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The function of the nucleus depends on the integrity of the nuclear
lamina, an intermediate filament network associated with the
linker of nucleoskeleton and cytoskeleton (LINC) complex. The LINC
complex spans the nuclear envelope and mediates nuclear mecha-
notransduction, the process by which mechanical signals and forces
are transmitted across the nuclear envelope. In turn, the AAA+
ATPase torsinA is thought to regulate force transmission from the
cytoskeleton to the nucleus. In humans, mutations affecting nuclear
envelope-associated proteins cause laminopathies, including proge-
ria, myopathy, and dystonia, though the extent to which endoge-
nous mechanical stresses contribute to these pathologies is unclear.
Here, we use the Caenorhabditis elegans germline as a model to
investigate mechanisms that maintain nuclear integrity as germ cell
nuclei progress through meiotic development and migrate for
gametogenesis—processes that require LINC complex function.
We report that decreasing the function of the C. elegans torsinA
homolog, OOC-5, rescues the sterility and premature aging caused
by a null mutation in the single worm lamin homolog. We show
that decreasing OOC-5/torsinA activity prevents nuclear collapse in
lamin mutants by disrupting the function of the LINC complex. At a
mechanistic level, OOC-5/torsinA promotes the assembly or main-
tenance of the lamin-associated LINC complex and this activity is
also important for interphase nuclear pore complex insertion into
growing germline nuclei. These results demonstrate that LINC
complex-transmitted forces damage nuclei with a compromised nu-
clear lamina. Thus, the torsinA-LINC complex nexus might comprise
a therapeutic target for certain laminopathies by preventing dam-
age from endogenous cellular forces.
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N uclear mechanotransduction enables the nucleus to adapt its
rigidity in response to applied forces and is necessary for
transmitting mechanical signals across the nuclear envelope
(NE) and for maintaining the integrity of the genome (1, 2).
Nuclear mechanotransduction requires an intact nuclear lamina,
which comprises an intermediate filament network of lamins and
associated proteins that line the nuclear-facing surface of the
NE. The LINC (linker of nucleoskeleton and cytoskeleton)
complex is a core NE component required for nuclear mecha-
notransduction, as it acts as a molecular bridge coupling the
inside of the nucleus with the cytoplasm. The LINC complex
consists of two interacting protein components: 1) SUN (Sadl
and UNC-84) domain proteins in the inner nuclear membrane;
and 2) KASH (Klarsicht, ANC-1, Syne homology) domain pro-
teins in the outer nuclear membrane (2). The LINC complex is
tethered to the cytoplasmic cytoskeleton and nuclear lamins and
transduces forces across the NE.

Mutations in many NE components are associated with a
range of seemingly unrelated tissue-specific pathologies, collec-
tively known as nuclear envelopathies (3). The apparent tissue
specificity of these diseases is somewhat surprising because most
of these NE components are widely expressed proteins. For ex-
ample, mutations in genes encoding nuclear lamins cause diseases,
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including Hutchinson-Gilford progeria, dyslipidemias, and myop-
athies (3). By contrast, mutations affecting the NE-associated
AAA+ ATPase (ATPases associated with diverse cellular activi-
ties) torsinA cause early-onset DYT1 dystonia and congenital
joint contractures (4-6). An attractive hypothesis is that endoge-
nous mechanical forces contribute to the pathology of nuclear
envelopathies by causing damage to cells with defective NE
components, yet few studies have directly tested this possibility. In
many cases, experimental investigations are hampered by the fact
that the mechanistic functions of many key NE components re-
main incompletely understood—such is the case of torsinA.

In this study, we set out to elucidate molecular interactions
and mechanisms by which torsinA functions in the NE. Although
the cellular functions of torsinA have remained enigmatic, they
appear to be conserved across cell types and species because
distantly related organisms lacking torsinA function display similar
ultrastructural NE defects (7, 8). A plausible hypothesis is that
torsinA plays a role in regulating nuclear mechanotransduction, as
its loss disrupts cell migration, nuclear positioning, and polariza-
tion (8-10). Yet, torsinA has been implicated in other cellular
processes, including endoplasmic reticulum (ER) stress (11-14),
lipid metabolism (15), and membrane remodeling (16). In this
study, we took advantage of the fact that mutations in the Cae-
norhabditis elegans torsinA ortholog, OOC-5 (abnormal oocyte
formation, 5), cause oocyte growth and embryonic polarity defects
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(17, 18). Further, we used the C. elegans germline as a model
system to investigate how cytoskeletal forces are transduced as
germ cell nuclei progress through meiosis and migrate for game-
togenesis. Our results reveal that OOC-5/torsinA promotes the
activity of the LINC complex in transducing forces to the nuclear
lamina. Remarkably, decreasing the function of OOC-5/torsinA or
the LINC complex prevents nuclear collapse in the absence of a
functional nuclear lamina. These results highlight a critical role for
torsinA in nuclear mechanotransduction and suggest that an in-
ability to cope with endogenous and exogenous forces may un-
derlie the etiology of nuclear envelopathies.

Results

00C-5/TorsinA Associates with the LINC Complex Protein SUN-1 and
Lamin. To address the mechanism of OOC-5 function, we puri-
fied OOC-5-associated proteins from soluble and membrane
protein fractions using tandem affinity purification (SI Appendix,
Fig. S1). Both purifications identified highly conserved regula-
tors of ER and NE homeostasis (SI Appendix, Table S1). The
OOC-5-associated proteins include OOC-3, a protein required for
OOC-5 localization and function (17, 18), ER chaperone CNX-1/
calnexin, which associates with torsinA in mammalian cells (19),
and GEI-18 and T09B4.2, the divergent C. elegans homologs of
the torsinA-interacting proteins LAP1 and LULL1 (20).

Also, among the OOC-5-associated proteins was SUN-1, the
SUN domain inner nuclear membrane protein component of
LINC complexes in the C. elegans germline (21). SUN domain
proteins interact with nuclear lamins (22, 23), and the sole C.
elegans lamin, LMN-1 (24), was well represented among OOC-5-
associated proteins (42 to 43% protein coverage; SI Appendix,
Table S1). The genetic interaction studies described below sug-
gest that the association between OOC-5, which resides in the
lumen of the NE and ER, and nucleoplasmic LMN-1 is likely
mediated through SUN-1.

Decreasing 00C-5/TorsinA Function Prevents Nuclear Collapse and
Extends Lifespan in Lamin Mutants. To address the significance of
the protein associations with OOC-5, we conducted genetic
analyses. The most striking result was an interaction between
ooc-5 and Imn-1. Most Imn-1 null mutants are agametic, sterile,
and have small gonads (Figs. 14 and 24). However, 12.3 + 7.8%
of animals (“escapers”) develop larger gonads and produce dead
embryos (Figs. 14 and 2A4). Surprisingly, compromising ooc-5
function rescued the sterility of /mn-I mutants such that all an-
imals produced gametes and dead embryos (Figs. 14 and 24 and
SI Appendix, Fig. S24). Importantly, reducing the dosage of ooc-
5 was sufficient to suppress Imn-1 sterility (Figs. 14 and 24).
These and the following genetic analyses were performed using a
deletion of the ooc-5 locus that we generated by CRISPR-Cas9
genome editing (SI Appendix, Fig. S14). Yet, similar results were
observed for other ooc-5 alleles (n = 69 for the 1709 deletion
allele, and n = 57 for the it145 R95stop nonsense allele). Because
prior work established that lmn-1(-) mutants exhibit a reduced
lifespan (25), we tested whether decreasing ooc-5 function could
suppress the premature aging observed in /mn-1(-) mutants.
Indeed, reducing or eliminating ooc-5 function suppressed the
decreased lifespan of Imn-1(-) mutants (Fig. 1B and SI Appendix,
Table S2). Importantly, reducing or eliminating ooc-5 function
did not increase lifespan in an otherwise wild-type genetic
background (Fig. 1B and SI Appendix, Table S2).

The germ cells of the Imn-1 escapers appeared to deteriorate
as they progressed through meiotic prophase; they assembled a
synaptonemal complex (SC) but their nuclei appeared to col-
lapse soon after the pachytene stage (SI Appendix, Figs. S3D and
S4). We assessed the dynamic nature of this apparent nuclear
collapse using time-lapse imaging of Imn-I mutant gonads
(Fig. 1C and Movies S1-S3). Proximal germ cell nuclei that
appeared normal in size and shape at the beginning of the
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recording were observed to rapidly condense and even frag-
ment. We observed nuclear collapse in /mn-1(-) mutants in at
least three situations: 1) simultaneously with the ovulation of
the most proximal oocyte (Fig. 1 C, Top and Movie S1); 2)
spontaneously in a cellularized oocyte (Fig. 1 C, Middle and
Movie S2); and 3) while migrating in the proximal direction
with the cytoplasmic flows, which also resulted in nuclear
fragmentation (Fig. 1 C, Bottom and Movie S3). In all cases,
nuclear collapse occurred within the span of a few minutes. We
also observed that SUN-1 lost its normal NE localization and
appeared diffuse in most collapsing nuclei (SI Appendix, Fig.
S5 C and D). Remarkably, reducing the dosage of ooc-5 pre-
vented the nuclear collapse in lamin mutants (Fig. 14 and SI
Appendix, Fig. S3C). Whereas diakinesis-stage chromosomes
were rare in /mn-1 mutant oocytes, they were observed in most
or all Imn-1 mutants after reducing ooc-5 function (Fig. 14 and
SI Appendix, Fig. S3C). Further, reducing or eliminating ooc-5
function enabled SUN-1 to retain its NE association in /mn-1
mutants (S Appendix, Fig. S5 E and F). Additionally, we ob-
served increased levels of DNA damage in late-stage pachytene
female germ cells of /mn-1 mutants (SI Appendix, Fig. S6).
Nevertheless, decreasing ooc-5 function did not appear to
completely rescue this defect (SI Appendix, Fig. S6 A and B).

00C-5/TorsinA Acts through the LINC Complex. Studies in mamma-
lian cells suggest that torsinA regulates force transmission from
the cytoplasm to the nucleus (9, 10). Thus, we examined a model
in which OOC-5 promotes LINC complex function, which
damages nuclei with a compromised nuclear lamina. We tested
for genetic interactions between Imn-1(—) mutants and genes
encoding components of the LINC complex, utilizing mutations
in sun-1 and zyg-12, which encodes the KASH domain outer
nuclear membrane LINC complex component in the germline
(21). As observed for ooc-5, the proportion of fertile Imn-1(-)
mutant animals increased when LINC complex function was
compromised, and nuclear collapse was substantially amelio-
rated (Fig. 24 and SI Appendix, Fig. S2B). These results suggest
that OOC-5 and LINC complex-transmitted forces contribute to
nuclear damage in /mn-I mutants.

00C-5/TorsinA Promotes LINC Assembly or Maintenance in Growing
Late Prophase Meiotic Nuclei. TorsinA function is required for the
proper localization of KASH domain proteins ZYG-12 and
nesprin3 in C. elegans germ cells and mammalian fibroblasts,
respectively (8, 9). To assess whether OOC-5 promotes LINC
complex integrity, we used superresolution microscopy to ex-
amine the colocalization of SUN-1 and ZYG-12 in the wild type
and ooc-5 mutants. Prior work showed discontinuities in ZYG-12
localization in ooc-5 mutants commencing in pachytene germ
cells (8). In addition to these discontinuities, we observed a re-
duction of ZYG-12 NE localization as germ cells progressed
from the pachytene stage to the diakinesis stage of meiotic
prophase (Fig. 2B). By contrast, SUN-1 remained in the NE at
high levels in ooc-5 mutants (Fig. 2B). We quantified SUN-1 and
ZYG-12 colocalization as a function of nuclear diameter by
measuring Pearson’s correlation and Mander’s overlap as a
function of nuclear diameter. We observed that as the ooc-5(-)
germ cells grew, colocalization declined (Fig. 2C). These results
suggest that OOC-5 promotes the assembly or maintenance of
the LINC complex, which appears particularly important for
growing meiotic prophase nuclei.

00C-5/TorsinA Promotes the Activity of the LINC Complex in Early
Meiotic Prophase Nuclei. The LINC complex is essential for the
pairing of homologous chromosomes in C. elegans meiosis
(26-28). OOC-5 is not required for SC formation (SI Appendix,
Figs. S3B and S4) and appears dispensable for meiotic chromo-
some segregation (17, 18). To examine whether OOC-5 promotes
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the efficiency of meiotic pairing, we examined the localization of
ZIM-3 and HIM-8, which bind the pairing center regions on
chromosomes I and IV and the X chromosome, respectively (29).
The spatial distribution of unpaired meiotic chromosomes across
the distal gonad suggests that pairing of chromosomes I and IV is
delayed in ooc-5 mutants (Fig. 3.4 and B, Upper). By contrast, ooc-
5 appears dispensable for the timely pairing of the X chromosome
(Fig. 3 A and B, Lower). Persistent SUN-1 phosphorylation cor-
relates with synaptic or recombination defects (30). We observed
that phosphorylated SUN-1 (S8P1i) persisted in an extended zone
in ooc-5 mutants (Fig. 3 C and D), and that the number of SUN-1
foci and their speed of motion increased (Fig. 3 E and F and
Movies S4-S6). The increased movement of SUN-1 foci in ooc-5
mutants may reflect a partial release from cytoskeletal tension. By
contrast, we observed lower numbers and slower movement of
SUN-1 foci in lmn-1 mutants (Fig. 3 E and F). We hypothesize that
this observation reflects a lower level of force resistance exerted by
the weakened nuclear lamina in the absence of LMN-1 such that
the SUN-1 foci are subjected to enhanced cytoskeletal tension and
thus move more slowly and coalesce into fewer foci. Taken to-
gether, these results suggest that the function of the LINC complex
is perturbed in ooc-5 mutants even in early prophase germ cells,
which exhibit normal SUN-1 and ZYG-12 colocalization.

Huelgas-Morales et al.

00C-5/TorsinA and the LINC Complex Promote Interphase Nuclear
Pore Insertion. C. elegans OOC-5 and mammalian torsinA are
required for the proper localization of nuclear pore complex
(NPC) proteins (8, 31). Mislocalization of nucleoporins (Nups)
may be sufficient to explain the embryonic polarity defects in
ooc-5 mutants (32). The two transmembrane Nups, NPP-12 and
NPP-22, were identified among OOC-5-associated proteins (S7
Appendix, Table S1). A prior study concluded that an NPP-
22::GFP-expressing transgene localized more normally in ooc-5
mutants than other Nups, but the localization of NPP-12 was not
examined (8). Thus, we used genome editing to generate GFP
fusions to the endogenous transmembrane Nups and analyzed
their localization. By examining the localization of these two
fusion proteins we confirmed that they localize to patches within
the NE of ooc-5 mutant germ cells, consistent with the previous
report (8). However, we observed further localization changes in
that both NPP-12::GFP and GFP::NPP-22 exhibited substantial
mislocalization in ooc-5 mutants, accumulating largely outside the
NE and in the cytoplasm of proximal oocytes (Fig. 4 4 and B). We
tested the possibility that this mislocalization of transmembrane
Nups in ooc-5 mutants might be a consequence of the impaired
function of the LINC complex. Thus, we used a temperature-
sensitive zyg-/2 mutant allele to examine the localization of
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NPP-12::GFP and GFP:NPP-22 at the restrictive temperature.
We observed that both NPP-12::GFP and GPF::NPP-22 exhibited
clear mislocalization in the germlines zyg-12 mutants (Fig. 4 4 and
B). We also examined the effect of a sun-1 reduction-of-function
(rf) allele on the localization of these transmembrane Nups. We
found that NPP-12::GFP and GFP::NPP-22 abnormally aggregate
in a patchy pattern on the NE of sun-1(xf) nuclei, but they only
subtly changed their subcellular localization (Fig. 4 4 and B). The
subtle effect on the localization of Nups might be a reflection of
the reduction-of-function nature of this sun-7 allele.

Discussion

Decreased function of torsinA, the LINC complex, lamins, and
other NE-associated proteins, result in altered nuclear deform-
ability (1, 2, 33). Prior studies suggest that torsinA might function
as a regulator of the LINC complex (9, 10). Four of our findings
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provide direct support for this model: 1) OOC-5 associates with
SUN-1, as detected using tandem affinity purification (SI Ap-
pendix, Table S1); 2) mutations in OOC-5 and LINC complex
components can suppress nuclear collapse in lamin null mutants
(Fig. 24); 3) OOC-5 is required for LINC complex assembly or
maintenance in growing oocyte nuclei (Fig. 2 B and C); and 4)
LINC complex-dependent activities, including the pairing of
meiotic chromosomes and interphase nuclear pore insertion, are
misregulated in the germline of ooc-5 mutants (Figs. 3 and 4 and
Movies S4-S6). Consistent with these findings, observations in
mouse embryos suggest that torsinA acts upstream of the LINC
complex (34). However, decreasing the dosage of the LINC
complex protein Sun2 prevented abnormal brain morphogenesis
in torsinA-deficient mouse embryos (34). Taken together with
our results, this latter finding suggests that torsinA might pro-
mote or inhibit LINC complex-dependent activities depending

Huelgas-Morales et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2015050117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2015050117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2015050117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2015050117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2015050117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2015050117

0.001
A mitosis®* le':”'v—|:>a<:r'|ylene—n —— diakinesis—s Meiotic E Lo
diplotene maturation 8 p<0.001
7 B p<0.001
2 0,002
p=0.
% 6
g 5 p=0.001
B o
o *
= 3
ooc-5(-) I.;.H_H._[_‘ "
[ie] 132 Y] 2 ,
p<0.001
Wild type - ,W{.“ - 1
0
0 5 10 15 20 25 30 35 40 F = p<0.001
Position of unpaired chromosomes | and IV E 120 P<0.001 p=0. RGP <0.001
£ pe
B 100
ooc-5(-) sife il..H.}._..H.p it %
o 80
p=0.191 E
. % 60
Wild type x--+v-§-H+]+ii H g
a
= 40
5
0 5 10 15 20 25 30 35 40 g 20
Position of unpaired chromosome X -S‘r
@ 0

C

Wild type

Fig. 3.

‘.._\Q \:\\ c;,\’ \\' \\' N
Do & (“ (“ (,

0000 =00 Y S
ns—{8 =0.001 +
ns—=  p=0,004 *
he .
10 20 30 40 50

SUN-1(S8Pi) region [rows of nuclei]
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distribution of unpaired chromosomes | and IV, and X chromosomes, visualized by immunostaining for ZIM-3 and HIM-8, respectively (S/ Appendix, Fig.
S7 A-D). (C) Gonads immunostained for phosphorylated SUN-1 (S8Pi, green) and DNA (magenta). (Scale bars, 20 pm.) (D) Extent of the meiotic region
containing phosphorylated SUN-1 (S8Pi). The rows of nuclei from start (magenta) to end (green) for the SUN-1 (S8Pi) region are specified. Diamonds indicate
mean values. The statistical analyses for the start rows (magenta) and for the extent of the region (black) is depicted. (€ and F) Quantification of SUN-1 foci
per nucleus and their approximate speed of movement from time-lapse images (Movies S4-56). Alleles used: tm1502 as Imn-1(-) and tn1757 as ooc-5(-). The

min1 balancer chromosome was used to analyze the ooc-5(-)/+ genotype.

on cellular context or the specific SUN-KASH pairs composing
the particular LINC complexes. Further work will be needed to
determine the precise molecular mechanisms by which torsinA
regulates the activity of LINC complexes.

When torsinA is not functional, cells accumulate abnormal
vesicles within the perinuclear space, which are often referred to
as “blebs” (7, 8, 35, 36). One possibility is that the NE blebs
observed in torsinA mutant cells might originate from defects in
interphase NPC assembly or insertion. Consistent with this
possibility, budding yeast mutants that disrupt the process of
NPC insertion or assembly accumulate similar NE blebs (37, 38).
In multiple cell types lacking torsinA function, several Nups lo-
calize to abnormal perinuclear plaque-like structures (8, 31). In
this study, we found that OOC-5/torsinA associates with the two
C. elegans transmembrane Nups, NPP-12 and NPP-22, and that
these proteins lose their strict NE localization in the growing
nuclei of ooc-5 mutant oocytes (Fig. 4 4 and B and SI Appendix,
Table S1). The mislocalization of transmembrane Nups in ooc-5
mutants might be a consequence of the impaired function of the
LINC complex because NPP-12::GFP and GFP::NPP-22 were
mislocalized in sun-1 and zyg-12 mutants (Fig. 4 A and B). In
support of this idea, prior work found that Sunl disruption in
mammalian cells leads to NPC mislocalization (39).

The physical association between the LINC complex and nu-
clear lamins is critical for nuclei to prevent deformation under
mechanical stress (1, 2). Our findings suggest that in the absence
of a functional nuclear lamina, LINC complex-dependent forces,
promoted by OOC-5, result in nuclear damage (Fig. 4C). Using
time-lapse microscopy, we were able to directly observe rapid
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nuclear collapse occurring in oocyte nuclei in the absence of
LMN-1 (Movies S1-S3). Our work here capitalized on the fact
that C. elegans has but a single nuclear lamin. Nonetheless, we
speculate that rapid nuclear collapse might contribute to the
pathology of laminopathies caused by milder perturbations to
the nuclear lamina. Consistent with our model derived from
studies of the C. elegans germline (Fig. 4C), disruptions of the
LINC complex can ameliorate defects in cultured cells, mouse
models of laminopathies, and fibroblasts derived from Hutchinson-
Gilford progeria patients (40, 41). Age-related alterations in the
ability to cope with mechanotransduction across the NE may con-
tribute to progeroid syndromes and reduce normal healthspan.

Nuclear envelopathies exhibit a broad range of symptoms and
are characterized by a complex pathophysiology. Understanding
the normal cellular functions and interactions of NE components
and how their function is perturbed in nuclear envelopathies is
vital for advancing treatments. This study in the C. elegans
germline system provides insights into the normal functions and
interactions of torsinA with conserved NE components and
elucidates how this normal function becomes deleterious when
the structure of the nuclear lamina is compromised. Our findings
indicate that OOC-5/torsinA promotes or modulates vital LINC
complex functions needed for maintaining NE homeostasis. This
activity of torsinA might be relevant to the pathophysiology of
DYT1 dystonia because Sunl deficiency leads to cerebellar
ataxia in mice (42). Thus torsinA-dependent LINC complex ac-
tivities might influence the pathophysiology of multiple nuclear
envelopathies.
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Materials and Methods

Detailed materials and methods are available in S/ Appendix, Materials
and Methods.

Strains. C. elegans strains were maintained at 20 °C on Nematode Growth
Medium (NGM) and fed with the Escherichia coli strain OP50-1, unless otherwise
noted (for the genotypes of all strains used see S/ Appendlix, Table S3). Genes and
mutations are described in WormBase (https://wormbase.org//). The following
mutations were used: LGl—/mn-1(tm1502), npp-12(tn1780 [npp-12::gfp::tev::3x-
flag]); LGll—ooc-5(tn1757), ooc-5(it145) unc-4(e120), ooc-5(tn1709), ooc-5(tn1758
[ooc-5::gfp::tevi:3xflag]), zyg-12(or577ts), zyg-12(ct350ts); and LGV—sun-1(jf18),
sun-1(gk199), npp-22(tn1794[gfp:tev::3xflag::npp-22]). The following rearrange-
ments were used: tmC18[dpy-5(tmis1236)] |, min1[dpy-10(e128)mis14] I, and
tmC12[egl-9(tmis1194)] V. The following transgenes and transgene insertions
were used: ieSi21[sun-1p::sun-1::mruby::sun-13'UTR + Cbr-unc-119] IV, itls37[pie-
1p::mCherry::H2B::pie-1 3'UTR + unc-119(+)] IV, ojIs9[zyg-12::gfp + unc-119(+)],
and itls38[pie-1p::GFP::PH(PLC1deltal) + unc-119(+)]. Phenotypic analyses were
performed on well fed animals to avoid the effects of starvation in germline
development.

Genome Editing. CRISPR-Cas9 genome editing used standard methods

(43-46) as described in detail in S/ Appendix. All new alleles were verified by
Sanger sequencing and outcrossed to wild-type males at least three times.

31306 | www.pnas.org/cgi/doi/10.1073/pnas.2015050117

The sequence of oligonucleotides used to construct single-guide RNAs, re-
pair templates, and sequencing primers are listed in Dataset S1.

00C-5 Immunopurifications. OOC-5::GFP::TEV::3xFLAG and interacting pro-
teins were purified from soluble protein extracts and membrane protein
fractions prepared from the DG4377 strain using modifications of methods
we previously described (47-49) as detailed in S/ Appendix. Purifications
from the wild-type strain (N2) were run in parallel as a control. Small ali-
quots of protein fractions from every step of the purifications were analyzed
by Western blotting (Fig. 1F and S/ Appendix, Materials and Methods).

Mass Spectrometry. Immunopurified proteins were concentrated on a cen-
trifugal evaporator (Jouan RC 10-10 Vacuum Concentrator) for 5 h, briefly
separated on a 12% Bis-Tris NUPAGE gel, and stained using the Colloidal
Blue Staining Kit (Invitrogen) (S/ Appendix, Fig. S1G). Lanes were subdivided
into six slices and mass spectrometry was performed at the Taplin Biological
Mass Spectrometry Facility (Harvard Medical School) using an LTQ ion-trap
mass spectrometer. In addition to control immunopurifications from the N2
strain, to account for abundant contaminant proteins that bound nonspe-
cifically to the immunopurification matrix, we utilized data from multiple
purifications of GFP fusion proteins, which we previously reported (47-49;
see S| Appendix, Materials and Methods for the details of the filtering
criteria used).
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Lifespan Analysis. All of the strains were maintained at 20 °C. Ten mid-L4
hermaphrodites were transferred onto NGM plates freshly seeded with
OP50-1. These animals were scored for viability every 1 to 3 d, either by
movement or tapping them with a platinum wire. The wild-type animals
were transferred to NGM plates from the same batch every other day for a
week to avoid overcrowding by their progeny. The animals that crawled on
the plate sides were censored (S/ Appendix, Table S2).

Immunostaining. The gonads of day 1 adult hermaphrodites were dissected in
egg salt buffer fixed in 1% paraformaldehyde for 5 min and postfixed in cold
methanol (20 °C) for 1 min. Then, the samples were blocked with 1 mg/mL
bovine serum albumin (BSA) in 1 x phosphate-buffered saline containing
0.1% Tween 20 (PBT) overnight at 4 °C. Primary antibody incubation was
performed in PBT + BSA overnight at 4 °C, while secondary antibody incu-
bation was performed in PBT + BSA for 1.5 to 2 h at room temperature.
Gonads were stained with the following antibodies provided by Abby
Dernburg, University of California, Berkeley, CA: goat anti-SYP-1 (1:4,000),
rabbit anti-ZIM-3 (1:1,000), guinea pig anti-HIM-8 (1:250), and guinea pig
anti-HTP-3 (1:300). The guinea pig anti-SUN-1(S8Pi) (1:700) was provided by
Verena Jantsch, Max Pertutz Labs, Vienna, Austria, and the rabbit anti-RAD-51
(1:30,000) was provided by Sarit Smolikov, University of lowa, lowa City, IA.
Secondary antibodies were Cy3-conjugated goat anti-mouse (1:500, Jackson
ImmunoResearch), Cy3-conjugated donkey anti-chicken IgY (1:1,000, Jackson
ImmunoResearch), and DyLight 488-conjugated donkey anti-guinea pig
(1:800, Thermo Fisher Scientific). DAPI was used to detect DNA, and Vecta-
shield (Vector Laboratories) was used as a mounting medium.

Image Acquisition and Processing. Images of day 1 adult hermaphrodites,
anesthetized with 0.1% levamisole on 2% agarose pads, were acquired on a
Nikon Ti2 inverted microscope equipped with Plan apochromatic aberration
correction (Apo) infrared (IR) 60 x and high power (HP) Apo total internal
reflection fluorescence 100 x high-magnification oil immersion objective
lenses, numerical aperture (NA) 1.27 and 1.49 respectively. Additional details
of image acquisition and processing are detailed in S/ Appendix. To examine
the colocalization of SUN-1::mRuby and ZYG-12::GFP, we used Spinning Disk
Super Resolution by Optical Pixel Reassignment (SoRA). The 0.30-um step
z-series images were acquired in a Nikon Ti2 inverted microscope equipped
with a super-resolution HP plan Apo lambda S 100 x silicon oil immersion
objective lens, NA 1.35. Further details of image acquisition and processing
are described in S/ Appendix. The brightness and contrast of the images
shown in Fig. 4 were adjusted for presentation identically across all of
the strains.

Time-Lapse Acquisition and Processing. Hermaphrodites were selected as mid-
L4 larvae and incubated at 20 °C. About 24 h later, young adults were
anesthetized in 10 mM levamisole and mounted on 2% agarose pads. Nu-
clear collapse in the oocytes of Imn-1 mutants was documented by acquiring
0.4-pm step z-series every 20 s. Extended depth of focus (EDF) projections
were created with the NIS Elements software. The movement of SUN-1 foci
was documented as previously reported with the following modifications
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(50): The 0.25-um step z-series were acquired approximately every 15 s for 6
to 7 min. Maximum intensity projections were made with ImageJ (FUI), the
images were converted to grayscale and their Lookup Tables (LUTs) inverted.
Individual SUN-1 foci were followed using StackReg (51) and manual track-
ing plug-ins. The speed was determined for 84 to 390 individual foci per
animal, and the number of animals assessed was equal to or greater than
three per strain. All time-lapse images were acquired with the Apo IR 60x
water immersion, 1.27 NA objective.

Quantitative and Statistical Analyses. The statistical analyses described below
were performed using JMP Pro v14 software (Statistical Discovery, SAS) or
Prism 8 (GraphPad Software, LLC.). The statistical analysis details (n value, P
values, confidence intervals, and measures of central tendency) for each
experiment are either stated below or in the respective figures, supple-
mental figures, and figure legends. Kaplan-Meier survival curves followed by
Wilcoxon tests were performed for the lifespan data. The Wilcoxon tests of
individual pair comparisons for all of the genotypes had a P < 0.001, except
the Imn-1(tm1502) vs. Imn-1(tm1502); +/min1 pair, which had a P=0.119. For
the suppression of sterility phenotype data, a contingency analysis of out-
come by genotype was performed (S/ Appendix, Fig. S2A). Standard chi
square tests were conducted to compare the data from each mutant to
those of their respective control [e.g., Imn-1(=);00c-5(-)/min1 was compared
to Imn-1(-);min1/+]. SUN-1(S8Pi), SUN-1 foci number and speed of move-
ment, and the position of unpaired chromosomes data were tested for
equality of group variance. Since they all had unequal variances, nonpara-
metric comparisons were made for each pair using the Wilcoxon method. A
one-way ANOVA, followed by Dunnett’s comparisons, was performed to
analyze the start of the SUN-1(S8Pi) region, using the N2 data as control. The
comparison of fluorescence intensity of NPP-12::GFP or GFP::NPP-22 in dif-
ferent subcellular compartments between genetic backgrounds was per-
formed using Prism 8 (GraphPad Software, LLC.). A two-way ANOVA showed
that the effect of the different genetic backgrounds was significant, P <
0.0001. Bonferroni multiple comparison tests were performed using the
fluorescent intensity of the nucleoporins in the otherwise wild-type back-
ground as controls. Fig. 4B shows the P values for these comparisons in the NE.

Data Availability. All data generated in this study are found in the main text or
SI Appendix. Further information and requests for resources and reagents
should be directed to and will be fulfilled by D.G. (green959@umn.edu). We
gladly share all C. elegans strains generated in this study.
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