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G E N E T I C S

The NEMP family supports metazoan fertility 
and nuclear envelope stiffness
Yonit Tsatskis1*, Robyn Rosenfeld1,2*, Joel D. Pearson1*, Curtis Boswell2,3*, Yi Qu1, Kyunga Kim1,4, 
Lacramioara Fabian5, Ariz Mohammad6, Xian Wang7,8, Michael I. Robson9, Karen Krchma10, 
Jun Wu10, João Gonçalves1, Didier Hodzic11, Shu Wu1, Daniel Potter11, Laurence Pelletier1,2,  
Wade H. Dunham1, Anne-Claude Gingras1,2, Yu Sun7,8, Jin Meng12, Dorothea Godt12, Tim Schedl6, 
Brian Ciruna2,3, Kyunghee Choi10,13, John R. B. Perry14, Rod Bremner1,15, Eric C. Schirmer9,  
Julie A. Brill2,16, Andrea Jurisicova1,4,17†, Helen McNeill1,2,11†

Human genome-wide association studies have linked single-nucleotide polymorphisms (SNPs) in NEMP1 (nuclear 
envelope membrane protein 1) with early menopause; however, it is unclear whether NEMP1 has any role in fertility. 
We show that whole-animal loss of NEMP1 homologs in Drosophila, Caenorhabditis elegans, zebrafish, and mice leads 
to sterility or early loss of fertility. Loss of Nemp leads to nuclear shaping defects, most prominently in the germ line. 
Biochemical, biophysical, and genetic studies reveal that NEMP proteins support the mechanical stiffness of the germline 
nuclear envelope via formation of a NEMP-EMERIN complex. These data indicate that the germline nuclear envelope 
has specialized mechanical properties and that NEMP proteins play essential and conserved roles in fertility.

INTRODUCTION
Reproductive life span in women is dictated by the finite number of 
germ cells created during fetal life and loss during aging (1). Prema-
ture ovarian insufficiency (i.e., menopause before age of 40) affects 
~1 to 2% of women and is a leading cause of infertility in the Western 
world. Examination of published human genome-wide association 
studies data revealed that single-nucleotide polymorphisms (SNPs) 
near the NEMP1 (nuclear envelope membrane protein 1) locus show 
an association with reduced age at menopause (2, 3). We analyzed 
an additional cohort of 106,353 women from the UK Biobank study 
(4) and confirmed an association between NEMP1 and age of meno-
pause, with the most significant association in a region ~300 kb
away from NEMP1 (rs2277339, P = 5.7 × 10−51) (fig. S1A). Published
Hi-C data from human ovaries indicate that rs2277339 physically
interacts with the NEMP1 locus (fig. S1B), with chromatin changes
consistent with the possibility that this is a distant enhancer element 
for NEMP1. In addition, we found an association (P = 2.7 × 10−3)

with a previously unknown variant identified in the Genotype-Tissue 
Expression (GTEx) study (rs114352356) (5). This SNP encodes a 
rare nonsynonymous disruptive allele, which lies in the NEMP1 
coding region, and is associated with 3.64-year (standard error 1.23) 
earlier onset of menopause (fig. S1A).

RESULTS
NEMP1 is a poorly understood, multi-transmembrane nuclear en-
velope (NE) protein with homologs found in all metazoans (Fig. 1A). 
No genetic models exist for Nemp function in any system. We first 
examined Drosophila, which has a single Nemp gene (CG9723). We 
found that dNemp is ubiquitously expressed in all examined larval 
and pupal tissues (fig. S2). Super-resolution microscopy revealed that 
dNemp localizes to inner nuclear membranes (INMs) (Fig. 1, B 
to D), as does Xenopus and human NEMP1 (6, 7).

We generated two independent dNemp mutants and found that 
dNemp−/− males and females are sterile (Fig. 1, E to G, and fig. S3A). 
Loss of dNemp also resulted in ~40% pupal lethality (Fig. 1H). Bac-
terial artificial chromosome (BAC) rescue constructs containing the 
genomic region of dNemp (Fig. 1I) or tubulin-Gal4–driven expres-
sion of dNemp complementary DNA (cDNA) (Fig. 1, E and H) fully 
restored fertility and viability, confirming that these phenotypes are 
caused by the loss of dNemp. Human NEMP1 could rescue viability 
and partially rescue dNemp−/− sterility, suggesting that the role of NEMP 
in fertility may be conserved (Fig. 1, E and H, and fig. S3B).

dNemp−/− mutants had extremely small testes and ovaries (Fig. 1, 
F and G). Germline dNemp knockdown led to fewer germ cells 
in testes (Fig. 1J) and ovaries (Fig. 1K). Somatic knockdown also 
caused defects in gonad structure and infertility (fig. S3, C and D). 
Thus, dNemp is required by both somatic and germline cells for 
fertility.

In dNemp−/− testes, the stem cell niche and surrounding self- 
renewing germline and somatic stem cells appeared normal (figs. S3, 
E to H, and S4, A and B). However, subsequent development was 
disrupted, with a markedly reduced number of Vasa+ germ cells (fig. 
S4, C and D), reduced proliferation (fig. S4, E to G), and disorganization 
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of germline and somatic cells (fig. S4, H and I). Analysis of adult 
testes revealed spermatocytes but only rare elongated haploid sper-
matids (fig. S4, J and K). In dNemp−/− ovaries, most of the germline 
cells degenerated at the prepual stage, and the remaining germline 
cells did not complete oogenesis (Fig. 1, G and K, and fig. S5, A to 
F). Thus, in the absence of dNemp, somatic and germline cells initi-
ate differentiation but have reduced germ cell numbers and cannot 
produce mature gametes.

Loss of dNemp leads to defects in nuclear shape
Because dNemp localizes to the INM, we examined nuclear struc-
ture in dNemp−/− testes. Wild-type (WT) germ cell nuclei have a 

smooth contour. In contrast, dNemp−/− germ cells and cyst cells have 
a markedly distorted NE (Fig. 2, A to D). Electron microscopy (EM) 
revealed that the dNemp−/− NE is highly convoluted with regions of 
blebbing and deep invaginations (Fig. 2, E to G).

Drosophila has two Lamin genes. LaminA/C is a developmentally 
regulated and mechanical stress–induced lamin (8), while LaminB 
is ubiquitously expressed. In WT gonads, LaminC gradually increases 
as germ cells move away from the stem cell niche (Fig. 2H). In 
dNemp−/− testes, near the hub, although the NE is distorted, nuclear 
pore staining and LaminB appear normal (Fig. 2B and fig. S5G). In 
more mature germ cells, however, LaminC staining increases in spo-
radic germ cell cysts (Fig. 2I). In those cysts, the nuclear lamina contracts 
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Fig. 1. Drosophila Nemp is a NE protein required for fertility. (A) Predicted membrane topology of dNemp. (B) dNemp colocalizes with LaminB. (C) dNemp localizes at 
the INM of S2 cells. OMX microscopy of dNemp localization relative to RanGap and GP210. (D) Schematic of nuclear markers used in (C). (E) (i) Experimental schematic and 
(ii) results of sperm exhaustion assay to test fertility of dNemp mutant males rescued with tubulin-Gal4-driven dNemp or hNEMP1 cDNA and decreased fertility as ote−/− 
(otePK/B279G) mutant males age. (F) Phase-contrast imaging of adult testes from (i) WT and (ii) dNemp−/− (dNempRR1/y) mutants reveals drastic morphological changes.
(G) Phase-contrast imaging of (i) WT ovary and (ii) pair of dNemp−/− (dNempRR1/RR1) ovaries reveals lack of mature oocytes (yellow arrowheads). (H) dNemp and hNEMP1 rescue 
the eclosure defects of dNemp−/− flies. Eclosure rates of dNemp−/− adults alone or rescued with tubulinGal4-driven dNemp or hNEMP1. Eclosure rates are normalized to 
dNemp−/− rescue by dNemp transgene, and balancer effects are taken into account. (I) Armadillo (Arm) staining of (i) dNemp−/− and (ii) dNemp−/− flies rescued with the BAC 
construct showing significant rescue of testis morphology. The hub of the testis is marked by an asterisk. (J and K) (i) WT and (ii) nos>dNemp RNAi testes (J) and ovaries (K)
show germline defects. P-values are denoted as follows; *0.05 > P > 0.01; **0.01 > P >0.001; ***: 0.001 > P > 0.0001; **** P < 0.0001.



Tsatskis et al., Sci. Adv. 2020; 6 : eabb4591     28 August 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

3 of 12

around the chromatin (Fig. 2, H and I), and NE staining of the INM 
protein Otefin (Ote) and LaminB and nuclear pore staining are lost 
(Fig. 2I and fig. S5, H to K). EM analysis shows disintegration of the 
NE in late germ cells, consistent with late-stage apoptosis. No defects 
in nuclear morphology were detected in any other larval or pupal 
tissues. Thus, loss of dNemp leads to early disruption of nuclear 
shape, with later loss of NE integrity, specifically in the reproductive 
system of Drosophila.

Nemp is needed for fertility in worms and fish
We next examined the single Caenorhabditis elegans NEMP homo-
log. Two independent nemp-1 deletion null alleles (oz534 and oz535) 
were generated and analyzed. Fecundity was decreased in nemp-1 
null hermaphrodites, with reduced brood size (Fig. 3A) and in-
creased number of dead eggs (Fig. 3B). The number of sterile adults 
increased with age and at low temperature (Fig. 3C). Thus, loss of 
C. elegans Nemp leads to fertility defects, which are exacerbated with
age. The fertile subset of nemp-1 mutant hermaphrodites has rela-
tively normal germ lines but displays unusually condensed chroma-
tin in the pachytene region (Fig. 3D). The sterile nemp-1−/− subset
has a very small germ line (Fig. 3, D and E), and germ cells have

abnormal nuclear shapes, with invaginated Lamin staining that sub-
divides the chromatin.

Zebrafish have two Nemp homologs (zNemp1 and zNemp2). 
Homozygous loss of either one had no discernible effect on animal 
morphology, viability, or fecundity. zNemp1−/−;zNemp2−/− animals 
were also viable and healthy (fig. S6), but both females (Fig. 3F) and 
males (Fig. 3G) had impaired fertility. WT and zNemp−/+;zNemp2−/+ 
females lay hundreds of eggs per clutch and are fertile for up to 
2 years. In contrast, zNemp1−/−;zNemp2−/− females lay normal-size 
clutches only for the first 3 weeks, and then fertility drops markedly, 
suggesting an aging component to the Nemp mutant phenotype. 
Vasa staining revealed loss of germ cells in zNemp1−/−;zNemp2−/− 
females (fig. S6, K and L), similar to loss of Vasa in dNemp mutants.

Loss of human NEMP1 leads to nuclear shaping defects
Because there are no cell lines that replicate normal human germ 
cell development, we turned to knockdown to determine the effects 
of loss of NEMP1 in a range of human cell lines. In HT1080 cells, 
severely deformed nuclei and extensively invaginated NEs were 
present 72 hours after knockdown (Fig. 4, A to C). Cells efficiently 
depleted of hNEMP1 failed to survive and were largely absent after 
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120 hours. Knockdown of both hNEMP1 and hNEMP2  in T24, 
RPE-1, and NCI-H661 cells also caused a reduction in final cell num-
ber, accompanied by decreased proliferation, but little apoptosis 
(Fig. 4, D to F). In contrast, milder effects on cell proliferation were 
seen upon knockdown of NEMP in the nonadherent cell line SHP77. 
To determine whether the mild effects were due to partial knock-
down, we used CRISPR to generate NEMP1/2KO SHP77 cells (fig. S7A). 
NEMP1/2KO SHP77 cells had only minor growth defects and subtle 
effects on NE roundness. Thus, human NEMP1 is important for nuclear 
shape and proliferation to varying degrees in different cultured cells.

NEMP/EMERIN interactions support NE shape and fertility
To understand how Nemp1 functions, we next screened for Nemp1 
interacting partners using BioID. We tagged the C terminus of 
hNEMP1 with the biotinylating enzyme BirA* (9), and interacting pro-
teins were retrieved by streptavidin beads and identified by mass 
spectrometry. Gene Ontology analysis indicated that the most abun-
dant proteins associated with hNEMP1 are NE and endoplasmic 
reticulum (ER) proteins. Multiple LEM domain proteins, including 
Emerin, Man1, and Lap2, were enriched (Fig. 4G and table S1). 
Enrichment of the INTERPRO term “LEM domain” was significant 
(P = 2.0 × 10−9). We conducted a parallel affinity purification–mass 
spectrometry (AP-MS) screen using FLAG-tagged hNEMP1 as bait, 
which also identified Emerin as a high-confidence hNEMP1 inter-
actor (Fig. 4H and table S2). Coimmunoprecipitation experiments 
confirmed Emerin’s interaction with hNEMP1 (Fig. 4, I and J, and 

fig. S7B), but not with other nuclear lamina proteins with low 
Significance Analysis of INTeractome (SAINT) scores (fig. S7C). 
Together, these data indicate that the LEM domain protein Emerin 
can form a complex with Nemp1.

LEM-D proteins are among the best understood NE proteins and 
serve as crucial links between the NE and chromatin, supporting the 
mechanical stiffness of the nucleus. LEM-D proteins also promote 
reassembly of the NE after mitosis or meiosis [reviewed in (10)] and 
regulate transcription factors and signaling pathway components (11–13). 
The finding that NEMP1 binds multiple LEM-D (Lap2, Emerin, and 
Man1 domain) proteins was exciting, as mutation of Drosophila LEM-D 
impairs fertility. Notably, Drosophila Emerin (Ote) mutants are viable 
but are female sterile and have age-dependent male sterility (Fig. 1E), 
while loss of dMAN1 results in male sterility and decreased female 
fertility (11,  12,  14). The absence of the third LEM-D protein, 
Bocksbeutel, has no overt phenotype, but loss of any two of the three 
Drosophila LEM-D proteins is lethal. Because loss of dNemp leads 
to more severe germline defects than loss of ote, Nemp may interact 
with multiple LEM proteins to support fertility.

To determine whether the interaction of NEMP with Emerin is 
conserved, we tested whether Drosophila Nemp can bind Drosophila 
Emerin (Ote). We expressed tagged versions in S2 cells and found 
that they coimmunoprecipitate (fig. S7D). To test whether dNemp 
genetically interacts with Ote in fertility, we quantified germ cell 
numbers in ote−/− and dNemp−/+;ote−/− ovaries. While loss of one 
copy of dNemp has no detectable effect on ovarian size or fertility, 
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loss of one copy of dNemp in the absence of Ote further reduces Vasa+ 
germ cell number (fig. S7, E to G). These data indicate that there is 
a genetic interaction between dNemp and ote. Because LEM domain 
proteins have semi-redundant functions, we hypothesize that dNemp 
interactions with other LEM domain proteins such as dMAN1 and 
Bocksbeutel may also support the NE, providing a potential expla-
nation for reduced germ cell number in dNemp−/+;ote−/− mutants.

Nemp1/Emerin complexes support NE mechanical stiffness
Disruption of Emerin causes abnormal nuclear shape, reduced stiff-
ness, and impaired response to mechanical stress (15). We wondered 

whether altered nuclear shape in the absence of Nemp could be due 
to altered mechanics. To assay NE properties in human cells, we used 
atomic force microscopy (AFM) with a focused ion beam (FIB)–
modified probe (16, 17). In this approach, the probe tip first deforms 
and then penetrates the cell membrane, followed by contact with NE 
(Fig. 5A), allowing analysis of both plasma membrane and NE resist
ance. Force-displacement data were used to quantify the apparent 
Young’s modulus, which reflects the stiffness of the nucleus. While 
plasma membrane stiffness was not affected by knockout (KO) of 
hNEMP (Fig. 5A, iii), nuclear stiffness in both T24 and SHP77 cells was 
significantly reduced by knockdown or loss of NEMP1/2 (Fig. 5, B and C). 
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hNEMP1 in HT1080 cells causes convoluted nuclei and increased LaminA/C. (A) Quantification of knockdown efficiency and (B) corresponding nuclear shape. (C) Example 
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BirA*-Flag. HEK293 cells stably expressing either hNEMP1-BirA*-Flag or BirA*-Flag were subjected to Flag immunoprecipitation (IP).
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In contrast, use of a scrambled small interfering RNA (siRNA) and 
knockdown of another INM protein, the LAMINB receptor (LBR), 
did not affect NE stiffness (fig. S7, H and I). Thus, Nemp1 specifi-
cally supports NE stiffness.

LaminA is known to support nuclear stiffness. To explore the 
relationship of LAMINA (LMNA) and NEMP1, we overexpressed 
LMNA in control and NEMP1/2KO cells. Overexpression of LMNA 
increased NE stiffness in SHP77 cells in the presence or absence of 

NEMP1 (Fig. 5, D and E, and fig. S8, A and B), indicating that LMNA 
can act independently of NEMP1. The actin cytoskeleton can also 
protect the nucleus from mechanical stresses. We treated WT and 
NEMP1/2KO SHP77 cells with latrunculin B and found that loss of 
actin in WT cells causes decreased stiffness but had no effect on KO 
cells (Fig. 5, F and G).

Knockdown of EMERIN softened the NE in both T24 and SHP77 
cells (Fig. 5, B, H, and I), consistent with previous studies (15, 18). 
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Significantly, knockdown of EMERIN in the absence of NEMP1 and 
NEMP2 did not further soften the NE (Fig. 5H). Our data suggest 
that a NEMP-EMERIN complex provides NE mechanical stiffness 
in cultured cells.

Nemp1 is essential for fertility in mice
Mice have two NEMP genes (mNemp1 and mNemp2). Our RNA-
scope analysis revealed that Nemp1 is highly expressed in oocytes, 

while Nemp2 is largely expressed in somatic cells (fig. S8, C and D). 
We used CRISPR to delete mNemp1 (fig. S8E). mNemp1−/− animals are 
viable and generally healthy, although anemic (fig. S8F). Significantly, 
most of the mNemp1−/− females were sterile (11 of 13) or severely 
subfertile (Fig. 6A), while mNemp1−/− males were fertile.

The mammalian ovary is composed of a mechanically stiff, highly 
cross-linked cortex filled with primordial follicles that constitute the 
ovarian reserve. As follicles mature and grow, becoming primary, 
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secondary, and antral, they move into the softer ovarian medulla. 
Histological analysis of mNemp1−/− ovaries revealed a marked re-
duction in the number of primordial follicles (Fig. 6B and fig. S8G), 
indicating a reduced ovarian reserve. Because reduced ovarian re-
serve can lead to premature menopause in humans, this could provide 
an explanation for the association of NEMP1 SNPs with earlier age 
of menopause.

Examination of ovulated oocytes (fig. S8H) from Nemp1−/− mutants 
revealed a range of meiotic defects, which increased with maternal 
age in both Nemp1−/− mutant and haploinsufficient females (Fig. 6C). 
In addition, oocytes derived from Nemp1−/− females, fertilized by WT 
sperm, largely failed to progress beyond eight cells (Fig. 6F). Thus, 
loss of Nemp1 not only reduces ovarian reserve but also compromises 
developmental competence.

To better understand Nemp1 function in the ovary, we generated 
antibodies to mouse Nemp1 and stained ovaries (fig. S8, I and J). 
Consistent with loss of primordial follicles, Nemp1 expression is 
strongest in primordial follicle oocytes and rapidly declines as oocytes 
mature and move from the mechanically challenging environment 
of the cortex (Fig. 6D). Emerin expression mirrors Nemp1, with the 
highest levels in primordial oocytes (Fig. 6E), consistent with a model 
in which Emerin and Nemp1 function together. Loss of Emerin, like 
loss of Nemp1, leads to a reduced ovarian reserve (Fig. 6B).

To directly test whether Nemp1 supports NE stiffness in the 
germ line, we used micropipette aspiration and found that Nemp1−/− 
oocytes have reduced NE stiffness (Fig. 6G and fig. S8K). We hy-
pothesized that the loss of the ovarian reserve in Nemp1 mutants 
was due to the mechanically stressful cortical environment. Because 
LaminA/C has been shown to provide mechanical support for the 
NE in somatic tissues (8), we stained ovaries to determine whether 
LaminA/C was present in primordial oocytes. Significantly, there is 
little or no detectable LaminA/C staining in primordial follicles, al-
though LaminA/C is prominent in growing follicles (Fig. 6D). Thus, 
LaminA/C has a complementary expression pattern to NEMP and 
Emerin (Fig. 6, D and E). These data support a model in which more 
mature oocytes and somatic cells are supported by LaminA/C, whereas 
oocytes in the primordial follicles are mechanically supported by a 
Nemp-Emerin complex (Fig. 6H).

DISCUSSION
Human genome-wide association studies identified variants in the 
NEMP1 locus linked to early menopause. Here, we demonstrate 
that NEMP proteins have a critical role in supporting metazoan fer-
tility (flies, worms, fish, and mice). These data are consistent with 
the hypothesis that variants in human NEMP1 could contribute to 
diminished ovarian reserve, causing early menopause. Our studies 
show that NEMP proteins function in a complex with LEM domain 
proteins to support NE mechanical stiffness and animal fertility.

Loss of Nemp results in nuclear morphology defects specifically in 
the germ line in vivo; however, a variety of cultured human cells have 
disrupted nuclear shape and reduced proliferation upon knockdown 
of NEMP1. Why does loss of Nemp not lead to abnormally shaped 
nuclei in most somatic cells in vivo? Culturing cells on hard glass or 
tissue culture plastic leads to increased mechanical stresses on the 
nucleus, compared to the relatively softer environment in vivo (19), 
potentially explaining the nuclear shaping defects in most cultured 
cells that lack Nemp. Cells that are poorly adherent, such as SHP77 
or Drosophila S2 cells, do not show nuclear shaping defects upon 

loss of Nemp. We speculate that reduced mechanical stress on the 
nucleus in semiadherent cells may make them more resilient to loss 
of NEMP when compared to adherent cells.

Why is the germ line specifically sensitive to loss of Nemp? 
LaminA/C levels correlate with tissue stiffness, and increased LaminA/C 
in somatic cells contributes to nuclear stability when nuclei are sub-
jected to stress (8). LaminC levels are very low initially but increase 
as cells mature in WT Drosophila testes and ovaries. Similarly, the 
mammalian ovary has a gradient of LaminA/C, with little or no ex-
pression in primordial follicles but increasing levels as oocytes mature. 
These data suggest that Nemp1 may have a specific function when 
LaminA/C levels are low. We found that in the absence of NEMP1, 
depolymerization of actin with latrunculin B did not further soften 
the NE. These data indicate that the actin cytoskeleton may function 
either downstream or in parallel with NEMP1 to support the NE. 
Although we could not detect changes in actin organization in 
Nemp1−/− oocytes using phalloidin, there may be alterations not de-
tectable by this staining.

Nemp1 is required in oocytes of primordial follicles, which re-
side in an environment with high mechanical tension (20–22). Loss 
of high cortical tension can lead to loss of primordial follicles, and 
too much tension can inhibit follicle progression (20–22). Mechanical 
tension from the environment is transmitted to the nucleus, and our 
data show that NEMP can stiffen the NE, thereby buffering mechan-
ical stress on the nucleus. Consistent with this model, Nemp1 levels 
are high in primordial oocytes that reside in the cortex where tension 
is high and decrease as oocytes mature. Substantial data indicate that 
germ cells have a specialized NE (23–25). This specialized nuclear 
membrane composition is likely necessary for the unique and marked 
reorganization of germ cell chromatin that occurs during progres-
sion from a primordial germ cell to a fully differentiated gamete, as well 
as to withstand the stresses on the NE that occur during meiosis.

Our biochemical data show that NEMP1 can form a complex with 
Emerin and that both Emerin and NEMP1 support NE stiffness. 
These results suggest that NEMP–LEM-D complexes have evolved 
to mechanically support the specialized NE of germ cells. However, 
while our data point to NEMP in mechanical support of the germ line 
NE, NEMP may also support fertility in other ways, perhaps acting 
through its conserved nucleoplasmic domain. We note that our BioID 
and AP-MS screens indicate that NEMP1 can interact with a number 
of non–LEM-D proteins, which may provide insight into additional 
functions. We also note that although loss of NEMP impairs fertility 
across a wide range of organisms, there are species-specific differ-
ences. Although both males and females depend on Nemp for fertility 
in flies and fish, in mice, only females lose fertility. Our analysis of 
Nemp1KO mice revealed multiple defects in oocytes including de-
fects in chromosome segregation; however, the strong premeiotic de-
fects in the Drosophila testes and ovaries precluded analysis of meiosis 
in that system, and more studies will be needed to dissect the impact 
of dNemp on meiosis.

Although the most marked effect of loss of Nemp was loss of fertil-
ity in diverse organisms, we also found that a significant proportion 
of dNemp−/− mutants failed to eclose. We also saw that mice lacking 
Nemp1 were anemic. These data point to additional functions for Nemp 
homologs outside the germ line that may be mediated by some of the 
protein interactors identified in our biochemical screens. Future work 
will determine the relevance of these diverse Nemp-interacting proteins.

Nemp deficiency is accompanied by increased susceptibility to 
age-associated fertility defects in worms, fish, and mice, similar to 
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aging LEM-D mutants in diverse species. Thus, understanding the 
functions of this conserved family of NE proteins may illuminate 
mechanisms underlying the growing problem of infertility that has 
arisen as women increasingly delay childbearing.

MATERIALS AND METHODS
Drosophila melanogaster lines
WT flies are yw unless otherwise noted. RNA interference (RNAi) 
stocks for expression of double-stranded RNA under control of 
GAL4/UAS were obtained from Vienna Drosophila Resource Center 
(VDRC) or Bloomington Drosophila Stock Center (BDSC) (dNemp 
VDRC #37412, dNemp BDSC #57475 for germline expression) and 
were driven using enGal4, nosGal4, or tubGal4. dNemp−/− clones were 
generated with FRT19A (BDSC #1744). BAC rescue constructs were 
generated using flies containing an attP2 site on 3L (BDSC #8622). 
UAS-dNemp and UAS-hNEMP1 were generated by injecting w[1118] 
flies (BestGene Inc) with cDNA dNemp1 or hNEMP1 pPWH (Gateway), 
respectively, and driven using tubGal4 in a dNemp−/− background.

C. elegans lines
WT N2 (Cel-nemp-1 is 559 amino acids) and two Cel-nemp-1 mu-
tant strains, Cel-nemp-1(oz534)/sC1(s2023) [dpy-1(s2170) umnIs41] III
[the variation oz534 deletes 2270 base pairs (bp) and 416 amino acids
and introduces a premature stop codon with a putative protein size of 
33 amino acids] and Cel-nemp-1(oz535)/sC1(s2023) [dpy-1(s2170)
umnIs41] III (the deletion oz535 deletes 2112 bp and 381 amino acids 
and introduces a premature stop codon with a putative protein size
of 35 amino acids), were used.

Zebrafish lines
Established zebrafish protocols were adhered to, and all protocols 
were performed in accordance with Canadian Council on Animal Care 
guidelines. zNemp1hsc98, zNemp1hsc99, zNemp2hsc100, and zNemp2hsc101 
lines were generated by CRISPR-Cas9–mediated mutagenesis (see 
Supplementary Materials and Methods for details).

Mice
mNemp1 (Nemp1em#(TCP)McNeill) CRISPR KO allele was obtained by 
CRISPR-Cas9–mediated deletion of exon3 that is present in all 
mNemp1 transcripts (Toronto Center for Phenogenomics). Mice were 
generated and maintained on a C57B16N background. A 386-bp 
deletion was achieved using guide RNA (gRNA) U2 and D1 that flank 
exon3 (described in fig. S8E). Sequencing (see Primer Table in Sup-
plementary Materials and Methods) confirmed the presence of the 
deletion leading to a premature STOP codon within exon4. The 
absence of Nemp1 was confirmed by immunoblot and immunoflu-
orescence microscopy. Emerin mutant mice (Emdtm1.1Stw) were 
obtained from C. Stewart, and genotyping was done as previously 
described (26).

Cell lines
Human small cell lung cancer cell line, SHP77, and non–small cell 
lung cancer cell line, NCI-H661, were cultured in RPMI 1640 sup-
plemented with sodium pyruvate, Hepes, glucose (4.5 g/liter), and 
10% fetal bovine serum (FBS). T24 human bladder cancer cells were 
cultured in McCoy’s 5A media supplemented with 10% FBS, and human 
hTERT-RPE-1 cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM)/F-12 supplemented with 10% FBS.

Generation of dNemp antibodies
Antibodies against dNemp were generated using a dNemp-GST 
(glutathione S-transferase) fusion protein to the C-terminal region 
of the protein (amino acids 301 to 454) and injected into rats for 
immunization (Covance).

Immunostaining—Adult and larval testes staining 
Drosophila testes
Adult male flies were placed in ethanol for 2 to 5 min before dissec-
tion. Testes were dissected in phosphate-buffered saline (PBS) and 
then fixed in 4% paraformaldehyde (PFA) for 20 min at room tem-
perature (RT). Samples were washed and blocked in a solution of 0.5% 
bovine serum albumin in 0.3% PBST (PBS containing 0.3% Triton 
X-100) for 1 hour. Testes were incubated in primary antibody in
blocking solution overnight at 4°C. After washing, a secondary
antibody was added in the blocking solution and incubated at RT
for 1 hour, washed, and placed at 4°C in 70% glycerol. Samples were 
mounted in Vectashield (Vector Laboratories). 4′,6-Diamidino-
2-phenylindole (DAPI) staining was performed using DAPI in
Vectashield. Rhodamine-phalloidin (1:200) was used to visualize
filamentous actin. Images were viewed on a Nikon Eclipse 90i
confocal microscope with EZ-CI 3.80 software. Antibodies are
listed in Supplementary Materials and Methods in the Key Re-
sources Table.

Larval testes were fixed and stained in four-well plates with mesh 
baskets and directly mounted in Vectashield. For immunostaining of 
Bam in larval testes, incubation in primary antibody was performed 
for three nights at 4°C. Bam antibody (1:50) was added each night, 
and the staining protocol was resumed on day 4.

S2 cells for OMX microscopy
S2 cells were fixed in 4% PFA in PBS for 15 min at RT. Primary 
antibody was added in 5% normal goat serum (NGS) in 0.1% PBST, 
and cells were incubated for 2 hours at RT. Cells were stained with 
Hoechst 33342 for 30 min in the dark after washes. Incubation in 
secondary antibody took place in 5% NGS in 0.1% PBST for 2 hours at 
RT. Secondary antibodies (donkey anti-mouse/rat/rabbit antibodies 
conjugated to Alexa Fluor 488 or Alexa Fluor 594, Molecular Probes/
Life Technologies) were used at a 1:500 dilution. ProLong mounting 
medium (Life Technologies) was used for mounting. Microscopy 
was performed on a three-dimensional structured illumination 
microscope (OMX v3, Applied Precision).

Sperm exhaustion assay
Less than 1-day-old dNemp−/−, dNemp−/−; tub>dNemp, dNemp−/−; 
tub>hNEMP1, and ote−/− males were collected and individually mated 
in vials with three virgin yw females. After 3 days, males were isolated 
and transferred to a new vial with three fresh virgin yw females. This 
procedure was repeated five times until males were 18 days old. All 
vials were scored for the presence of progeny. For each experiment, 
at least four to eight crosses were scored per genotype. Each experi-
ment was repeated at least three times.

Fertility analyses in C. elegans
Experiments were carried out using homozygous worms from 
homozygous mothers, i.e., M(−)Z(−). For sterility and dead eggs at 
20°C, L4 worms were collected and scored for sterility after 24 hours. 
The eggs were collected from fertile worms for about an hour, 
mothers were removed, and the laid eggs were counted. After 16 hours, 
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eggs that failed to hatch were counted. For sterility and dead eggs at 
20°C, Cel-nemp-1(oz534) L4 worms were subjected to fem-3 RNAi. 
The feminized F1 progeny were crossed either with N2 males to get 
Cel-nemp-1(oz534/+) worms or with Cel-nemp-1(oz435) males to 
get Cel-nemp-1(oz534/oz535) trans-heterozygous animals. The L4s 
were separated and scored for sterility after 24 hours. The dead eggs 
were ascertained as above. To get worms of desired genotype for 
brood size determination, Cel-nemp-1(oz534) worms were allowed 
to purge (lay off all the eggs) for ~5 days and then crossed with either 
N2 or Cel-nemp-1(oz535) males. The resultant F1 L4s were cloned 
and transferred to new plate after every 24 hours until they stopped 
laying eggs. Dead eggs were scored after ~16 hours of transferring 
mothers, and total hatched progeny, larval arrest, and males were 
ascertained after 48 hours. The 25°C experiment was done similar 
to the 20°C experiment. Worms were grown at 25°C for a couple of 
generations before determining the sterility. For 15°C experiment, 
the worms were grown at 15°C for a couple of generations before 
determining sterility and dead eggs.

Fertility analysis in zebrafish
Double zNemp1hsc98;zNemp2hsc100 mutant zebrafish or double 
zNemp1hsc98/+;zNemp2hsc100/+ heterozygous siblings were assessed for 
fertility by outcrossing to WT animals. Animals were crossed weekly 
for 12 weeks, and at each breeding attempt, the number of embryos 
produced and the number of embryos successfully fertilized were 
scored at 6 hours post-fertilization (hfp).

Immunoprecipitation and immunoblot
Human embryonic kidney (HEK) 293 or S2 cells were transfected 
with Effectene for 2 to 5 days. Cell lysis and immunoprecipitation 
with GFP-Trap_A (ChromoTek GmbH), anti-Flag M2 affinity gel 
(Sigma-Aldrich), or anti–hemagglutinin (HA)–agarose (Sigma-
Aldrich) were performed according to the manufacturer’s instructions. 
Input ranged from 0.2 to 0.4% of lysis volume. Samples were elec-
trophoresed on 12.5% SDS–polyacrylamide gels and transferred to 
nitrocellulose membranes, blocked in 5% skim milk powder in tris- 
buffered saline overnight, and subsequently incubated with primary 
and secondary antibodies. Chemiluminescence detection was per-
formed on a VersaDoc imager (Bio-Rad).

AFM probe modification
Standard AFM probe tips (MLCT-D, Bruker) were modified with a 
FIB scanning electron microscope (SEM) dual-beam system (Hitachi 
NB5000 FIB-SEM). Individual cantilevers were mounted on the 
SEM stage with the tips facing upward. The AFM pyramidal tips were 
then milled into a long cylindrical shape by dual-ion beams (beam 
25-1-80). The milling process was monitored under SEM imaging.
The process lasts approximately 10 min per probe. The resulting tips
were 150 to 250 nm in diameter and 3 to 5 m in length.

AFM measurement and data processing
Force-displacement data were collected on cells at RT using an AFM 
(BioScope Catalyst, Santa Barbara, CA) mounted on a Nikon confocal 
microscope. Cells were cultured on tissue culture dishes that were 
coated with poly-lysine. Measurement of cells in each petri dish was 
completed within 20 min. The AFM probes used in experiments 
were FIB-modified as described above, with a nominal spring con-
stant of 0.03 N/m. The spring constant of each probe was calibrated 
using thermal spectroscopy (Nanoscope 8.10). To mitigate the vis-

coelastic effect, loading speed was set to be constant at 15 m/s. The 
AFM probe tip penetrated the plasma membrane at the cell center 
above the NE and continued to move until forces were applied on 
the NE. The collected force-displacement data were used to quantify 
the apparent Young’s modulus of the cell nucleus. Apparent Young’s 
modulus values were calculated by fitting the nuclear deforming re-
gion on the force-displacement curve to the Hertz model for a cy-
lindrical tip.

Latrunculin B treatment of human SHP77 cells
SHP77 cells were treated with actin polymerization inhibitor latrun-
culin B [200 nM in dimethyl sulfoxide (DMSO); Sigma-Aldrich] or 
DMSO alone in RPMI 1640 medium for 30 min at 37°C. For sub-
sequent experiments, cells were placed in RPMI 1640 alone for 
1 hour at 37°C before fixing for immunofluorescence or probing 
for AFM.

Generation of anti-mNemp1 antibodies
A peptide corresponding to amino acids 420 to 434 of mNemp1 
(SEEEGSEYPTFTQNN-Cys) was conjugated to keyhole limpet hemo-
cyanin and injected in rabbits (Pacific Immunology). Final bleeds 
were validated in immunoblot and immunofluorescence using 
mNemp1−/− tissues.

Immunofluorescence of mouse ovaries
Whole ovaries dissected from 4-week-old C57BL6/N mice were fixed 
in 4% PFA/PBS for 3 hours and equilibrated in 30% sucrose/PBS 
overnight at 4°C. Sections (15 m) were collected from optical cutting 
temperature (OCT) blocks on Superfrost Plus slides (VWR) using a 
refrigerated cryostat (CM 1850, Leica). Slices were rinsed in PBS, 
permeabilized with 10% donkey serum/0.3% Triton X-100 in PBS 
(blocking buffer) for 30 min, and incubated with primary antibodies 
overnight at 4°C. After rinses in PBS, appropriate Alexa 488/594/647–
conjugated secondary antibodies (1:1000 dilution; Thermo Fisher 
Scientific) and DAPI were added in blocking buffer for 2 hours followed by 
rinses in PBS. Sections were mounted with Dako fluorescence mount-
ing medium (Agilent Technologies). Images were acquired with the 
NIS-Elements software using a 40× objective (numerical aperture, 1.4) 
on a Ti2 inverted confocal laser microscope (Nikon).

Oocyte and embryo collection and spindle staging
For ovulated oocytes, females were given 5 IU of pregnant mare’s 
serum gonadotropin (PMSG; ProSpec, Israel) followed 48 hours later 
by 5 IU of human chorionic gonadotropin (hCG; Merck, Canada) via 
intraperitoneal injection. Cumulus-oocyte complexes were recovered 
from oviducts of primed females 14 to 16 hours after hCG using 
mHTF medium (LifeGlobal) supplemented with 0.1% human serum 
albumin (HSA). Oocytes were denuded from cumulus cells by brief 
incubation in hyaluronidase (Sigma-Aldrich) and were fixed in PHEM 
fixative (80 mM Pipes, 5 mM EGTA, 1 mM MgCl2, 25 mM Hepes at 
pH 7.2, 3.7% formaldehyde, and 10% Triton X-100) and processed 
for immunostaining. For embryos, females were hormonally primed 
as stated above. After hCG injection, females were set to mate with 
WT C57BL6/N males. Copulation was confirmed by the presence of 
vaginal plug. Plugged females were flushed at day post-coitus (dpc) 1.5. 
Recovered two-cell–stage embryos were cultured in Global medium 
(LifeGlobal) supplemented with 0.1% HSA in microdrops overplayed 
under mineral oil until day 4.5 to assess embryo developmental and 
arrest rates; embryo morphology was recorded twice daily.
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Follicle counts
To assess ovarian endowment, ovaries were fixed in Dietrich’s fixa-
tive (4% formalin, 28% ethanol, and 0.34 N glacial acetic acid), em-
bedded in paraffin, serially sectioned (5 m), and then stained with 
picric acid–methyl blue stain. The number and stage of healthy fol-
licles present in each ovary were recorded for every 10th section and 
summed.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/35/eabb4591/DC1
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