene expression analysis. RNA quality was determined using
an Agilent 2100 Bioanalyzer System (Agilent technologies). NGS libraries were
prepared from 2 ng of input RNA, using the Total RNA-Seq NuGen Ovation v.2 kit
in combination with the Illumina TruSeq DNA Nano kit, according to manufacturer’s guides. Sequencing was performed on a HiSeq 2500 (Illumina) sequencer,
with 50 cycles of single-end reads.
For total RNA extracted from N2 and met-1 mutants fed either control or mes4 RNAi bacteria, 2,000 L1 larvae obtained by synchronization after hypochlorite treatment were seeded on five RNAi plates with a diameter of 15 cm and
sixfold concentrated bacteria per condition. After about 60–65 h at 20 °C, plates
were washed off with M9 to collect gravid adults and hypochlorite-treat them
to extract embryos, which were hatched in M9 for 18 h and then re-fed for
2 h and 30 min with the corresponding RNAi bacteria. RNA was extracted as
previously described3. Two biological replicates were performed. RNA quality
was determined using an Agilent 2100 Bioanalyzer System (Agilent technologies). RNA-seq libraries were obtained using the Illumina ScriptSeq Complete
Gold kit according to manufacturer’s guide, starting with 5 µg of total RNA as
input. Sequencing was performed on a HiSeq 2500 (Illumina) sequencer, with
50 cycles single-end reads.
The RNA-seq samples were mapped to the C. elegans genome (ce10) with the R
package QuasR (https://www.bioconductor.org/packages/2.12/bioc/html/QuasR.
html) using the spliced alignment algorithm SpliceMap43. To perform alignments
the command was “proj <-Align(“samples.txt”,”BSgenome.Celegans.UCSC.ce10”,splicedAlignment = TRUE)”. The command to create various count tables was
qCount(proj,exons,orientation = ”same”). For gene quantification, gene annotation
from WormBase was used (WS200). To normalize for sequencing depth, each
sample was divided by the total number of reads and multiplied by the average
library size. Transformation into log2 space was performed after the addition of
a pseudocount of eight to minimize large changes in expression caused by low
count numbers. Count tables from different datasets were normalized separately.
For Fig. 3d, the ModENCODE data for K9me3 (5037,5040), K27me3
(5045,5051), K36me2/3 (5041,3563) were downloaded from http://data.modencode.org/ and mapped to ce10 using bowtie40 considering only uniquely mapping reads. Quantification for each gene was performed by counting the reads
overlapping the gene body. All samples were normalized for total library size and
log2-transformed after adding a pseudocount of eight. ChIP enrichments (log2)
were calculated by subtracting the input samples from the matching ChIP–seq
samples. Replicate experiments were combined by averaging the log2 enrichment
values.
For Fig. 4e, given upregulated genes of class 3, we created a random gene set
with roughly similar expression levels as the original set. To achieve this, we first
grouped all the genes into 10 bins according to their log2 expression level in the
RNA-seq data (equally sized break points). Then for each gene in the original set,
we selected a random gene within the matching expression bin.
RT–qPCR. cDNA synthesis was done with SuperScript III First-Strand Synthesis
System (Thermo Fisher Scientific 18080-051) according to manufacturer’s instructions. All reverse transcription with quantitative PCR (RT–qPCR) reactions were
done in 10 μl volume, using diluted cDNA, with PowerUp SYBR Green Master Mix
(Thermo Fisher Scientific A25742). Further analysis was done in Microsoft Excel.
All primer pairs were tested and selected for amplification efficiencies ranging from
90–110%. The ΔΔCT method was used for gene expression analysis and pmp-3
carried as housekeeping gene for sample normalization.
Primers used were: cbp-1 all fw: tcctccgaatggacaagttc, cbp-1 all rev: cagttttcggttgcagcata, ges::cbp-1 fw: gatgccacaacaacaacagc, ges::cbp-1 rev: tgcttcgagaattggtgatg,
pmp-3 fw: gttcccgtgttcatcactcat and pmp-3 rev: acaccgtcgagaagctgtaga.
Transcription factor motif analysis. A compendium of transcription factor weight
matrices27 was downloaded (http://hugheslab.ccbr.utoronto.ca/supplementary-data/CeMotifs/) to examine the set in the file ‘TF_Information.txt’. These were
used to scan the C. elegans ce10 genome using the matchPWM function in the
Bioconductor package Biostrings. Only hits with a minimum score of ten were
considered unless the maximum obtainable score by the weight matrix was lower
than ten. In that case, the maximum obtainable score was required. The resulting binding sites were then intersected with gene promoter annotation (WS220,
1,500 bp 5′ and 500 bp 3′ of transcription start site) to determine the number of
sites for each transcription factor and gene.
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ChIP followed by qPCR. Gravid adults of cec-4 mutants carrying the gwIs4
reporter and the gw3 allele (3XFLAG-cbp-1) were hypochlorite-treated, and the
obtained eggs were hatched in M9 buffer during 18 h. Six thousand L1s were
seeded on plates with a diameter of 15 cm, carrying 1 ml of ten-fold-concentrated
overnight culture of either control or mrg-1 RNAi bacteria. Ten plates for each
condition were seeded. After 60–70 h at 20 °C, plates were washed off with M9
to collect gravid adults and bleach them to extract eggs, which were hatched in
M9 for 18 h and then re-fed for 2 h and 30 min on a plate with the corresponding
RNAi bacteria. After three washes in M9 buffer, L1s were crosslinked with 2%
formaldehyde in M9 buffer for 20 min at room temperature while shaking, blocked
with 0.125 M glycine-HCl, washed three times with M9 buffer and snap-frozen,
as a pellet, in liquid nitrogen.
Frozen worms were resuspended in FA buffer (50 mM Hepes–KOH pH7.5,
1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 150 mM NaCl)
supplemented with 1% sarcosyl and protease inhibitor. Samples were subjected
to bead beating for five cycles, 30 s on 90 s off, power 8 and then sonicated in
a refrigerated Bioruptor (Diagenode) for 25 cycles, 30 s on 30 s off. For immunoprecipitation of histones, 10 μg of chromatin were incubated overnight with
10 μg of H3 (Abcam, ab1791) or H3K27ac (Abcam, ab4729) antibodies coupled to
50 μl of Dynabeads M-280 Sheep Anti-Rabbit IgG (Thermo Fisher, 11203D) in
FA buffer (50 mM HEPES-KOH pH7.5, 1 mM EDTA, 1% Triton X-100, 0.1%
sodium deoxycholate, 150 mM NaCl) supplemented with 1% sarcosyl and protease inhibitor. For Flag ChIP, 50–70 μg of chromatin were used with 100 μl of
Dynabead M-280 sheep anti-mouse IgG and 10 μg of the mouse anti-Flag M2
antibody (Sigma F1804). Chromatin–antibody complexes were washed with the
following buffers: 3 × 5 min FA buffer; 1 × 5 min FA buffer with 1 M NaCl;
1 × 5 min FA buffer with 500 mM NaCl; 1 × 5 min TEL buffer (0.25 M LiCl,
1% NP-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCl, pH 8.0)
and twice for 5 min with TE. Complexes were eluted at 65 °C in 130 μl of elution buffer (1% SDS in TE with 250 mM NaCl) for 15 min shaking at 1,100 rpm
in a thermomixer. Both input and immunoprecipitation samples were incubated with 20 μg of proteinase K for 2 h at 55 °C. Crosslinks were reversed
overnight at 65 °C, and DNA purified using QIAquick PCR purification kit
(QIAGEN). The obtained DNA was analysed by qPCR using SYBR green
(Power SYBR Green PCR Master Mix, Thermo Fisher) and the following primers: gwIs4 baf-1pro fw TAAAACGACGGCCAGTGAAT, gwIs4 baf-1pro rev
GGCATCTGCCTCTCCTCTAA, 3 C/EBP motifs fw GGAAGAGCACGGTCTT
CAAA, 3 C/EBP motifs rev CCCTCACCTTCCATCTCCTT, 2 C/EBP motifs fw TTG
TCAACTGACATTTGCTTCA, 2 C/EBP motifs rev CCATTTGTTTTGTACC
CGACT, 1 C/EBP motifs fw GCAAAACGGCTATTCTTTGC, 1 C/EBP motifs rev
AAAAGCGCCTCATTGAGAAT, euchromatic region fw CCGAAAAGTTGC
GAAAACTC and euchromatic region rev TCGAGTGCACGATTCTCAAC.
Statistical information. All statistical analyses performed are indicated in the
figure legends. Detailed n and P values are listed in Supplementary Tables 1 and 2.
Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this paper.
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Extended Data Fig. 1 | Posterior intestinal cells have impaired
perinuclear anchoring capabilities. a, Quantification of gwIs4 and
gwIs42 reporters distribution in zone 1, as described in Fig. 1b, in
compartments of the intestine of wild-type L1 larvae, as indicated. Strains
used: GW1056 and GW447. For both reporters, posterior nuclei were
compared pairwise to the rest of the intestine by χ2-test. ***P < 0.001.
P and n (foci scored per condition) values are listed in Supplementary
Table 1. b, Schematic of gwIs42, and cartoon showing that it gains

peripheral localization during differentiation6. Focal section of 1
representative wild-type L1 larvae of 15 bearing gwIs4 and EMR-1–
mCherry (left), and of 1 of 11 bearing gwIs42 and LMN-1–GFP (right).
Insets show intestinal single nuclei as indicated. c, Single focal planes of
1 of 20 representative L1 larvae bearing gwIs4 and EMR-1–mCherry in
wild type and mrg-1; cec-4 double mutants. Insets show enlarged single
intestinal nucleus of the indicated compartment.
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Extended Data Fig. 2 | MRG-1 and CEC-4 regulate the spatial
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DamID. b, Spearman correlation analysis between biological replicates of
sample used in EMR-1- and GFP-DamID experiments. c, Same as in Fig. 1i
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d, Same as in Fig. 1h using three biological replicates (two replicates for
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scored) values are listed in Supplementary Table 1.
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Extended Data Fig. 4 | MRG-1 mutation causes decompaction of the
heterochromatic reporter in embryos. a, z-projection of 1 representative
100–250-cell embryo of 10, bearing gwIs4 in wild type, mrg-1, cec-4 and
mrg-1; cec-4 mutants. Strains used: GW1047, GW1048, GW1039 and
GW1038. b, Single focal planes of representative 100–250-cell embryos
bearing gwIs4 and EMR-1–mCherry in wild type, mrg-1, cec-4 and mrg1; cec-4 mutants. Insets show enlarged single nucleus. Strains as in a.
c, Quantification of gwIs4 reporter distribution in zone 1, as described
in Fig. 1b, in 100–250-cell embryos of the indicated genotype. Strains
as in a. Each sample was compared pairwise to wild type or cec-4 by
χ2 test. **P < 0.01 and ***P < 0.001. P and n (number of foci scored)
values are shown in Supplementary Table 1. d, Box plots comparing, the
indicated genotypes and the circularity of the GFP-tagged gwIs4 reporter
The median is shown as a thick line and box limits are 25th and 75th
percentiles Strains as in a. Probability values from two-sided Wilcoxon
rank-sum tests are indicated: *P < 0.05 and **P < 0.001.
n (foci analysed) = 91 (WT), 92 (cec-4), 91 (mrg-1) and 97 (mrg-1; cec4) from left to right of the indicated genotype. Exact P values are listed

in Supplementary Table 2. e, Box plots and n as in d, but comparing the
aspect ratio of the GFP-tagged gwIs4 reporter. f, Box plot as in
d, comparing, in intestine or hypoderm of L1 of the indicated genotype,
GFP–Laci fluorescence intensity deriving from the gwIs4 reporter. Strains
used: GW1047, GW1038 and GW1090. Left, n (nuclei analysed) = 86, 94,
42 and 58 (from left to right of the indicated genotype and tissue). Right,
n (nuclei analysed) = 99, 99, 53 and 58 (from left to right of the indicated
genotype and tissue). Whole-intestine values were pooled in proportion to
their relative abundance in the tissue. Two-sided Wilcoxon rank-sum tests;
***P < 0.001. Exact P values are listed in Supplementary Table 2.
g, Scatter plot comparing, gene expression in wild-type (N2) L1 larvae
(x axis) to enrichment for H3K4me3 and H3K27ac in wild type (y axis)
in the three different classes of upregulated genes as identified and
colour-coded in Fig. 3c. h, ChIP analysis in cec-4 L1 larvae either under
mrg-1 or control RNAi for the enrichment of H3K27me3 over total H3 in
the indicated regions. Two-tailed Student’s t-tests; ns, not significant. P
values are listed in Supplementary Table 2. Dots represent three biological
replicates.
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that the sequestration of CBP/p300 in euchromatic compartments by
MRG-1, or a complex that requires this factor, is essential to keep it from
modifying promoters that bind bZIP transcription factors with affinity for
CBP/p300 (C/EBP-like transcription factors, including pioneer factors).
The recruitment of CBP/p300 to such promoters within heterochromatin
is sufficient to induce a specific chromatin state (correlated with increased
H3K27ac) that promotes both transcription and chromatin repositioning.
Transcriptional activation per se can occur at the INM, and CEC-4
binding to H3K9me is able to prevent the internalization of the reporter
both in embryos and intestinal cells. Compromising the CEC-4–H3K9me
pathway reveals the function of MRG-1–CBP-1 in counteracting the
differentiation-induced anchoring pathway.

Chapter 6

Caenorhabditis elegans Nuclear Pore Complexes
in Genome Organization and Gene Expression
Celia María Muñoz-Jiménez and Peter Askjaer

Abstract The nuclear pore complex (NPC) serves as gateway for transport
between the cytoplasm and the nucleus and its structure as well as individual components (nucleoporins or nups) are conserved among all eukaryotes, suggesting
they evolved in an ancient common ancestor. In addition to their role in nucleocytoplasmic transport, nups located either at NPCs or in the nucleoplasm participate
in regulation of gene expression, DNA repair and chromosome segregation during
cell division. Far from being a static structure, recent studies have demonstrated
that alterations in NPC composition or function occur as consequences of normal
cell differentiation, physiological aging and disease. In this review, we discuss
how the popular model organism Caenorhabditis elegans has contributed to our
understanding of NPC biogenesis and function from single cell resolution in
young embryos to organismal homeostasis in adults.
Keywords Caenorhabditis elegans · development · gene expression · NPC · npp ·
nuclear organization · nuclear pore complex · nucleocytoplasmic transport ·
nucleoporin

6.1 Introduction
As in other eukaryotes, the nuclear envelope (NE) of the nematode Caenorhabditis
elegans is a double lipid bilayer composed of the outer nuclear membrane (ONM),
which is continuous with the endoplasmic reticulum (ER), and the inner nuclear
membrane (INM) (Cohen-Fix and Askjaer 2017) (Fig. 6.1a). The ONM and the ER
have similar composition, whereas the INM contains proteins involved in chromatin
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Fig. 6.1 Schematic overview of nuclear envelope and NPC organization in C. elegans. (a) The
nuclear envelope (NE) consists of outer and inner nuclear membranes (ONM and INM, respectively) that fuse where nuclear pore complexes (NPCs) form transport channels between the cytoplasm and the nucleus. The ONM is continuous with the endoplasmic reticulum (ER) and
connects to the cytoskeleton. The nuclear lamina is a network of multimerized LMN-1 protein
underneath the INM. Many transmembrane proteins (NETs) accumulate speciﬁcally in the INM,
including the LEM domain proteins EMR-1 and LEM-2 that associate with chromatin via LMN1 and the BAF-1 protein. Other proteins involved in anchoring of chromatin to the NE include
CEC-4 and HPL-1/2 whereas LEM-4 acts in post-mitotic NE assembly. (b) The NPC is built
from multiple copies of ∼30 proteins called nucleoporins (nups) that localize to distinct parts of
the structure. Overall, transmembrane nups are involved in anchoring of NPCs whereas the symmetric cytoplasmic and nucleoplasmic rings serve as important structural scaffolds. The inner
ring anchors the nups of the central channel, which together with the peripheral cytoplasmic and
nucleoplasmic structures are involved in translocation of substrates through the NPC. Note that
many nups have additional functions outside these categories, including in the nucleoplasm. The
relative positions of C. elegans nups within the NPC are inferred from their yeast and vertebrate
orthologs. (Panels modiﬁed from Cohen-Fix and Askjaer (2017))
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interactions and in anchoring of transcription factors and signaling molecules.
Underlying the INM is the nuclear lamina, a protein meshwork, which is required
for the recruitment of INM proteins, the maintenance of nuclear morphology
(Dobrzynska et al. 2016a) and the peripheral localization of heterochromatin
(Cabianca and Gasser 2016). The NE is perforated at multiple sites by nuclear
pore complexes (NPCs) that are gateways for transport in and out of the nucleus
(Cohen-Fix and Askjaer 2017). NPCs are among the largest protein structures in the
cell and understanding their assembly and mode of action are fascinating challenges.
Traditionally, the NE has been considered as a passive barrier that separates the
nucleus from the cytoplasm. However, nowadays, the NE and NPCs are known to
be involved in a variety of processes, such as transcription, DNA repair and chromatin
dynamics as well as cell signaling, mechanosensation and apoptosis.
Several components of the NPC, as well as proteins that localize at the inner
NE surface, such us lamins and lamina-associated proteins, interact with chromatin
in a dynamic way and regulate chromatin distribution inside the nucleus.
Speciﬁcally, distal arms of C. elegans chromosomes have higher density of repeats
and are placed near the nuclear periphery whereas the chromosome centers are
positioned in the nuclear interior (Ikegami et al. 2010). Chromatin is organized in
domains that share common features, such as lamina-associated domains (LADs)
(Gonzalez-Aguilera et al. 2014a). Theses domains are enriched in repressive histone modiﬁcations and transcriptional activity of genes within the domains are
generally low (Gonzalez-Aguilera et al. 2014a; Ikegami et al. 2010). However, not
all chromatin at the NE is repressed. In yeast exist several examples of highly transcribed genes positioned at NPCs (Burns and Wente 2014) and as described
below, certain gene classes might also be recruited to NPCs in C. elegans
(Ikegami and Lieb 2013; Rohner et al. 2013).
C. elegans has many features that make this popular model organism attractive to
scientists with an interest in NPC biogenesis and function. These include, but are not
limited to, ease of genetic manipulations, scalability for genetic and compound
screening, as well as amenability to high resolution, non-invasive live imaging
throughout development (Askjaer et al. 2014b)(Fig. 6.2). In this chapter, we will
focus on studies in C. elegans that have addressed the functions of NPC components
and other NE proteins and their implication in controlling gene expression.

6.2 C. elegans NPC Composition
Thanks to the combination of genetic interactions, biochemical fractionation and
advanced microscopy, the NPC structure has been dissected in several organisms
(Hoelz et al. 2011; Knockenhauer and Schwartz 2016). The NPC is composed of
several copies of ∼30 different proteins, termed nucleoporins or nups. Analyses of
the stoichiometry of NPCs in yeast and human cells suggest that nups are present
in 8, 16, 32 or 48 copies, forming ∼50–100 MDa assemblies of ∼450–900 proteins
(Alber et al. 2007; Ori et al. 2013). The periodicity in nup copy number reﬂects an
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Fig. 6.2 Observation of nucleoporin dynamics from single cell to whole organism level.
C. elegans is highly amenable to genetic manipulation and high resolution live microscopy as
illustrated with these confocal images from a strain that was modiﬁed by CRISPR/Cas9 technology to tag endogenous MEL-28 with GFP and transformed to express ectopically mCherry fused
to histone H2B (HIS-58). (a) Maximum projection of several confocal images of an adult animal.
MEL-28 is ubiquitously expressed and most abundant in the syncytial gonads (indicated with
discontinuous lines). Scale bar, 100 μm. (b) Maturing oocytes in the proximal part of the gonad.
Numbers above the images refer to relative position within the gonad where −1 is immediately
next to the spermatheca. Three images are shown for the −1 oocyte with time indicated relative
to NE breakdown (min:sec). MEL-28 relocates gradually from the NE to the kinetochores of condensing meiotic chromosomes. Scale bar, 5 μm. (c) The fast divisions of C. elegans embryos
make them attractive for studying mitotic processes, including NE breakdown, chromosome segregation and nuclear reassembly. Although only ∼15 minutes of early development are represented here (min:sec relative to the onset of the ﬁrst mitotic anaphase) the entire process of
embryogenesis can be accurately observed by time-lapse microscopy. Scale bar, 5 μm. (Images
in (a) and (b–c) are from Cohen-Fix and Askjaer (2017) and Gomez-Saldivar et al. (2016),
respectively)
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eight-fold symmetry of NPCs when observed from the cytoplasmic or nuclear side.
In the plane of the nuclear membranes the NPC consists of three concentric rings:
an outer ring of transmembrane nups, a middle ring of linker nups and an inner
ring of nups enriched in phenylanaline-glycine (FG) di-repeats (Fig. 6.1b). These
structures are associated with a cytoplasmic and a nucleoplasmic ring as well as
cytoplasmic ﬁbrils and a nucleoplasmic basket structure. Although the
primary sequences of nups have diverged during evolution, their secondary structures are generally well conserved across all eukaryotes (Devos et al. 2006;
Knockenhauer and Schwartz 2016). Speciﬁcally, the majority (28/33) of human
nups have conserved homologs in C. elegans where most are known as npp
(nuclear pore protein) genes (Askjaer et al. 2014b; Galy et al. 2003; GonzalezAguilera and Askjaer 2012) (Table 6.1). An interesting exception is NUP188,
which is present in yeast, ﬂies and vertebrates but not in nematodes. Vertebrate
NUP188 is structurally similar to NUP205 and the two nups interact in a mutually
exclusive way with the vertebrate linker nups NUP35, NUP93 and NUP155 to
form stable complexes (Vollmer and Antonin 2014). It is therefore likely that
NUP188 and NUP205 evolved by gene duplication in a eukaryotic ancestor and
only NUP205 was maintained in C. elegans. Similarly, metazoan NUP35 and
NUP155 each have two homologs in budding yeast (Nup53/Nup59 and Nup157/
Nup170, respectively (Vollmer and Antonin 2014).
C. elegans nups are expressed throughout development. Highest expression is
observed in embryos and adults (Fig. 6.3b), which are the life stages with most
active cell proliferation (mitotic nuclei are very abundant in the gonads of
C. elegans adults). The relative expression levels among nups are largely maintained during development although ﬂuctuations are observed for a few (e.g.
npp-1/NUP54 and npp-12/NUP210; Fig. 6.3c). Whether these changes in mRNA
abundance correlate with protein levels remains to be investigated, but they could
potentially reﬂect differences in NPC composition among tissues or developmental
stages as reported in other organisms (Raices and D’Angelo 2012). In fact, a
recent dissection of transcriptional proﬁles of individual blastomers of 16-cell
stage embryos (Tintori et al. 2016) revealed that npp-9/NUP358, npp-16/NUP50
and npp-22/NDC1 are enriched in the germline blastomere P4 whereas expression
of several other nups is decreased in speciﬁc cells, in particular the D cell that
give rise to 20 body wall muscle cells (Fig. 6.3a). These observations should be
corroborated analyzing protein expression but serve as an interesting starting point
for future investigations.
Several studies have focused on the structure and function of C. elegans NPCs
as well as on the role of different nups in nuclear assembly. Using a combination
of RNAi and mutant alleles, experiments in C. elegans have indeed been the ﬁrst
to analyze the roles of multiple nups (NUP35, NUP107, NUP155, NUP210, and
others) during animal development. This has demonstrated that at least 20
C. elegans nups are required for embryogenesis, either alone or in a complex
(Table 6.1). For instance, knockdown of NPP-3/NUP205 or NPP-13/NUP93
by RNAi shows defects in NPC distribution in the NE, abnormal chromatin condensation and early embryonic arrest (Galy et al. 2003). Moreover, depletion of
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Table 6.1 C. elegans nucleoporins
Positiona

Worm

Human

Frequent
phenotypesb

Speciﬁc
phenotypes

References

Cytoplasmic
region

NPP-9

NUP358

Emb; Nmo;
Pgl; Pvl

RNAi
efﬁciency;
spindle
assembly;
nuclear
envelope
formation

Kim et al.
(2005); Sheth
et al. (2010);
Voronina and
Seydoux (2010);
Askjaer et al.
(2002)

NPP-14

NUP214

wt

Regulation of
CED-3
caspase;
synthetic lethal
with NPP-2

Galy et al.
(2003); Chen
et al. (2016)

NPP-17/
RAE-1

RAE1

Emb; Hya;
Pvl; Ste;
Stp

Axon
termination
and synapse
formation

Grill et al.
(2012)

NPP-26

GLE1

wt

Abnormal
distribution of
recycling
endosomes

Winter et al.
(2012)

NPP-24

NUP88

wt

NPP-2

NUP85

Clr; Emb;
Lva; Nmo;
Pgl; Pvl;
Stp

NPC assembly;
synthetic lethal
with NPP-5,
-14, -15, -17

Rodenas et al.
(2012); Galy
et al. (2003)

NPP-5

NUP107

Emb; Pgl

Interaction
with spindle
assembly
checkpoint;
kinetochore
assembly

Franz et al.
(2005); Rodenas
et al. (2012)

NPP-6

NUP160

Emb; Lva;
Lvl; Nmo;
Pgl

NPC assembly

D’Angelo et al.
(2009); Rodenas
et al. (2012)

NPP-10Cc

NUP96

Emb; Lva;
Lvl; Nmo;
Ste

NPC assembly;
nuclear protein
import

Galy et al.
(2003); Rodenas
et al. (2012);
Ferreira et al.
(2017)

NPP-15

NUP133

Lvl

Sensitivity to
ionizing
radiation

D’Angelo et al.
(2009); Rodenas
et al. (2012);
van Haaften
et al. (2006)
(continued)

Cytoplasmic
and
nucleoplasmic
rings
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Table 6.1 (continued)
Positiona

Inner ring

Central channel

Worm

Human

Frequent
phenotypesb

Speciﬁc
phenotypes

References

NPP-18

SEH1

wt

NPP-20

SEC13R

Emb; Lva;
Lvl; Nmo;
Pgl; Stp

Nonsense
Mediated
Decay of
aberrant
mRNA;
nuclear protein
import

Ferreira et al.
(2017); Casadio
et al. (2015)

NPP-23

NUP43

wt

MEL-28

ELYS/
AHCTF1

Emb; Lva

NPC assembly;
spindle
assembly

Fernandez and
Piano (2006);
Galy et al.
(2006)

NPP-3

NUP205

Clr; Emb;
Lva; Nmo;
Pgl; Ste

NPC exclusion
limit; spindle
orientation;
timing of
mitosis

Schetter et al.
(2006); Hachet
et al. (2012);
Galy et al.
(2003)

NPP-8

NUP155

Emb; Lva;
Lvl; Nmo;
Pgl; Pvl

NPC assembly

Franz et al.
(2005)

NPP-10Nc

NUP98

Emb; Lva;
Lvl; Nmo;
Pgl; Ste

NPC assembly;
P granule
integrity

Galy et al.
(2003);
Voronina and
Seydoux (2010);
Rodenas et al.
(2012)

NPP-13

NUP93

Emb; Nmo;
Pgl

NPC exclusion
limit; spindle
orientation;
timing of
mitosis;
nuclear protein
import

Schetter et al.
(2006); Hachet
et al. (2012);
Galy et al.
(2003); Ferreira
et al. (2017)

NPP-19

NUP35

Emb; Nmo;
Pgl; Stp

NPC assembly;
nuclear protein
import

Rodenas et al.
(2012); Rodenas
et al. (2009)

NPP-1

NUP54

Emb; Lva;
Lvl; Nmo;
Pgl; Stp

Spindle
orientation;
RNAi
efﬁciency;
nuclear protein
import

Kim et al.
(2005); Schetter
et al. (2006)

Rodenas et al.
(2012)

(continued)
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Table 6.1 (continued)
Positiona

Transmembrane
nups

Nuclear basket

Worm

Human

Frequent
phenotypesb

Speciﬁc
phenotypes

References

NPP-4

NUPL1

Emb; Stp

Spindle
orientation;
transposon
silencing

Schetter et al.
(2006); Franz
et al. (2005);
Vastenhouw
et al. (2003);
Updike et al.
(2011)

NPP-11

NUP62

Emb; Lva;
Lvl; Nmo

Spindle
orientation

Schetter et al.
(2006)

NPP-12

NUP210

Emb; Lva

Nuclear
envelope
breakdown

Cohen et al.
(2003); Galy
et al. (2008);
Audhya et al.
(2007)

NPP-22/
NDC-1

NDC1/
TMEM48

Clr; Emb;
Lva; Lvl;
Nmo; Ste

NPC assembly;
modiﬁcation of
dynein activity

Stavru et al.
(2006);
O’Rourke et al.
(2007)

NPP-25

TMEM33

wt

Chadrin et al.
(2010)

NPP-7

NUP153

Emb; Nmo;
Lva; Pgl;
Ste

Galy et al.
(2003);
Voronina and
Seydoux (2010);
D’Angelo et al.
(2009)

NPP-16

NUP50

wt

RNAi
efﬁciency;
anoxia-induced
prophase arrest

Kim et al.
(2005); Hajeri
et al. (2010)

NPP-21

TPR

Clr; Emb;
Lva; Ste

Regulation of
tumor growth
and apoptosis

Pinkston-Gosse
and Kenyon
(2007)

No clear C. elegans homologues were found for the mammalian nups AAAS/ALADIN, NUP37,
NUP188, NUPL2/hCG1, POM121
a
Some nups are reported to localize to several positions within the NPC, e.g. NPP-10N/NUP98
and NPP-17/RAE1 but for simplicity each nup is only listed once
b
Gross phenotypes, which for most genes were reported in large-scale RNAi studies. See (Galy
et al. 2003) and WormBase (http://www.wormbase.org) for details and references. Clr clear/
transparent body, Emb embryonic lethal, Hya hyper active, Lva larval arrest, Lvl larval lethal,
Nmo (pro-)nuclear morphology alteration in early embryo, Pgl P-granule abnormality, Pvl protruding vulva, Ste sterile, Stp sterile progeny, wt wild type. Abnormal P granule distribution (Pgl)
was observed for many npp genes (Updike and Strome 2009; Voronina and Seydoux 2010)
c
Because NPP-10N and NPP-10C are produced from a single protein precursor, a given RNAi
phenotype will generally reﬂect the combined effect of depleting both proteins. P granule phenotypes are, however, speciﬁc to NPP-10N depletion
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Fig. 6.3 Expression of C. elegans nups during development. (a) Heatmap showing average
expression in different blastomers of 16-cell stage embryos; D and P4 are present as individual
cells whereas other blastomers are present as pairs of sister cells. Shown are log2 values of fold
change relative to average expression in whole 16-cell stage embryos. Asterisks indicate P-values
< 0.05. Note that the unbiased dendrogram generated by the package “gplots” in RStudio correlates very well with the cell lineages indicated above, suggesting that cell-speciﬁc transcription
proﬁles are partly inherited from the preceding developmental stages. (Data from (Tintori et al.
2016)). (b–c) Heatmaps showing median expression in adults (A), embryos (E) and larval stages
L1–L4. Shown are log2 values of fold change relative to expression across all developmental
stages (b) or relative to expression of npp-23/NUP43 (c). (Data from modENCODE (Gerstein
et al. 2010)). The expression levels reported for npp-26/GLE1 are very low and were omitted
from the analysis represented in this ﬁgure

NPP-3/NUP205 or NPP-13/NUP93 causes a breach in the NPC permeability
barrier. Based on homology to their yeast and vertebrates counterparts, NPP3/NUP205 and NPP-13/NUP93 presumably form a complex (the NUP93 complex
in vertebrates) with NPP-8/NUP155 and NPP-19/NUP35 and together they
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constitute the NPC middle ring of linker nups (Fig. 6.1b). Embryos lacking
NPP-19/NUP35 or NPP-8/NUP155 are characterized by even stronger defects,
including inhibition of NPC and nuclear lamina assembly as well as chromosome
missegregation during mitosis, eventually leading to early embryonic death (Franz
et al. 2005; Rodenas et al. 2009). Analyzing a temperature-sensitive loss-offunction allele of npp-19, it was proposed that NPP-19/NUP35 is particularly
important for NPC assembly during the rapid cell divisions of early embryogenesis, suggesting that redundant mechanisms may alleviate the absence of NPP19/NUP35 when mitosis slows down (Rodenas et al. 2009). In vertebrates, the
NUP93 complex is anchored to the NPC via the transmembrane nup NDC1
(Mansfeld et al. 2006) and depletion of NPP-22/NDC1 in C. elegans is embryonic
lethal and impedes NPC assembly as judged from reduced staining with the general NPC antibody mAb414 (Stavru et al. 2006). The sequence conservation of
transmembrane nups between species is generally low, including vertebrate NDC1
and C. elegans NPP-22/NDC1 (BLAST e-value at WormBase ∼1e−21). An exception is NPP-12, which is highly similar to vertebrate NUP210 (∼1e−135). NUP210
is a single-pass transmembrane glycoprotein and is expressed only in certain cell
types (Olsson et al. 2004) where it is involved in cell differentiation (D’Angelo
et al. 2012). As noted above, expression of npp-12 differs between life stages of
C. elegans (Fig. 6.3b), suggesting that it might have a speciﬁc role(-s) during
development. In addition, depletion of NPP-12/NUP210 affects NE breakdown
and depolymerization of the nuclear lamina in 1-cell stage C. elegans embryos,
resulting in the formation of daughter cells with two haploid nuclei (“twinned
nuclei”) (Audhya et al. 2007; Galy et al. 2008).
One of the most studied NPC subcomplexes is the NUP107 complex, also
known as the Y complex because of its three dimensional structure (Stuwe et al.
2015; Gonzalez-Aguilera and Askjaer 2012). The complex consists of 7-8 nups in
yeast, 9 in nematodes and 10 in vertebrates and forms the cytoplasmic and nucleoplasmic rings, each containing 16 copies of the complex (Fig. 6.1b). Biochemical
depletion of the NUP107 complex from Xenopus egg extracts prevents NPC
assembly, but co-regulation of its individual subunits in mammalian cells has complicated assignment of functions to speciﬁc nups (Walther et al. 2003; Harel et al.
2003; Lupu et al. 2008). However, C. elegans npp-5/NUP107 null mutants
express normal levels of other NUP107 complex subunits and their recruitment to
NPCs is normal (Rodenas et al. 2012). This was an unexpected ﬁnding because
NUP107 is located in the “stalk” of the Y, forming a bridge between NUP96
and NUP133 and suggests that extensive head-to-tail interactions between individual NUP107 complexes are sufﬁcient to tether the remaining nups to NPCs in
the absence of NPP-5/NUP107 (see also (Stuwe et al. 2015)). During mitosis the
NUP107 complex relocates to kinetochores and regulates their composition in vertebrates and nematodes (reviewed in (Gonzalez-Aguilera and Askjaer 2012)).
Moreover, the spindle assembly checkpoint is compromised in the absence of
NPP-5/NUP107 and npp-5/NUP107 mutants die during embryonic or larval development (Rodenas et al. 2012). Depletion of another member of the NUP107 complex, the large protein MEL-28/ELYS, leads to a strong block in NPC assembly,
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defective chromosome segregation and early embryonic arrest (Fernandez and
Piano 2006; Galy et al. 2006). To dissect MEL-28/ELYS’s functions, recent studies have identiﬁed short conserved elements in MEL-28/ELYS that are required
for efﬁcient separation of meiotic chromosomes and nuclear assembly (Hattersley
et al. 2016; Gomez-Saldivar et al. 2016). This led also to the identiﬁcation of the
protein phosphatase 1 catalytic subunit GSP-2 as a direct interaction partner of
MEL-28/ELYS (Hattersley et al. 2016). Many nups and other NE proteins are
phosphorylated in mitosis to facilitate NE breakdown and binding of GSP-2 to
MEL-28/ELYS is required in ana- and telophase for kinetochore disassembly and
nuclear assembly, possibly coordinating the two processes (Hattersley et al. 2016).
Moreover, MEL-28/ELYS has also been implicated in the coordination between
chromatin decondensation and DNA replication (Sonneville et al. 2015).
Several studies have identiﬁed protein kinases and other enzymes that are
required for NPC and NE disassembly. Similarly to the twinned nuclei phenotype in
npp-12/NUP210 embryos described above, depletion of the LPIN-1/LIPIN phosphatidic acid phosphohydrolase delays disassembly of the nuclear lamina and NPCs
(Golden et al. 2009; Gorjanacz and Mattaj 2009). Mechanistic insight as to how
LPIN-1 controls NE breakdown is still lacking, but might involve the absorption of
NE components into the ER. The exact relationships between protein kinases and
their targets during NE breakdown are also poorly understood, but inhibition of
AIR-1/Aurora A, NCC-1/CDK-1, PLK-1/Polo-like kinase, and VRK-1/VacciniaRelated kinase 1 all inhibit NEBD (Portier et al. 2007; Boxem et al. 1999; Chase
et al. 2000; Hachet et al. 2007; Rahman et al. 2015; Gorjanacz et al. 2007;
Noatynska et al. 2010; Tavernier et al. 2015; Martino et al. 2017). Interestingly,
AIR-1 acts partially by releasing NPP-3/NUP205, NPP-13/NUP93 and NPP-19/
NUP35 from the NE in the vicinity of centrosomes (Hachet et al. 2012), whereas
the small DNA-binding protein BAF-1/BANF1 is phosphorylated by VRK-1 at
mitotic entry to release NE components (Gorjanacz et al. 2007). Finally, an unexpected connection between Sm proteins, which are known for their role in
pre-mRNA splicing, and NPC disassembly was discovered in an RNAi screen of
1870 genes annotated as being essential for embryogenesis (Joseph-Strauss et al.
2012). RNAi against six out of the seven genes encoding Sm proteins caused clustering on NPCs in interphase and time-lapse microscopy demonstrated that nups,
but not the nuclear lamina, dispersed from the NE later than in control embryos,
suggesting a speciﬁc defect in NPC disassembly (Joseph-Strauss et al. 2012).

6.3 Association of Nups with Chromatin
Many studies in different organisms have reported correlations between gene positioning within the nucleus and transcription, hinting at conserved mechanisms
(Solovei et al. 2016). Speciﬁcally, the position of genes relative to the NE has
been extensively compared to their expression levels and histone modiﬁcations
that determine the level of chromatin compaction, transcription factor binding and
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transcription elongation (Harr et al. 2016; Gonzalez-Aguilera et al. 2014b).
However, it is not clear if the spatial organization of particular genes is a cause or
a consequence of the gene expression status. Moreover, many examples also exist
where expression of a locus does not change upon relocation within the nucleus
(or vice versa).
Analysis of nuclear organization by electron microscopy has demonstrated that
heterochromatin accumulates at the nuclear periphery in regions between NPCs,
suggesting that proteins of the lamina participate in gene repression. A group of
lamina-associated INM proteins is characterized by the presence of the LAP2emerin-MAN1 (LEM) domain (Fig. 6.1a). The LEM domain binds to the highly
conserved barrier-to-autointegration factor (BAF-1/BANF1), which interacts with
histones and DNA in a sequence independent manner and tethers repressive chromatin at the nuclear periphery (Barton et al. 2015). It has been proposed that LEM
domain proteins function as hubs that integrate external signals to regulate the
gene expression (Brachner and Foisner 2011; Dobrzynska et al. 2016a). For example, the INM proteins lamin B receptor, LAP-2 and emerin bind chromatin modiﬁers and transcriptional repressors inducing changes in histone modiﬁcations, such
as deacetylation. Although most NE proteins are widely expressed, their absolute
levels vary during development and across tissues (Gomez-Cavazos and Hetzer
2012; Morales-Martinez et al. 2015)(Fig. 6.3). Combined with the ability of NE
proteins to interact directly or indirectly with chromatin, this suggests that NE proteins might regulate expression in a highly tissue-speciﬁc manner and has gained
acceptance as a likely explanation why mutations in human genes encoding nups
and other NE components often give rise to clinical symptoms restricted to a single or few tissues (Dobrzynska et al. 2016b; Raices and D’Angelo 2012).
Understanding how NE proteins inﬂuence gene expression and cell differentiation requires global analysis of the genomic regions they contact. This can be
achieved using DamID (Dam methyltransferase identiﬁcation) or ChIP (chromatin
immunoprecipitation) techniques, which both have been applied to C. elegans
to identify the genomic regions associated with nups, the nuclear lamina
or INM proteins (for review, see (Askjaer et al. 2014a)). For instance, ChIP of
NPP-3/NUP205 and NPP-13/NUP93 found an association with a subset of small
nucleolar RNAs (snoRNAs) and tRNA genes transcribed by RNA polymerase
(pol) III (Ikegami and Lieb 2013). Interestingly, the association of snoRNA genes
with NPP-13/NUP93 is required for correct RNA processing, but not for recruitment of RNA pol III. NPP-3/NUP205 and NPP-13/NUP93 are considered stable
NPC components but it remains to be demonstrated if the interaction with RNA
pol III genes takes place at NPCs. In mammalian cell cultures, interaction of several mobile nups (e.g. NUP50 and NUP98) with RNA pol II genes has been
shown to regulate gene expression but mainly through binding inside the nucleoplasm away from NPCs (for review, see (Ibarra and Hetzer 2015)). Taking advantage of the fact that DamID can be performed with little biological material, the
association of MEL-28/ELYS with chromatin was recently compared between
hermaphrodites and males (Sharma et al. 2014). In C. elegans, genes on the single
X chromosome in males are expressed to the same level as the sum of expression
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from the two X chromosomes in hermaphrodites, which both are repressed by the
dosage compensation complex. DamID of MEL-28/ELYS revealed increased contacts with the X chromosome speciﬁcally in males, pointing to the possibility that
MEL-28/ELYS might be involved in dosage compensation (Sharma et al. 2014).
MEL-28/ELYS is enriched at transcriptional active regions throughout the genome
(Gómez-Saldivar and Askjaer, unpublished results), which is in contrast to LMN1/lamin, EMR-1/emerin and LEM-2/LEMD2 that all associate with repressed
chromatin and mainly at the arms of chromosomes (Gonzalez-Aguilera et al.
2014a; Towbin et al. 2012; Ikegami et al. 2010).
Interaction of nups with chromatin is also likely to be important for DNA
damage repair and genome stability. In yeast, several factors involved in recognition and repair of DNA damage accumulate at NPCs in a NUP107 complexdependent manner (reviewed in (Ibarra and Hetzer 2015). Moreover, in human
cells, chromatin in the vicinity of NPCs is accessible to the DNA damage response
machinery whereas chromatin in LADs is not. In concordance with these observations, mutation of C. elegans NPP-15/NUP133 leads to increased sensitivity to
ionizing irradiation (van Haaften et al. 2006), although the precise implication of
NPP-15/NUP133 in this process remains to be described. Moreover, chromatin
bridges are frequently observed during mitosis in embryos depleted for MEL-28/
ELYS, NPP-8/NUP155, NPP-10/NUP98-96 or NPP-19/NUP35 (Franz et al. 2005;
Galy et al. 2006; Rodenas et al. 2012; Rodenas et al. 2009), indicating that several
NPC components might be involved in resolving replication-induced DNA
structures.

6.4 Gene Repositioning Upon Transcriptional Activation
Organization of the genome is dynamic and non-random during development
and relates with cell fate (Burns and Wente 2014). The locus tracking system
based on integrated LacO arrays and ﬂuorescent GFP-LacI has been used in
many organisms, including C. elegans to study the gene positioning in living
cells (Askjaer et al. 2014a). This has revealed that many tissue-speciﬁc promoters
are sequestered at the nuclear periphery when repressed and move to the nuclear
interior when activated. For instance, pha-4 (gut) and myo-3 (muscle) promoters
are inactive and located at the NE during early development but are later found
more frequently in the interior of differentiated gut and muscle nuclei, respectively (Meister et al. 2010). Transcriptional activation also leads to chromatin
decompaction, as demonstrated for the myo-2 and pax-1 promoters in pharyngeal
cells upon binding by PHA-4 (Fakhouri et al. 2010). Importantly, ectopic expression in C. elegans of a LMN-1 variant mimicking a disease-causing mutation in
human lamin A prevents release of myo-3 arrays in differentiated muscle cells
and interferes with muscle activity (Mattout et al. 2011), indicating that the
nuclear lamina plays an active role in regulation of gene expression and cell fate
execution.
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Repressed chromatin is characterized by methylation of lysine 9 of histone H3
(H3K9me) and the nematode-speciﬁc CEC-4 protein was recently identiﬁed as an
anchor for H3K9me at the NE in embryos (Gonzalez-Sandoval et al. 2015).
Mutation of cec-4 releases heterochromatin from the NE but does not lead to derepression, demonstrating that tethering to the NE is not required for repression. In
contrast, prevention of H3K9 methylation by deletion of the methyl transferase
genes set-25 and met-2 causes both, detachment and derepression of heterochromatin (Towbin et al. 2012). Interestingly, these phenotypes are mainly restricted
to embryos, suggesting that unknown tethering mechanisms act later in C. elegans
development.
Recruitment of promoters to NPCs as part of the mechanism of gene activation
is well described in yeast, but it remains unclear to which extend this also occur in
animal cells, where the increased genome size might impede long range movements (Burns and Wente 2014). However, heat-shock responsive promoters represent an interesting example of chromatin mobility within the C. elegans nucleus.
Super-resolution microscopy and ChIP experiments with antibodies against
NPP-13/NUP93 have revealed that the position of the stress-induced hsp-16.2/41
promoter differs upon transcriptional activation. In non-stress conditions, the promoter resides at the nuclear periphery in regions lacking NPCs, and upon heat
shock, it repositions and interacts with NPCs (Rohner et al. 2013). The recruitment
to NPCs depends on transcriptional activation of the hsp-16.2/41 promoter
because mutation of RNA pol II subunit AMA-1 or THO/TREX subunit ENY-2
prevents efﬁcient repositioning. In conclusion, in C. elegans, two classes of genes
present distinct patterns of gene positioning upon transcriptional activation.
Developmentally induced genes relocate from the periphery to the interior when
they are transcriptionally active, whereas stress-induced genes reposition within
the nuclear periphery to the NPC upon stress conditions, suggesting distinct modes
of gene regulation.

6.5 The NPC in Nucleocytoplasmic Transport and Beyond
The conventional role of the NPC is to regulate nucleocytoplasmic transport and
thereby facilitate gene expression. For instance, gene transcription depends on
nuclear import of transcription factors whereas protein synthesis requires active
nuclear export of mRNA in the form of messenger ribonucleoprotein particles
(mRNPs). Several nups have unstructured domains rich in phenylalanine-glycine
(FG) dipeptide repeats, which form a highly selective permeability barrier in the
central channel of the NPC (Knockenhauer and Schwartz 2016). Speciﬁc and
rapid passage of transport substrates through this barrier is mediated by transport
receptors (aka karyopherins or importins and exportins) that interact simultaneously with substrates and FG nups. The recognition of substrates has been

6

Caenorhabditis elegans Nuclear Pore Complexes

151

described in details whereas the biophysical properties of the interactions of transport receptor with nups in the central channel are still an area of active research.
Examples of substrate-receptor interactions characterized in C. elegans include
the FOXO-like transcription factor DAF-16 and its nuclear import receptor
IMB-2/transportin (Putker et al. 2013) as well as the cell cycle-related phosphatase
CDC-14 and its nuclear export receptor XPO-1/CRM1 (Roy et al. 2011).
So far only few studies have analyzed the role of individual C. elegans nups in
nucleocytoplasmic transport. Early RNAi experiments indicated that several nups
are required for nuclear growth after mitosis (Galy et al. 2003). It is reasonable to
speculate that the reduced nuclear growth phenotype is caused by impaired nuclear
protein import, although this should be investigated in more detail. Nuclei lacking
NPP-5/NUP107 are also reduced in size (Rodenas et al. 2012) whereas depletion
of NPP-1/NUP54 or NPP-19/NUP35 inhibits nuclear import of PIE-1 (Rodenas
et al. 2009; Schetter et al. 2006). Recently, RNAi against npp-10/NUP98-96,
npp-13/NUP93 or npp-20/SEC13R was reported to interfere with centromere
assembly by impeding nuclear import of HCP-4/CENP-C (Ferreira et al. 2017).
Based on evidence from yeast and vertebrate systems, we expect that several other
C. elegans FG nups, such as NPP-4/NUPL1, NPP-7/NUP153, NPP-11/NUP62,
NPP-10N/NUP98 and NPP-16/NUP50 might be directly implicated in regulation
of transport through the NPC, but future experiments are required to address this.
The recruitment of the hsp-16.2/41 promoter to NPCs upon heat shock induction
described above might stimulate both, transcription and mRNA export, by local
concentration of transcription factors and facilitated access to the NPC (“gene gating,” see (Burns and Wente 2014)).
There is growing evidence that nups have additional roles away from the NPC
and this includes also C. elegans NPP-9/NUP358 and NPP-10N/NUP98 (note that
the npp-10/NUP98-96 gene produces 3 transcripts, of which the long b isoform
encodes a precursor protein, which, similarly to the situation in yeast and vertebrates, is proteolytically cleaved to produce NPP-10N/NUP98 and NPP-10C/
NUP96). NPP-9/NUP358 and NPP-10N/NUP98 are present in P granules, which
are conserved germline cytoplasmic ribonucleoprotein complexes required for fertility (Sheth et al. 2010; Voronina and Seydoux 2010). RNAi screens for regulators
of P granule integrity have retrieved ∼10 npp genes, which suggest that NPCs have
a central role in assembly of P granules (Updike and Strome 2009; Voronina and
Seydoux 2010). P granules are located both, in the cytoplasm and at the nuclear
periphery juxtaposed to NPCs. Moreover, several P granule components, similarly
to nups, are enriched in FG repeats and P granules share certain biophysical
properties with NPCs, which led to the notion that they might serve as a physical
extension of NPCs in mRNA export and storage (Updike et al. 2011). Moreover,
NPP-10N forms a complex with nos-2 mRNA and is required for translational
repression of P granule-associated nos-2 mRNA (Voronina and Seydoux 2010).
An interesting question that remains to be addressed is whether the other nups that
were identiﬁed in the RNAi screens also relocate (transiently) to P granules or if
their role is restricted to export of P granule RNA components through the NPC.
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6.6 The NPC During Aging
The discovery that mutations in genes encoding NE components are the cause of
Hutchinson-Gilford Progeria Syndrome (HGPS) sparked much interest in understanding the relation between the NE and aging. Cells from HGPS patients are
characterized by irregular nuclear morphology, clustering of NPCs and increased
levels of DNA damage (Gonzalo et al. 2017). During the short life of C. elegans
(2–3 weeks under normal laboratory conditions), most post-mitotic cells
also undergo dramatic changes in nuclear morphology and distribution of LMN1/lamin (Haithcock et al. 2005). Throughout larval development nuclei are surrounded by smooth NEs with uniform distribution of LMN-1 and NPP-1/NUP54
but as animals enter adulthood the NE becomes gradually more convoluted, the
levels of intranuclear LMN-1 increase at the expense of NE-localized LMN-1, and
clusters of NPP-1 appear. Initial observations found a correlation between NE
deterioration and lifespan: in long-lived animals the NE remained more uniform
for an extended time, whereas a mutation reducing lifespan was accompanied with
earlier changes in nuclear morphology (Haithcock et al. 2005). However, this correlation is not universal as later analyses identiﬁed mutants that uncoupled lifespan
from NE alterations: in two alleles of the insulin receptor daf-2 the NE changed
nuclear morphology with the same kinetics as in wild type animals, yet the
mutants lived ∼50-150% longer (Perez-Jimenez et al. 2014). Whereas these two
studies described the distribution of LMN-1, an analysis in the Hetzer laboratory
focused on the changes in expression of C. elegans nups during aging.
Interestingly, for several nups, in particular those belonging to the NUP107 complex (NPP-5/NUP107, NPP-6/NUP160, NPP-15/Nup133 and NPP-23/NUP43), as
well as NPP-3/NUP205 and NPP-8/NUP155, their mRNA was only present in
embryos and larval stages but the proteins were detected throughout life
(D’Angelo et al. 2009). In contrast, genes encoding nups of the peripheral cytoplasmic and nucleoplasmic NPC structures (NPP-7/NUP153, NPP-9/NUP358 and
NPP-16/NUP50), as well as NPP-19/NUP35 and transmembrane NPP-12/NUP210
were transcribed and translated in all life stages. Together with experiments in
mammalian cells, this led to the conclusion that once so-called scaffold nups are
inserted into post-mitotic NPC, they do not exchange for the rest of the life of the
cell (D’Angelo et al. 2009). As a consequence of the lack of protein turnover, the
NPCs are prone to accumulation of damage from for instance reactive oxygen species, and indeed, many nuclei isolated from old nematodes had compromised permeability barriers (D’Angelo et al. 2009). The precise implication of these
observations for normal and disease-related aging in humans is still unclear, but
they have added a novel aspect to the complexity of biological aging. Combined
with the age-related alterations in the nuclear lamina described above, changes in
NPC composition and/or function in old individuals could have both global and
speciﬁc impacts on signaling across the NE and gene expression. Moreover, an
interesting question is how these observations relate to different tissues. C. elegans
neurons generally maintain a smooth, regular nuclear morphology throughout the
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life of the animal (Haithcock et al. 2005), but whether this correlates with efﬁcient
NPC function in nucleocytoplasmic transport and gene expression has not been
analyzed yet. Finally, a recent study found that NPP-21/TPR is required for
Metformin-induced lifespan increase, possibly through regulation of NPC permeability (Wu et al. 2016).

6.7 Concluding Remarks
Increasing evidences support a critical role of NPCs in different genetic processes
in C. elegans. However, the speciﬁc roles of most nups still remain unclear.
Furthermore, although NPC structure is conserved through evolution, nups are
likely to have both shared and different roles between species. For example, in
yeast, nups recruit genes to the nuclear periphery upon activation to achieve optimal gene expression but this might be the exception rather than the norm in nematodes: C. elegans heat shock promoters relocate to NPCs at elevated temperatures
whereas developmentally regulated promoters are located in the nuclear interior
when they are transcriptionally active. Also, although most studies have reported
positive roles of nups in transcriptional activation, there exist several examples of
nups involved in gene silencing. This suggests that the function of NPCs and nups
in gene expression regulation is quite complex and more experiments in different
model organisms are required to clarify this process.
Another interesting topic for future research is that many pathologies, cellular
phenotypes and expression patterns associated with metazoan nups are tissuespeciﬁc. For instance, it has been shown that speciﬁc nups affect neural and muscle differentiation during mouse embryonic development. Although transcriptomic
data suggest that several C. elegans nups are expressed in a cell type-speciﬁc manner, the potential implication during development remains to be explored. Because
of the characteristics of C. elegans, we envision that many interesting discoveries
will be made in this model organism, paving the way to better understand the basis
of pathologies caused by nups dysfunctions.
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Figure 11.1. Differences in EMR-1 associated domains between neurons and muscles. At 10kb windows resolution
there are differences in EADs, with EMR-1 being more enriched in central part of chromosomes in neurons than in
muscles. The general trend is similar in all chromosomes. EADs commonly present in both tissues are mainly in
chromosome arms. EADs exclusively in neurons called as “Neurons only” are enriched in central part of the
chromosome and EADs exclusively in muscles called as “Muscles only” are distributed along the entire chromosome.
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Figure 11.2. Differences in LMN-1 associated domains between neurons and muscles in WT or emr-1 mutants at
100kb window resolution. LMN-1 interaction profiles of individual chromosomes at 100kb bins. Main differences are
observed in the muscle tissue in the central part of the chromosome, where it becomes more associated to the NE in
WT in comparison with emr-1 mutants. Neuronal profiles are quite similar in both backgrounds.
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Figure 11.3. Differences in LMN-1 associated domains between neurons and muscles in WT or emr-1 mutants at
10kb window resolution. LMN-1 interaction profile at 10kb for individual chromosomes. At this resolution, main
differences are observed in the muscle tissue in the central part of the chromosome, where it becomes more
associated to the NE in WT in comparison with emr-1 mutants. The neuronal profiles are quite similar in both
backgrounds. At this resolution, the differences are more pronounced in muscles in WT background in comparison
with emr-1 mutants than at 100kb window resolution.
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Figure 11.4. EMR-1 association profile in young vs old animals for individual chromosomes. At 10kb windows
resolution, the similar EMR-1 association profile observed at 100kb bins resolution is not so consistent. Differences
in chromatin association profiles between both datasets are observed, with EMR-1 interacting more frequently with
central part of the chromosomes at younger stages. Interestingly, the general profile at L4 stage present higher log2
values than at day 10 worms.

Supplementary to Table 5.3
Table 11.1. Statistics of EADs from L4 and D10 animals.

Sample

Chromosome

Domain
count

Average
size (bp)

Genome
coverage (%)

Domain
count

L4

Dam::EMR-1

Average
size (bp)

Genome
coverage (%)

D10

I

1,201

6,878

54.8

974

6,887

44.51

II

1,240

5,005

40.62

693

3,400

15.42

III

1,087

4,368

34.45

635

3,534

16.28

IV

1,528

5,339

46.63

1,055

4,233

25.53

V

1,724

6,682

55.06

1,238

3,732

22.08

X

1,527

4,325

37.27

510

2,588

7.45

Number of identified EADs, average size and genome coverage at 2kb window resolution in all L4 EADs, all D10 EAD
for each stage and individual chromosomes at cutoff 1 after MACS2.

Supplementary to Figure 5.4

Figure 11.5. Correlation between chromosome size and genome coverage in young vs old animals at 2kb bins. Pink
dots belong to young adult dataset and green dots refer to old animals dataset. Although the plot shows both somatic
and sexual chromosomes, the trend line and R^2 value refers only to somatic chromosomes. Chromosome sizes are:
chrI 15.07 Mb, chrII 15.27 Mb, chrIII 13.78 Mb, chrIV 17.49 Mb, chrV 20.92 Mb and chrX 17.71 Mb.

Table 11.2. Number of EADs, genome coverage as well as the average size of the EADs observed at 1kb bin size and
different cutoff as well as at 2kb bin size and cutoff 1.
Stage_bin size_cutoff

Number of EADs

Average size of EADs (bp)

Genome coverage (%)

L4_1kb_c0.6

16,834

2,680

44.98

L4_1kb_c0.7

16,670

2,593

43.1

L4_1kb_c0.8

16,502

2,512

41.33

L4_1kb_c0.9

16,296

2,425

39.4

L4_1kb_c1

16,070

2,340

37.49

L4_2kb_c1

8,307

5,477

45.37

D10_1kb_c0.6

13,926

2,196

30.49

D10_1kb_c0.7

13,208

2,103

27.7

D10_1kb_c0.8

12,555

2,017

25.25

D10_1kb_c0.9

11,826

1,929

22.75

D10_1kb_c1

11,135

1,845

20.48

D10_2kb_c1

5,106

4,253

21.66

At 1kb bins, using cutoffs from 0.6 to 1 showed no major changes in the number of peaks, average size and genome
coverage.
At 2kb bins, the number of EADs was approximately half and the average size was more than twice bigger respect to
the obtained value at 1kb bins and cutoff 1. The genome coverage was not dramatically affected, although it was a
bit higher at 2kb bins than at 1kb bins both in young and old animals (45.37% vs 37.49% in L4 and 21.66% vs 20.48%
in day 10 animals). This difference was higher in the L4 stage.
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Figure 11.6. Chromosome centers show the more changes in chromatin accessibility than chromosome arms during
aging. Log2 values of GFP::Dam in Day10 normalized to L4 data for each invididual chromosome shows that in
autosomes chromatin organization changes during aging. Specifically, central part of the chromosomes becomes
generally more accessible in old animals.

Supplementary to Figure 6.3D

Figure 11.7. Nuclear envelope association profile of control worms, mrg-1, cec-4 and cec-4; mrg-1 double mutants.
Boxplot showing the quantification of the EMR-1 association profile (as log2 values, represented in the y axis) in the
four samples in individual chromosomes, distinguishing between arms, center, arms, and the statistical analysis that
shows statistically significant differences in NE association. Stars show the significant differences from each of the
strains respect to the control, the circles respect to the cec-4 and the crosses respect to the mrg-1. Statistical analyses
are done with wilcoxon test in RStudio.

