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Abstract - 248 words

During spermiogenesis the spermatid nucleus is elongated, and dramatically reduced in size
with protamines replacing histones to produce a highly compacted chromatin. After
fertilisation, this process is reversed in the oocyte to form the male pronucleus. Emerging
evidence, including the coordinated loss of the nuclear lamina (NL) and the histones, supports
the involvement of the NL in spermatid nuclear remodelling, but how the NL links to the
chromatin is not known. In somatic cells, interactions between the NL and the chromatin have
been demonstrated: LEM-domain proteins and LBR interact with the NL and, respectively,
the chromatin proteins BAF and HP1. We therefore sought to characterise the lamina-
chromatin interface during spermiogenesis, by investigating the localisation of six LEM-
domain proteins, two BAF proteins, and LBR, in human spermatids and spermatozoa. Using
RT-PCR, IF and Western blotting, we show that six of the proteins tested are present in
spermatids: LEMD1, LEMD?2 (a short isoform), ANKLE2, LAP2f3, BAF and BAF-L, and
three absent: Emerin, LBR and LEMD3. The full-length LEMD?2 isoform, required for
nuclear integrity in somatic cells, is absent. In spermatids, no protein localised to the nuclear
periphery, but five were nucleoplasmic, receding towards the posterior nuclear pole as
spermatids matured. Our study therefore establishes that the lamina-chromatin interface in
human spermatids is radically distinct from that defined in somatic cells. In ejaculated
spermatozoa, we detected only BAF and BAF-L, suggesting that they might contribute to the
shaping of the spermatozoon nucleus and, after fertilisation, its transition to the male

pronucleus.

Key words: LEM-domain/ BAF/ spermiogenesis/ human/ Nuclear Lamina
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Introduction

Spermiogenesis is the post-meiotic phase of spermatogenesis when haploid round spermatids
undergo a dramatic transformation into mature elongated spermatozoa. This involves nuclear
remodelling, chromatin condensation, replacement of nuclear histones with protamines and
formation of an acrosomal cap and a flagellum at opposite poles of the spermatid nucleus.
Although the precise mechanisms are not yet fully elucidated, it is certain that these processes
are in part coordinated by interactions between the nuclear envelope (NE) and specialised
cytoskeletal elements of the spermatid, the acroplaxome and the manchette (Kierszenbaum

and Tres, 2004).

The NE of eukaryotic cells is composed of the two nuclear membranes, the nuclear
lamina (NL) and the nuclear pore complexes (NPC) that create channels between the
nucleoplasm and the cytoplasm. The outer nuclear membrane (ONM) is continuous with the
endoplasmic reticulum (ER), while the inner nuclear membrane (INM) is lined on its
nucleoplasmic face by the NL, a peripheral network of type V intermediate filaments, called
lamins, involved in chromatin organization, cell cycle regulation, DNA replication, cell
differentiation, gene expression and apoptosis (Burke and Stewart, 2013). During
spermiogenesis in human and mouse the NL is composed exclusively of B-type lamins, and
retreats from the anterior to the posterior pole as the acrosome spreads and the histones are
removed from the chromatin (Alsheimer et al. 2004; De Vries et al. 2012; Elkhatib et al.

2015).

The NL is known to connect to the cytoskeleton through the interaction of SUN and

KASH proteins that span the nuclear membranes. In spermatids, the proteins SUN3, SUN4
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and SUNS have a localisation coincident with the lamins (G6b et al. 2010; Calvi et al. 2015;
Yassine et al. 2015). In mice lacking SUN4, spermatids do not elongate, and spermatozoa
have round heads (globozoospermia-like) (Calvi et al. 2015; Pasch et al. 2015). Biallelic loss-
of-function mutations in SUNS have been found in men with acephalic spermatozoa syndrome
(Zhu et al. 2016; Elkhatib et al. 2017). True globozoospermia is observed in mice and men
lacking DPY 19L2, an INM protein localised under the acrosome (Harbuz et al. 2011;
Koscinski et al. 2011; Pierre et al. 2012). In mice lacking DPY 1912, the acrosome detaches,
elongation does not occur and lamins remain throughout the nuclear periphery of spermatozoa
(Pierre et al. 2012; Yassine et al. 2015). There is therefore good evidence that the NL has

central roles in shaping functional spermatozoa.

In contrast, little is known about how the NL interacts with the chromatin during
spermiogenesis, despite the identification of proteins that form links between the NL and the
chromatin in somatic cells: Lamin B Receptor (LBR), members of the LEM-domain (the
Lamina-associated polypeptide 2, Emerin, MAN1 domain) protein family and Barrier-to-
Autointegration Factor (BAF) (Goldman et al. 2002; Gruenbaum et al. 2005; Schirmer and
Foisner, 2007). LBR was the first integral membrane protein of the INM to be identified
(Worman et al. 1988). LBR binds lamin B1 and links the lamina to the chromatin through an
interaction with the HP1-type heterochromatin proteins (Ye and Worman, 1994; Ye et al.
1997). Human LEM-domain proteins are a heterogeneous family of mainly nuclear proteins
that share a conserved ~40 amino acid domain, the LEM-domain, named after three LEM-
domain proteins shown to bind BAF: LAP2, EMERIN and MANI1 (aka LEMD?3) (Furukawa,
1999; Cai et al. 2001; Lee et al. 2001; Shumaker et al. 2001; Mansharamani and Wilson,
2005). In addition to the founding proteins, four further human LEM-domain encoding genes
have been described: LEMD1, with testis-predominant transcription (Yuki et al. 2004),

LEMD?2, required for nuclear integrity (Brachner ef al. 2005), ANKLE2, a regulator of BAF
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phosphorylation with a role in post-mitotic nuclear envelop formation (Lee and Wilson,
2004; Asencio et al. 2012) and ANKLEI, an endonuclease possibly involved in DNA repair
(Brachner et al. 2012).

BAF, a conserved metazoan chromatin protein (Lee and Craigie, 1998) plays a key
role in post-mitotic nuclear assembly (Margalit e al. 2007). It forms homodimers that can
simultaneously bind dsDNA molecules and a LEM-domain (Shumaker et al. 2001; Segura-
Totten et al. 2002). BAF is expressed widely, but has a paralogue, barrier-to-autointegration
factor-like (BAF-L) that is expressed predominately in testis and pancreas (Tifft et al. 2006;
Margalit ef al. 2007). Human BAF-L and BAF share 40% amino acid identity. BAF-L was
described as specific to mammals (Margalit ez al. 2007), but recent additions to the databases
indicate that BAF-L is specific to vertebrates. Unlike BAF, BAF-L does not bind DNA. BAF-
L does form heterodimers with BAF, and it may thus modulate BAF chromatin functions in
testis and pancreas (Tifft et al. 2006).

Except for LBR and LAP2 isoforms, none of these proteins has been studied during
mammalian spermiogenesis. LBR has been localised to the nuclear periphery of elongating
spermatids in the rat, where a role in chromatin remodelling during spermiogenesis has been
proposed based on the detection, in vitro, of an interaction with Protamine 1 (Mylonis et al.
2004). The LAP2 isoforms have also been studied in the rat, where LAP23 predominates in
spermatids, but only LAP2a persists in mature spermatozoa (Alsheimer et al. 1998). Thus as a
first step towards defining how the NL interfaces with the chromatin during spermiogenesis,
we have characterised the expression of LBR, BAF, BAF-L and six LEM-domain proteins in
human spermatids and spermatozoa.

Material & Methods

Patients

reproduction@bioscientifica.com

Page 50 of 105



Page 51 of 105

123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145

146

Manuscript submitted for review to Reproduction

LEM-domain proteins during human spermiogenesis 12/06/2017 6

Sperm samples were obtained from fourteen normospermic men who consulted at our
reproduction centre or gamete bank (CECOS - Centre d’Etude et de Conservation des Oeufs
et du Sperme) in Marseilles: ten men consulted for couple infertility (9 primary and 1
secondary infertility), four men were fertile sperm donors (Table 1).

Testicular samples came from four patients with brain death, who were 21, 31, 50 and 65
years old. Testicular samples were obtained within a protocol, approved by the French
Research Minister, for the collection of human tissue for use in research. We declared our
protocol through the Biomedicine Agency in January 2013. Testes were recovered during
multi-organ retrieval for transplantation while the patient was under extracorporeal circulation
and respiratory assistance. All patients had normal spermatogenesis based on histology
analysis and retrieval of numerous spermatozoa after testis dilaceration and one of the four

patients had children (T011400063, T011400051, T011400071 and T011500055).

Semen and testicular samples

Semen was collected via masturbation after a period of sexual abstinence of 2-6 days. After
30 minutes of liquefaction, semen analysis was performed according to the WHO criteria
(WHO Association, 2009), and according to the French David classification for the
morphology analysis (Auger et al. 2016). Sperm was diluted in cryoprotectant medium
(Spermfreeze; JCD, La Mulatiére, France) and transferred into straws (Cryo Bio System,
Saint Ouen sur Iton, France). Straws were then suspended in vapour-phase nitrogen before
being stored in liquid nitrogen until use. All patients gave an informed consent for the
conservation of the remnant sperm in the Germetheque biobank and their use in studies on
human fertility in accordance with the Helsinki Declaration of 1975 on human

experimentation. The Germetheque Scientific Committee approved the present study design.
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All sperm samples came from patients with normal sperm parameters according to WHO
criteria (Table 1).

Testicular cells fixed in 4% paraformaldehyde in phosphate buffered saline (PBS) before
freezing from the four patients (T011400063, T011400051, T0O11400071 and TO11500055)

were used.

Spermatozoa RNA extraction

Following storage in liquid nitrogen, sample straws were thawed and the sperm was washed
twice in 2 ml of PBS, and then suspended in round cell lysis buffer (0.1% SDS, 0.5% Triton
X-100 in RNase free H20). RNA was extracted with 1ml of Tripure (Roche) and precipitated
with 20 pug of glycogen as carrier. RNAs were treated with 10 units of DNase I, at room
temperature 10 minutes, in 1X reverse transcriptase buffer with 10 mM DTT and 20 units of

Protector RNAse inhibitor (Roche).

RT-PCR and quality control of spermatozoa RNA extracts

Before reverse transcription, RNA was purified on chromaspin 100 (Clontech) or Nucleospin
RNA XS columns (Macherey Nagel). Concentration was determined using a nanodrop ND-
1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). RNAs (400 ng)
were reverse transcribed in a 20 pl reaction with random nanomers (75 pmoles) and Expand
Reverse Transcriptase (Roche). The resulting cDNA was diluted to 40 ul with water and 1 pl
used in subsequent PCR amplification with Q5 High-Fidelity DNA Polymerase (New
England Biolabs).

Control PCRs were carried out with standard Taq polymerase. We checked for the presence
of spermatid RNA derived cDNAs by amplifying the protamine 1 transcript with primers

01680/01681 annealed at 60 °C. We checked for the lack of contaminating round cell RNA
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by Polymerase chain reactions using a triplex reaction with primers for PTPRC (CD45), KIT
and CDH1 which are positive markers for leukocytes, early testicular germ cells and epithelial
cells respectively (Lambard ef al. 2004). Triplex primers and concentrations: PTPRC (310 bp)
- 04609/04610, 300 nM; c-Kit (237 bp) - 04611/04612, 500 nM; CDHI1 136 bp -
04613/04614, 500 nM. PCR programme 94 °C 2 min, 94 °c 30 s, 60 °C 40 s, 72°C 20 s 40
cycles, 72 °C 5 min.

LEM-domain proteins transcripts were amplified with Q5 Taq polymerase (New England
Biolabs) using the PCR conditions described in the product information. The primer pairs and
their annealing temperature for each transcript are as follows: LEMD1: 04426/04427 — 66 °C,
LEMD2-3": 04092/04093 - 68°C, LEMD2-5:04965/04966 — 69°C, LEMD3-3":
05023/04491—- 66 °C, LEMD3-5": 05024/05026 — 67°C, EMERIN-3": 05097/05098 — 69°C,
EMERIN-5": 05095/05096 — 67°C, ANKLE1-3": 05027/04493 — 67°C, ANKLEI-5":
05028/05029 — 72°C, ANKLE2-3": 04495/04496 — 68°C, ANKLE2-5": 05111/05112 — 70°C,
ANKLE2 Al1-64: 04527/04528 — 71°C, LAP2-5": 05101/05103 — 68°C LAP2a 3":
04087/04088 — 64°C, LAP2B 3": 05099/05100 — 68°C, LAP2B-5": 04087/04090 — 64°C,
BAF: 04094/04095 — 69°C, BAF-L: 04096/04097 — 69°C, LBR-3’: 04667/04668 — 60°C,
LBR-5": 04669/04671 — 64°C, musLEMD1: 04435/04434 — 67°C, musBAF-L: 04522/04523
— 67°C, musHMBS: 02216/02217 — 67°C, PRM1: 01680/01681 — 60°C. PRM1, a spermatid-
specific spermatozoa-retained transcript was included as a positive control for spermatozoa
RNA. The Q5 GC-enhancer additive was used for all PCRs except for LBR. (Sequences of
primers are provided in supplementary Table S1).

Constructs to express tagged proteins

To express fusion proteins tagged with either 3xc-Myc (Myc) or 3xFlag (Flag), the coding
region for each protein was amplified by PCR from human testis cDNA, using specific

primers with restriction sites added at the 5° end. The PCR products were digested at these
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added sites and ligated to a vector cut with the same enzymes. The vectors were modified
pcDNA3.1 vector (Life Technologies) carrying either an N-terminal tag between Nhel and
Hindlll sites or a C-terminal tag between BamHI and Xbal sites. The primers used are shown
in Table S1. Flag-ANKLE2, primers: 04573/04710, cloning sites: Kpnl and BamHI. Flag-
ANKLE2-A1-64, primers: 04542/04710, cloning sites: Kpnl and BamHI. LEMD2-myc and
LEMD2 A115-259-myc, primer: 05322/05323, cloning sites: HindIll and Kpnl. BAF-Flag,
primers: 04388/04399, cloning sites: Kpnl and BamHI. Flag-BAF-L, primers: 05186/04663,
cloning sites: Kpnl and Xhol. myc-LEMD1, primers: 04661/04659, cloning sites Kpnl and
Xhol. myc-Emerin, primers: 04579/04580, cloning sites: BamHI and Xhol. myc-LAP2j,
primers: 05022/04615, cloning sites: BamHI and Xhol. All constructs used were confirmed to
have the expected sequence by determining the sequence of the full insert and tag.

Cell culture and transfection

HeLa cells were cultured according to standard procedures.
Cells were transfected in two-well Lab-tek chambers using jetPRIME ® short-DNA
transfection protocol (Polyplus-transfection) and 500 ng of plasmid DNA according to the
manufacturer’s instructions. The medium was replaced after 4 hours of incubation with the
transfection mix.

Immunocytochemistry

Immunocytochemistry was performed on spread spermatozoa and/or testicular germ cells.
Thawed spermatozoa were washed two times in PBS, fixed in 2% formaldehyde in PBS for
10 min, washed twice in PBS and spread onto polylysine-coated slides by Cytospin
(Shandon). Testicular cells were fixed with 2% formaldehyde in PBS for 10 min after
disaggregation of testis fragments, washed in PBS and pellets frozen. Testicular cell pellets
were thawed and spread onto polylysine slides by Cytospin (Shandon) as previously described

(Metzler-Guillemain and Guichaoua, 2000). Slides were fixed 5 minutes in 4% formaldehyde
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in PBS, rinsed in PBS and permeabilized using 0.1%, 0.3% or 0.5% Triton X-100, 3% normal
goat serum in PBS for 30 min. Slides were blocked with 1% BSA, 7% normal goat serum in
PBS for 30 min. They were then incubated for 30 min with lectins (Lectin PNA Alexa Fluor
594 conjugates, L-21409 Molecular Probes) at a dilution of 1:600 in PBS to mark the
acrosome. After washes in PBS under gentle agitation, slides were incubated one to two hours
in a moist chamber at 37°C with primary antibodies after several washes in PBS, detection
was performed using Alexa fluor secondary antibodies (Invitrogen) at dilutions recommended
by manufacturers for 45 min at 37°C. Slides were then rinsed twice in PBS and mounted with
25 to 75 ng/ml DAPI in Vectashield mounting medium for microscope analysis. Negative
controls without the primary antibody gave no signal for any of the secondary antibodies
used. The slides were analyzed using the Zeiss ApoTome.2 microscope (Zeiss, Oberkochen,
Germany) equipped with an AxioCam MRm camera. Images were captured and merged with
the ZEN software, and were treated using ImageJ software. Phase contrast overlay of
ANKLE2 immunofluorescent labelling shows that cell morphology is preserved by this
protocol (Fig. S1).

Antibodies

The affinity of antibodies for their target was validated for IF analysis using HeLa cells
transfected with a construct overexpressing a tagged version of the target protein, except for
those against LBR and LEMD3, already shown by the supplier to label the nuclear periphery
in HeLa cells (Fig. S2). All antibodies used were monoclonal or immunogen affinity-purified
polyclonal and gave the expected labelling pattern in somatic cells in disaggregated testes:
nuclear periphery for LEMD2, LEMD3, Emerin, LAP2, LBR and BAF; endoplasmic
reticulum for ANKLE2; faint or no labelling for LEMDI1 and BAF-L (only spermatid nuclei

labelled). We provide representative images of single large fields obtained for each antibody
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to show the labelling of germ cells and somatic cells observed together in disaggregated testes
(Fig. S3).

The antibodies used were rabbit anti-LEMD1 (IF dilution: 1/100, SAB3500644
Sigma), rabbit anti-LEMD2 specific N-terminus (IF dilution: 1/100, HPA017340 Sigma),
rabbit anti-LEMD2 specific C-terminus (IF dilution: 1/50, ab89866 Abcam), mouse anti-
LEMD3 (IF dilution: 1/50, ab123973 Abcam), mouse anti-EMERIN (IF dilution: 1/100,
NCL-EMERIN Leica), mouse anti-EMERIN (IF dilution: 1/100, Sigma AMAb90560), rabbit
anti-ANKLE2 (IF dilution: 1/100, Asencio et al. 2012), rabbit anti-LAP2 beta (IF dilution:
1/50, HPA008150 sigma), rabbit anti-BAF (IF dilution: 1/600 ab129184 Abcam), rabbit anti-
BAF-L (IF dilution: 1/100, HPA042635 Sigma), rabbit anti-BAF-L (IF dilution: 1/200,
ab122950 Abcam), rabbit anti LBR (IF dilution: 1/500, ab32535 Abcam), mouse anti-FLAG
(IF dilution: 1/100, F1804 Sigma), mouse anti-c-MYC (IF dilution: 1/100, sc40 Santa Cruz) ,
rabbit anti-o tubulin (WB dilution: 1/1000, ab15246 Abcam) and anti-GRP94 (IF dilution:
1/400, ab210960) (Table S2).

The immunogen peptide used for pre-absorption of anti-BAF (within amino acids 1-
45) was custom synthesised (Proteogenix, France). The immunogen peptide for BAF-L (aa
12-252) was expressed as a fusion protein with the chitin binding protein in E. coli and
purified on a chitin column, following the protocol of the Impact Kit (New England Biolabs),
except that the BAF-L fusion protein was eluted with 8M Urea and then dialysed against PBS.
The BAF-L coding region was amplified with primers 05350/05351 and cloned between the
Ndel and Xhol sites of the pMXBI10 vector (New England Biolabs). Pre-absorption
protocol***

Protein extraction and western blot analysis
Protein was prepared from 12x10° spermatozoa which were separated from round cells as for

RNA extraction, and then lysed on ice for 30 min in 100 pl of 0.5% SDS, 50 mM Tris.HCl
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271  pHS8.0, 5 mM EDTA, 50 mM DTT, 2x complete proteinase inhibitor cocktail (Roche),

272  followed by 30 s of sonication at high setting in a Bioruptor Standard (Diagenode). The

273  effectiveness of the round cell lysis is illustrated by the absence of a signal for Emerin,

274  despite the strong signal in whole testis (Fig. S4). Emerin is strongly detected in testicular

275  somatic cells, but we did not detect it by IF in spermatids or spermatozoa. For testis lysates,
276 60 mg of tissue was dissociated in 300 ml of lysis buffer (1M Tris.HCI pH7.5, 5M NaCl, 0.1
277 mM EGTA, 10% Triton) using ceramic beads in a Magnalyser (Roche), followed by 30 min
278  onice and 3x 30 s of sonication at high setting in a Bioruptor Standard (Diagenode). For

279  migration, lysate from approximately 2 million spermatozoa or 40 g of testis protein was
280  mixed with 2x Laemmli sample loading buffer loading buffer (Sigma Aldrich) with 5% -
281  mercaptoethanol, heated to 95 °C for 5 minutes and subjected to SDS-PAGE. Proteins were
282  Dblotted on to nitrocellulose with a pore size of 0.45 um (Emerin) or 0.2 um (BAF, BAF-L).
283

284  Results

285  Spermatid transcript analysis using spermatozoa RNA

286  To characterise gene expression of NL-associated proteins (LBR, LEM-domain proteins, BAF
287  and BAF-L) during human spermiogenesis, we first used RT-PCR to detect the 5" and 3" end
288  of the coding region of transcripts, in spermatozoa RNA from five normospermic men: two
289  fertile men and three men from infertile couples. RT-PCR detected transcripts for Emerin,
290 LEMDI, LEMD2, ANKLE2, LAP2a, LAP2p and BAF-L in all tested RNA samples (Fig. 1),
291  Dbut in the case of LEMD?2 only the 3" end of the coding region was detected, indicating that
292 the only transcript present for LEMD2 in spermatids lacks a part of the 5" coding region
293  present in the widely expressed form. No transcripts were detected for LBR, LEMD3 or

294 ANKLEI] in any sample (Fig. 1).
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BAF transcripts were detected in one RNA sample R010900491 but not in the other
four, suggesting that they are normally absent from spermatozoa (Fig. 1). BAF is encoded by
the BANF1 gene, and has five retroposed homologues in the genome. We therefore
investigated the nature of the BANFI c¢cDNA product amplified from R010900491 by
sequencing and revealed it to be identical to the BANF1 locus, excluding the possibility that it
was derived from one of the BANF'I retroposons. In addition, we did not amplify the same
cDNA product from the genomic DNA of R010900491, excluding the possibility that
R010900491 carries a recently integrated BANF'I retroposon with 100% nucleotide identity to
BANF1. The individual in whose sperm sample we detected BAF transcripts is normospermic
and his sperm does not have an exceptional morphology or motility profile. He is nevertheless
in an infertile couple, and it will now be important to define the relationship between BAF
transcript retention in spermatozoa and gamete quality. We conclude that the BANFI
transcript can persist in spermatozoa in a minority of cases, but whether this is related to
increased RNA stability, epigenetic variation or the quality of spermatogenesis remains to be

elucidated.

BAF-L and LEMDI1 transcripts coincide with spermatids in immature mouse testis.
Having shown that transcripts for the testis-predominant genes BANF2 and LEMD1
were present in human spermatids, we next investigated transcription from these genes during
the first wave of post-natal spermatogenesis in the mouse. We found that transcripts for both
genes were detected only at later steps (after 20 dpp) when spermatids first appear in the testis
(Fig. 2). We conclude that BAF-L and LEMDI1 transcripts predominate in spermatids in

mouse and human.

Alternative transcript for ANKLE?2 in spermatids
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For ANKLE2, we detected a transcript (ANKLE2 A 1-64) corresponding to several
testis ESTs with an alternative first exon situated within the first intron (e.g. HY008086) (Fig.
3A). We amplified ANKLE2 A 1-64 from all five spermatozoa RNA samples (Fig. 3B), and
from total RNA of testis and brain, but not small intestine, skeletal muscle, prostate or thymus
(Fig. 3C). In the mouse, no EST corresponding to this transcript has been described, and we
did not detect a homologous transcript from the mouse Ankle2 gene by RT-PCR with primers
from candidate alternative first exons in intron 1 defined by splice donor site prediction (data
not shown). We amplified as a single amplicon and then sequenced the full coding region of
the ANKLE2 A1-64 transcript from human testis RNA and deposited its sequence in
Genbank (accession KY056762). The ANKLE2 A 1-64 transcript encodes an ANKLE2
isoform lacking the N-terminal 64 amino acids that encode the transmembrane domain of the

full-length isoform which are replaced by the short peptide of five amino acids '"MWRSE”.

ANKLE2 A1-64 does not localise to the endoplasmic reticulum in HeLa cells

The full-length ANKLE?2 protein has been localised to the nuclear periphery and endoplasmic
reticulum (ER) (Asencio et al. 2012). To test the intracellular localization of ANKLE2 A 1-
64, we transfected HeLa cells with plasmids designed to express N-terminus Flag-tagged
versions of the full-length ANKLE2 and ANKLE2 A 1-64, under control of the CMV
promoter. Following transfection, Flag-ANKLE?2 had a granular aspect throughout the
cytoplasm that we show co-localises with the ER marker GRP94, consistent with the ER
localisation described previously for ANKLE2 (Asencio ef al. 2012). In contrast Flag-
ANKLE2 A 1-64 was more homogeneously distributed throughout the cytoplasm, and did
not coincide with GRP94 (Fig. 4A). We conclude that the N-terminal 64 aa of ANKLE2,

which contain the TM, are required to locate ANKLE?2 to the ER in HeLa cells.
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ANKLE?2 localises to the ER in round spermatids

We investigated the localisation of ANKLE2 during spermiogenesis by
immunofluorescent analysis of testicular germ cells from four men and ejaculated
spermatozoa from three men. An ANKLE? signal was detected throughout human
spermiogenesis, in the cytoplasm of round spermatids, elongating spermatids and testicular
spermatozoa***, but was not visible in ejaculated spermatozoa. In round spermatids, it
presented as a granular cytoplasmic signal, consistent with the known localisation of
ANKLE2 to the ER (Fig. 4B). We confirmed ER localisation for ANKLE?2 in round
spermatids, by showing that the signal co-localises with the ER-lumen protein GRP94 (Fig.
4C). In elongating spermatids, however, there was no longer a perfect coincidence of GRP94
and ANKLE?2 signals, a possible reflection of the distinct localisation of ANKLE2 (ER
cytoplasmic surface) and GRP94 (ER lumen). We saw no evidence of the more diffuse
cytoplasmic staining that might correspond to the ANKLE2 A1-64 isoform that lacks the

domain necessary for ER localisation (Fig. 4B, C).

LEMD?2 transcript in spermatids encodes a short isoform

To identify the LEMD2 transcript present in human spermatids, we initially screened testis
and spermatozoa RNA with RT-PCR assays based on ESTs in the databases that lack the first
coding exon of LEMD2 (DC315891, DC367547, B1755923, DB028937 and DC389488), but
no product was amplified from testis TO11400071 or spermatozoa RNA (data not shown). We
next amplified the entire LEMD?2 coding region from testis RNA and observed a doublet, a
band of the expected size (1.5 kb) and a smaller band (1.1 kb) (Fig. 5A). We cloned and
sequenced these fragments. The larger fragment contained the full coding region as predicted
while the smaller fragment contained two cDNAs created by alternative splicing from a

cryptic splice donor site immediately following codon 114 (c.346) in exon 1, to either exon 2
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(frameshift) or to exon 3 (non-frameshift) (Fig. 5A). Using specific RT-PCR assays for each
transcript we found that both alternatives are present in spermatozoa RNA (shown for the
non-frameshift transcript in Fig. 5B). We conclude that the only protein-coding transcript
from LEMD? in spermatids encodes a short version of LEMD?2 that we have termed
LEMD2 A115-259 since it lacks amino acids 115-259 of the full-length protein. The cryptic
splice site in exon 1 that allows the production of the alternative transcripts is not present in
mouse and we were unable to detect corresponding transcripts in the mouse (data not shown).
We PCR amplified and cloned the coding region of the LEMD2 A115-259 transcript as a
single amplicon from testis cDNA, sequenced it and deposited it in Genbank (accession

KY056761).

LEMD2_A115-259 is not directed to nuclear periphery and does not destabilise NE

It has been concluded that LEMD?2 is important for nuclear integrity, since its depletion from
somatic cells leads to altered nuclear morphology (Ulbert et al. 2006), similar to that induced
by ectopic expression of the spermatid-specific lamin B3 (Schiitz et al. 2005; Elkhatib et al.
2015). We therefore investigated the possibility that LEMD2 A115-259 has a role in
destabilising the NE to facilitate nuclear remodelling in spermatids. To do this we expressed
both isoforms with a C-terminal Flag-tag in HeLa cells. We observed that while the full-
length isoform was directed to the nuclear periphery as expected, LEMD2 A115-259 was not,
and was visible in the perinuclear region of the cytoplasm. LEMD2 A115-259 did not induce
any nuclear deformation (Fig. 5C). Taken together with previous work (Brachner et al. 2005)
showing that LEMD2 lacking amino acids 130-203 is directed to the nuclear periphery, our
results show that at least part of a domain necessary for the import of LEMD2 from the
cytoplasm to the nuclear periphery, must be located within aa 115-130 and aa 203-259. In

addition, our IF analysis of transfected cells shows that the anti-LEMD2 antibody
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HPAO017340, whose immunogen (aa 243-362) overlaps with amino acids 115-259 of LEMD2
is essentially specific for the full-length LEMD?2 isoform, and does not detect LEMD2 A115-
259 (Fig. 5C). The epitopes detected with high affinity by HPA017340 must therefore all

overlap with aa 243-259 of LEMD?2.

Nuclear LEM-domain proteins and LBR not at nuclear periphery in human spermatids
In order to explore the nature of the interface between the NL and the chromatin during
human spermiogenesis, we performed IF analysis of testicular germ cells from four men with
antibodies against six LEM-domain proteins, the two BAF proteins and LBR (antibody
descriptions - Table S2). We detected signals on spermatids for LEMDI1, LEMD2, ANKLE?2,
LAP2pB, BAF and BAF-L (Fig. 6, Fig. S3 and Table 2), but no signal was observed on
spermatids with antibodies against Emerin, LBR or LEMD?3, despite strong labelling of the
nuclear periphery in somatic cells on the same slide (Fig. S5, S4).

For Emerin, we had amplified a transcript from spermatozoa RNA by RT-PCR, and it
was therefore unexpected that Emerin was not detected in spermatids. We therefore tested two
different anti-Emerin antibodies that labelled the nuclear periphery in somatic cells (Fig. S6).
Neither labelled any spermatids or spermatozoa (Leica-Emerin-Ncl and AMAb90560) (Fig.
S6). Moreover, in Human Protein Atlas, a further two antibodies, HPA000609 and
CABO001545, do not label spermatids. Thus although we have shown that the Emerin
transcript is present in spermatids, we conclude that it is not translated and that the Emerin
protein is not present in spermatids or spermatozoa.

Using antibodies directed against LEMD1 we observed a nucleoplasmic signal in
round spermatids, except in the area covered by the acrosome. As spermatid maturation

progressed, the fluorescence became limited progressively to the posterior pole of the nuclei,
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where it remained visible in late elongated spermatids. LEMD1 was not detected, however, on
testicular spermatozoa or on ejaculated spermatozoa (Fig. 6).

For LEMD2, our RT-PCR analyses suggested that in spermatids LEMD2 was only
present as an isoform lacking amino acids 115-259. We therefore analysed testicular germ
cells with two antibodies, anti-LEMD2 243-362 (Sigma HPA017340) that detects the full-
length LEMD?2 isoform but not LEMD2 A115-259 (Fig. 5C and S3), and anti-LEMD2_Cter
that detects both isoforms (Fig. S2). Despite strong labelling of the nuclear periphery in
somatic cells of disaggregated testis with both antibodies, only anti-LEMD2_Cter labelled the
nuclei of spermatids, confirming that in spermatids, LEMD?2 is present only as the short
isoform LEMD2 A115-259 (Fig. 6 and Fig. S3). Anti-LEMD2 _Cter gave a punctate labelling
throughout the spermatid nucleoplasm, indicating that LEMD2_ A115-259 does not localise to
the nuclear periphery in spermatids (Fig. 5C).

For LAP2B, labelling is nuclear, and predominates at the nuclear periphery in the
earliest round, spermatids but the signal shifts to the nucleoplasm at later steps and is not
detected in elongating spermatids (Fig. 6). In the rat, the nucleoplasm and NE labelling in
round spermatids were previously demonstrated with an antibody that detected all LAP2
isoforms (Alsheimer et al. 1998).The anti-BAF-L antibody gave a granular signal
concentrated over the nucleoplasm of round spermatids, with fainter fluorescence in the
cytoplasm. Labelling was concentrated at the nuclear periphery in elongating spermatids, but
was excluded from under the acrosome (Fig. 6). In testicular and ejaculated spermatozoa
BAF-L labelling was visible at the posterior pole of the nucleus (Fig. 7A).

Although no BAF transcript was detected in spermatozoa RNA from four of five men
tested, the anti-BAF antibody (ab129184) labelled the nuclei of spermatids (Fig. 6). We
observed a nucleoplasmic localization of BAF in 10% - 55% of round spermatids, 2% - 9% of

elongated spermatids, and 1% - 10% of testicular spermatozoa, where BAF was located at the
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posterior pole of the nucleus (Fig. 6 and Fig. S7A and S5B). BAF signal was observed in
ejaculated spermatozoa at the posterior nuclear pole in all 3 patients tested with a mean of 30
% of spermatozoa labelled (Fig. 7A). These contradictory results for the expression of the
BAF protein and its transcript imply either that the BAF spermatid transcript is a remnant
from spermatocytes (BAF protein labelling is seen throughout the spermatocyte nucleus - Fig.
S7C), or that de novo BAF transcripts are produced in spermatids but are not retained in

spermatozoa.

BAF and BAF-L are present in human ejaculated spermatozoa

Our IF analyses of human spermatids indicate that most of the proteins tested as potential
links between the NL and the chromatin are lost during the round spermatid steps and do not
persist in spermatozoa. The only exceptions were with the antibodies against BAF and BAF-L
that labelled the posterior nuclear pole of testicular and ejaculated spermatozoa. These signals
were absent when we pre-absorbed the antibodies with their respective immunising peptide,
indicating that they were specific for BAF and BAF-L (Fig. 7A). To further verify that this
signal was due to the presence of BAF and BAF-L, we performed Western blot analysis of
lysates of purified spermatozoa with the same antibodies (Fig. 7B). The anti-BAF and anti-
BAF-L antibodies detected a strong band of the expected size, approximately 10 kDa, in
protein lysates from spermatozoa. Anti-BAF detected a strong band of the same size in testis
lysates, but in the case of BAF-L the band was barely detectable in whole testis, suggesting
that it is expressed in spermatids at a low level and becomes concentrated in the spermatozoa
fraction (Fig. 7B). We conclude that BAF and BAF-L proteins are present in spermatids

throughout human spermiogenesis and are retained in ejaculated spermatozoa.

Discussion
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Known somatic lamina-chromatin interface absent from all but earliest spermatids

Here we present an overview of how LEM-domain proteins, BAF proteins and LBR,
many known to be involved in linking the NL to the chromatin in somatic cells, are organised
in human spermatids and spermatozoa. For most of the proteins, except LBR and LAP2p, this
is the first study of these proteins during mammalian spermiogenesis. We have studied
ANKLE]1 and LAP2a expression only at the transcript level.

Based on our observations, a general theme emerges that during most of
spermiogenesis the lamina-chromatin interface, as defined in somatic cells, does not exist, and
the three LEM-domain proteins that we did detect, LEMD1, LEMD2 A115-259 and LAP2p,
do not localise to the nuclear envelope in most round spermatids, but to the nucleoplasm. This
can readily be explained for LEMD2_ A115-259 based on our HeLa transfection experiments
showing that LEMD2 A115-259 lacks the domains required for NE localisation, consistent
with the mapping of these domains to aa 74-130 and aa 203-378 (Brachner ef al. 2005). It is
more difficult to explain the nucleoplasmic localisation of LEMD1 and LAP2f. Both contain
a transmembrane domain (TM), which has been shown to be necessary for the efficient
localisation of LAP2f to the NE (Furukawa et al. 1995). LAP2p is found at the inner nuclear
membrane in somatic cells (Foisner and Gerace, 1993) (Fig. S3) and tagged-LEMD1
transfected into HeLa cells localises, like Emerin (Tsuchiya et al. 1999), to a perinuclear
cytoplasmic structure and the nuclear envelope (Fig. S2). Indeed, LAP2f is peripheral in the
earliest round spermatids, but becomes exclusively nucleoplasmic at all later steps (Fig. 6).
We suggest that proteins required for the direction of LEMD1 and LAP2p to the NE in
somatic cells are unavailable in spermatids or that spermatid-specific proteins direct them to
the nucleoplasm.

LAP2p is known to localise to the NE in part by interacting with lamin B1 (Furukawa

et al. 1998), which is present at the INM in human spermatids (Elkhatib et al. 2015). It is
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therefore possible that changes in the nuclear lamina block the access of LAP2[ to lamin B1.
It is unlikely that loss of LAP2[3 from the NE in spermatids is a direct consequence of lamin
B3 recruitment or LEMD2 absence because it has been shown that overexpression of lamin
B3 or knockdown of LEMD?2 in HeLa cells does not affect the localisation of LAP2p3 to the
NE (Schiitz et al. 2005; Ulbert et al. 2006). Nevertheless, the displacement of LAP23 from
the nuclear periphery could have a functional significance during spermiogenesis, since BAF-
L and LEMD1, which are predominantly expressed in human and mouse spermatids (Fig. 2),
are also nucleoplasmic in round spermatids (Fig. 6; Fig. S3).

The absence of the known somatic lamina-chromatin interface from most spermatids
is probably related to the unique extreme chromatin remodelling that occurs during
spermiogenesis. It is interesting that the somatic lamina-chromatin interface is no longer
required in round spermatids even though there is still a high transcriptional activity to
produce the proteins that will allow the round spermatid to become a spermatozoon. Indeed
the priority in spermatids may be to detach the chromatin from the lamina to increase
accessibility for histone-protamine exchange, since the lamina itself gradually disappears
from the nuclear periphery in synchrony with the spread of protamine-packed chromatin
(Alsheimer ef al. 2004; De Vries et al. 2012; Elkhatib et al. 2015). We do not know whether a
specific structure continues to link the histone-packed chromatin to the lamina in spermatids,
or whether the lamina becomes completely detached from the chromatin early during
spermiogenesis. One way of exploring the former possibility would be to try to identify

partners of lamin B1 or lamin B3 in purified round spermatids.

LBR is not detected in human spermatids

We did not detect expression of LBR in spermatids at either the RNA or the protein level. In

the mouse, LBR has been localised to the nuclear periphery in elongating spermatids, and
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based on an interaction in transfected cells with protamine 1, it has been suggested that LBR
plays a role in the replacement of histones by protamines during spermiogenesis (Mylonis et
al. 2004). Our finding is supported by results with anti-LBR antibody HPA049840 (Human
Protein Atlas) that labels the nuclear periphery of only the spermatogonia in the seminiferous
tubule. This discrepancy with the mouse may indicate that LBR is expressed differently
between rodents and human, or it might arise from a lack of antibody specificity in the mouse
study, where the antibody against mouse LBR was raised against the N-terminal amino acids
1-201 that includes a conserved highly immunogenic stretch ("*SRSRSRSRSRSRSP?') that
contains peptides found in more than a hundred different mouse proteins. In contrast, the LBR
epitopes detected by the antibody ab32535 (aa 1-60) that we used here, and HPA049840 (aa
1-71) that is presented in Human Protein Atlas do not overlap with *SRSRSRSRSRSRSP’".
Whatever the explanation for this discrepancy, our data together with those in Human Protein
Atlas provide strong evidence that LBR is not present in human spermatids, and is therefore
not involved in the deposition of protamine 1 onto the chromatin during human

spermiogenesis.

Increasing flexibility of the spermatid NL

In mouse and human, the lamin B2 isoform, lamin B3, is recruited to the NE during
spermiogenesis and has been demonstrated to deform the NE when expressed in cultured cells
(Schiitz et al. 2005; Elkhatib et al. 2015). This has been interpreted to indicate that the
flexibility of the spermatid NE is increased to facilitate the remodelling of the nucleus into an
elongated form. We have shown, however, that neither LEMD2 A115-259 nor ANKLE2 Al-
64 share the ability of lamin B3 to deform the NE when transfected into HeLa cells. We have

also found that orthologous transcripts for LEMD2 A115-259 or ANKLE2 A1-64 are not

expressed in the mouse (data not shown). We conclude that the ANKLE2 A1-64 and

reproduction@bioscientifica.com



544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

Manuscript submitted for review to Reproduction Page 68 of 105

LEM-domain proteins during human spermiogenesis 12/06/2017 23

LEMD2 A115-259 transcripts are either biological artefacts or primate-specific measures to
regulate ANKLE2 and LEMD?2 expression. It has however been shown that the reduction of
LEMD? level in HeLa cells (Ulbert et al. 2006) causes the same type of nuclear deformations
as the ectopic expression of lamin B3. Thus the absence of the full-length LEMD?2 isoform
from the spermatid nucleus, with lamin B3 expression, could be part of the same strategy to
produce a flexible NE. We conclude that it is more likely the absence of the full-length
conserved LEMD?2 isoform, and not the presence of the LEMD2_ A115-259 isoform, that has

functional significance for the shaping of the spermatozoon nucleus.

BAF and BAF-L may regulate condensation of the paternal chromatin

Our finding that both BAF and BAF-L are present in spermatozoa is an exciting one. Indeed,
on Western blot analysis, the signal obtained for each protein is at least as strong in
spermatozoa as in whole testis, implying that both are abundant in spermatozoa. This is very
obvious for BAF-L where we detected a very weak signal in whole testis (Fig. 7B). This
implies that the retention of BAF and BAF-L in spermatozoa may be functionally important.
BAF and BAF-L both form homodimers, but are able to form heterodimers in vitro and on co-
transfection into cultured cell lines (Tifft et al. 2006). BAF can bind DNA and LAP2j
simultaneously, but BAF-L cannot bind DNA or LAP2 on its own (Tiftt ef al. 2006).
Nevertheless BAF-BAF-L heterodimers are able to bind DNA and LAP2 (Tifft et al. 2006).
Furthermore we have shown that ANKLE2, necessary for the recruitment of BAF to the
chromatin at mitotic exit (Asencio et al. 2012), is present on the ER in round spermatids. It is
therefore of critical significance that both BAF and BAF-L proteins are present in spermatids
and spermatozoa, since it opens up the possibility that, through its interaction with BAF,

BAF-L could be a component of the sperm chromatin.
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The specific role of BAF-L during spermiogenesis is unclear, but the formation of
BAF-BAF-L heterodimers might serve to prevent BAF homodimer formation on the
nucleohistone chromatin of round spermatids. BAF homodimers are able to cross-link two
double stranded DNA molecules, form dodecamer complexes with dsDNA, and induce
condensation of the chromatin (Zheng et al. 2000; Skoko et al. 2009). In contrast, BAF-BAF-
L heterodimers can only bind to a single DNA molecule and so could promote a more open
chromatin that facilitates the massive histone-protamine exchanges that occur during
spermiogenesis and during the formation of the male pronucleus in the oocyte cytoplasm. In
support of this hypothesis, the concentration of BAF has been shown to be critical for correct
chromatin decondensation of sperm chromatin in Xenopus egg extracts, with as little as a
20% increase in BAF concentration inducing excessive chromatin condensation and

preventing NE assembly (Segura-Totten et al. 2002).

BAF-L may regulate timing of NE formation on paternal chromatin in oocytes

In mouse and Xenopus oocytes, the formation of a sealed nuclear membrane can occur
around the paternal chromatin artificially depleted for nucleosomes, but in the absence of
nucleosomes, nuclear pore complexes are not recruited, preventing nuclear import notably of
NL components, and a failure of nuclear expansion and zygotic development (Inoue and
Zhang, 2014; Zierhut et al. 2014). A mechanism must therefore exist that ensures delay of
nuclear membrane assembly on the paternal chromatin until the histones have been integrated.
In somatic cells, BAF recruitment to the surface of the chromosomes at mitotic exit is an early
and essential step in the reassembly of the NE (Haraguchi et al. 2008). Furthermore BAF can
behave like a DNA-sensor and binds rapidly to histone-free dsDNA transferred into the

cytoplasm of cultured cells, promoting assembly of NE-like membranes (Kobayashi et al.
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2015). Thus, another possible role for BAF-L in the oocyte could be to delay the onset of

BAF-dependent assembly of the NE until after nucleosome incorporation.

Conclusion and Perspectives

Our study reveals that, except for LAP2b in the earliest round spermatids, none of the
components of the NL-chromatin interface defined in somatic cells is present at the nuclear
periphery of germ cells during human spermiogenesis, and the definition of the NL-chromatin
interface in spermatids, if it exists, now requires the identification of proteins that interact
with lamin B1 and lamin B3 in spermatids.

An important finding of our study is that BAF and BAF-L are present in ejaculated
human spermatozoa, where they could be chromatin components with roles in the formation
of the spermatozoon nucleus and its transformation into the male pronucleus. Our study
therefore opens new perspectives for the study of paternal chromatin remodelling, during
spermiogenesis and immediately after fertilisation, that we will now explore through the study
of mice inactivated for BAF-L. We predict that, given BAF's central role in mitosis, and the
severe somatic phenotype associated with loss of BAF function (Puente ez al. 2011) , it will
be extremely unlikely to find BAF mutations causal of isolated male infertility in human.
Mutations in BAF-L however, with its spermatid-predominant expression, could cause
isolated male infertility and might be found by targeting infertile men whose spermatozoa
retain high levels of histones or fail to achieve a functional pronucleus following in vitro
fertilisation. We will use the mouse model to better predict the spermatogenic phenotype that
might be associated with loss of BAF-L function in men. Studying the roles of BAF and
BAF-L in the context of male fertility should provide fresh insights into the relationship

between chromatin remodelling and the quality of the sperm nucleus.
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Figure and Table Legends

Figure 1. RT-PCR amplification of transcripts coding LEM-Domain proteins in human from
total spermatozoa RNA, testis RNA and skeletal muscle RNA. RT-PCR analysis of the 5" and
3’ ends of the coding region were performed separately for all tested transcripts, except for
the short two exon coding regions of BAF and BAF-L which were tested with a single RT-
PCR assay. RT-PCR products are shown migrated on a 3% agarose gel. Spermatozoa RNAs
were extracted from samples from individuals 1-5 in Table 1. The protein encoded by the
target transcript and the primer pairs used are indicated at the right of the gel. The known
spermatid transcript for protamine 1 (PRM1) was amplified as a positive control. The
expected size of each amplicon is shown at the left of the gel. The ladder is 1 kb Plus DNA

Ladder (Life Technologies), and the 200 bp band is indicated with an (*).

Figure 2. RT-PCR analysis of mouse transcripts for LEMD1 and BANF2 on RNA extracted
from staged mouse testis of different postnatal ages (dpp: days post partum). The expected
germ cell content is indicated above the gel by the grey bars. Amplicons from LEMD1 or
BAF-L transcripts were co-amplified with amplicons from the control HMBS transcript by
RT-PCR, and show that LEMD1 and BANF2 transcripts predominate during mouse
spermiogenesis. The proteins encoded by transcripts and the primers pair used are indicated
at the right of the gel. The expected sizes of amplicons are shown at the left of the gel. The
ladder is 1 kb Plus DNA Ladder (Life Technologies), and the 200 bp band is indicated with

an (*).

Figure 3. An alternative ANKLE2 transcript encoding ANKLE2 Al -64 is present in

spermatids. (A) Schematic representation of full length ANKLE?2 isoform described in

databases, and a testis EST (HY008086) that includes an alternative first exon in intron 1. (B)
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Specific RT-PCR analysis of the human transcripts encoding the two ANKLE?2 isoforms
from spermatozoa RNA (individuals 1-5 in Table 1), testis RNA and skeletal muscle RNA.
(C) RT-PCR analysis of the novel alternative transcript ANKLE2 Al -64 in six tissues:
brain, small intestine, skeletal muscle, prostate, thymus and testis. (B and C) PCR products
were migrated on 3% agarose gel. The protein encoded by the target transcripts and the
primer pairs used are indicated at to the right of the gel. The expected size of amplicon is
shown at the left of the gel. The ladder is 1 kb plus (Life Technologies), and the 200 bp band

is indicated with an (*).

Figure 4 . ANKLE?2 full-length isoform, but not ANKLE2 A1-64, co-localises with the ER-
marker GRP94 in HeLa cells and in spermatids. (A) Expression of ANKLE2-Flag and
ANKLE2 Al-64-Flag (green) in HeLa cells, showing a granular aspect throughout the
cytoplasm for ANKLE2 full length and GRP94 (red), with a strong overlap between
ANKLE?2 full length and GRP94 (yellow in MERGE photos). On the contrary,

ANKLE2 A1-64 shows a more homogeneous cytoplasmic distribution and little overlap with
the GRP94 signal. (B) Immunolocalisation of ANKLE2 on human spermatids, testicular
spermatozoa and somatic cells. Spermatids and spermatozoa are identified by the labelling of
acrosomes with an anti-SPACAL1 antibody (violet). Extensive overlap of ANKLE2 (green)
and GRP94 (red) signals is seen in round spermatids (yellow in MERGE), reduced overlap in
elongated spermatids and no labelling in testicular spermatozoa. DNA is counterstained with

DAPI (blue). Scale bar is 10 pum.

Figure 5. An alternative transcript for LEMD?2 is present in spermatids. (A) Schematic
representation of LEMD2 full length isoform with the position of primers used in RT-PCR

analyses and the cryptic splice site that leads to the alternative transcript encoding
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LEMD2_ A115 -259. Primer 05055 is specific for the LEMD2 A115 -259 transcript. Primers
04711 and 04712 were used to amplify the full coding region from testis RNA and generated
two bands (right panel) that were sequenced and the predicted proteins encoded by these
transcripts are represented schematically with the different domains (TM: transmembrane)
mapped to LEMD2 (Brachner et al., 2005). (B) RT-PCR analysis of the alternative transcript
encoding LEMD2 A115 -259 in human spermatozoa (individuals 1-5 in Table 1), and six
tissues: brain, small intestine, skeletal muscle, prostate, thymus and testis. PCR products
were migrated on 3% agarose gels. The ladder is 1 kb plus (Life technologies), and the 200
bp band is indicated with an (*). (C) Ectopic expression of fusion proteins LEMD2 and
LEMD2 A115 -259 (green) with C-terminal Flag tag (red) in HeLa cells. Only LEMD2
transfected cells were labelled with anti-LEMD?2 (Sigma HPA(017340), indicating that this

antibody is specific for the full-length isoform of LEMD?2. Scale bar is 10 pum.

Figure 6. Immunolocalisation of LEM-domain proteins and BAF proteins (green) on human
spermatids and testicular spermatozoa. Labelling is shown on successive steps of spermatid
development: early, mid and late round, early elongating and testicular spermatozoa. The
antibodies used are indicated in green. Spermatids are identified using lectin PNA (red) and
DNA counterstained with DAPI (blue). Exposures have been normalised on Sertoli cell

labelling. Scale bar is 10 um.

Figure 7. Immunolocalisation of BAF and BAF-L on human ejaculated spermatozoa. (A)
Composite montage of spermatozoa labelled with BAF and BAF-L (green). BAF and BAF-L
were detected respectively in 30% and 36,9% of mature ejaculated spermatozoa, at the
posterior pole of the nucleus (upper panels). No labelled spermatozoa were observed when

each antibody was pre-absorbed with its immunogen peptide (lower panels). Acrosomes were
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labelled using lectin PNA (red) and the nucleus is stained with DAPI (blue). Scale bar is 10
pm. (B) Protein expression of BAF and BAF-L by western blot analysis of human
spermatozoa lysates. Results are shown for human testis (T011400051, TO11500055,
T011400062 and T011400071) (20 pg) and three spermatozoa samples (2 x 10°
spermatozoa) corresponding to individuals 11-13 in Table 1. The anti-o, tubulin antibody was
used, on the same membranes without prior stripping, as a loading control. In order to reveal
the faint signal of BAF-L in whole testis lysates, a long exposure of a segment of the BAF-L
blot (between the grey bars) was compressed vertically and is shown below the a-tubulin

result.

Table 1: Sperm parameters of patients whose spermatozoa were used for RT-PCR, western
blot (WB), immunofluorescence analysis (IF) and selection procedures. * Fertile patients, St

Secondary infertility, *WHO criteria, **Normal forms (David criteria).

Table 2: The presence (+) or absence (-) of LEM-domain proteins, BAF proteins, LBR and
lamins, and their respective transcripts in human spermatids and spermatozoa, as determined
by us in this study or previously (Elkhatib ez al. 2015). nd: not determined; +?: the absence of
an antibody that discriminates between lamin B2 and lamin B3 prevents us from determining

which is present.

Supplementary data Figure Legends

Figure S1: Phase contrast overlay on IF analysis of testicular cells and HeLa cells used for

the localisation of ANKLE?2.
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Figure S2: Affinity tests of antibodies used in immunofluorescence analyses. LEM-domain
proteins and BAF proteins (green) tagged with c-Myc or Flag (red) were ectopically
expressed in HeLa cells. Tagged proteins were detected using antibodies against the target
protein (green) and against the tag (red). The anti-LAP2[3 antibody was tested on HeLa cells
transfected with a construct expressing tagged versions of either LAP2a (nucleoplasm) or
LAP2p (nuclear periphery), and its failure to label the nucleoplasm in LAP2a transfected
cells shows the antibody does not have high affinity for native LAP2a.. DNA is

counterstained with DAPI (blue). Scale bar is 10 pm.

Figure S3: Immunolocalisation of LEM-domain proteins on human spermatids, testicular
spermatozoa and somatic cells showing the difference of localisation of different proteins
(green) between germ cells and somatic cells. Spermatids are identified using lectin PNA
(red) and counterstained with DAPI (blue). Exposures for the different antibodies were

normalised on Sertoli cell labelling. Scale bar is 10 pum.

Figure S4: Western blot analysis of protein lysates from human testis and purified
spermatozoa with the anti-Emerin antibody Sigma AMAb90560. The predicted molecular

weight of Emerin is 29 kDa.

Figure S5: Immunolocalisation of LEMD3, LBR, LEMD?2 on cells from disaggregated
human testis. Spermatids and testicular spermatozoa are not labelled, only somatic cells are
labelled (green) with anti-LEMD?3 (ab123973), anti-LBR (ab32535) and anti-LEMD2-mid
antibody (Sigma HPA017340). The LEMD2-mid antibody is specific for the full LEMD2

isoform. Spermatids are identified using lectin PNA (red) and DNA is counterstained with
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DAPI (blue). Exposures for the different antibodies were normalised on Sertoli cell labelling.

Scale bar is 10 um.

Figure S6: Immunolocalization of Emerin on cells from disaggregated human testis and
ejaculated spermatozoa. Spermatids and spermatozoa are not labelled, only somatic cells are
labelled (green) with two different anti-Emerin antibodies (LEICA-NCL-EMERIN and
Sigma AMAb90560 - green). Ejaculated spermatozoa are presented in a composite montage.
Spermatids are identified using lectin PNA (red) and DNA is counterstained with DAPI
(blue). Exposures for the two antibodies were normalised on Sertoli cell labelling. Scale bar

is 10 pm.

Figure S7: (A) Percentages of germ cells labelled with anti-BAF antibody (ab129184)
(green) on post-meiotic germ cells of 4 patients (T011400051, T0O11400063, T011400071
and T011500055). (B) Three examples of the labelling round spermatids, elongating
spermatids and testicular spermatozoa with the anti-BAF antibody (green). Nuclei are
labelled with DAPI (blue) and acrosomes with lectin PNA (red). (C) Immunofluorescent

labelling of BAF (green) on three spermatocytes. DNA is counterstained with DAPI (blue).

Table S1: Primer sequences used in RT-PCR, DNA constructs and sequencing. Adaptors
used for constructs are underlined and the name of the restriction enzyme site in the adaptor

is preceded by a + after the target gene name. Target gene prefix: h=human; m=mouse.

Table S2: Antibodies used in immunofluorescence and western blot analyses. For primary

antibodies, IF and Western tests refer to affinity tests by transfection into tissue culture cells
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(Figure S1). For secondary antibodies, this refers to the absence of IF signal when antibody is

used without a primary antibody.
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Figure 1. RT-PCR amplification of transcripts coding LEM-Domain proteins in human from total
spermatozoa RNA, testis RNA and skeletal muscle RNA. RT-PCR analysis of the 5" and 3" ends of
the coding region were performed separately for all tested transcripts, except for the short two exon
coding regions of BAF and BAF-L which were tested with a single RT-PCR assay. RT-PCR products

are shown migrated on a 3% agarose gel. Spermatozoa RNAs were extracted from samples from
individuals 1-5 in Table 1. The protein encoded by the target transcript and the primer pairs used are
indicated at the right of the gel. The known spermatid transcript for protamine 1 (PRM1) was
amplified as a positive control. The expected size of each amplicon is shown at the left of the gel.
The ladder is 1 kb Plus DNA Ladder (Life Technologies), and the 200 bp band is indicated with an (*).

Figure 1. RT-PCR amplification of transcripts coding LEM-Domain proteins in human from total spermatozoa
RNA, testis RNA and skeletal muscle RNA. RT-PCR analysis of the 5° and 3 ends of the coding region were
performed separately for all tested transcripts, except for the short two exon coding regions of BAF and BAF-
L which were tested with a single RT-PCR assay. RT-PCR products are shown migrated on a 3% agarose gel.
Spermatozoa RNAs were extracted from samples from individuals 1-5 in Table 1. The protein encoded by the
target transcript and the primer pairs used are indicated at the right of the gel. The known spermatid
transcript for protamine 1 (PRM1) was amplified as a positive control. The expected size of each amplicon is
shown at the left of the gel. The ladder is 1 kb Plus DNA Ladder (Life Technologies), and the 200 bp band is
indicated with an (*).
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Figure 2. RT-PCR analysis of mouse transcripts for LEMD1 and BANF2 on RNA extracted from staged
mouse testis of different postnatal ages (dpp: days post partum). The expected germ cell content is
indicated above the gel by the grey bars. Amplicons from LEMD1 or BAF-L transcripts were co-amplified
with amplicons from the control HMBS transcript by RT-PCR, and show that LEMD1 and BANF2
transcripts predominate during mouse spermiogenesis. The proteins encoded by transcripts and the
primers pair used are indicated at the right of the gel. The expected sizes of amplicons are shown at the
left of the gel. The ladder is 1 kb Plus DNA Ladder (Life Technologies), and the 200 bp band is indicated
with an (*).

Figure 2. RT-PCR analysis of mouse transcripts for LEMD1 and BANF2 on RNA extracted from staged mouse
testis of different postnatal ages (dpp: days post partum). The expected germ cell content is indicated
above the gel by the grey bars. Amplicons from LEMD1 or BAF-L transcripts were co-amplified with
amplicons from the control HMBS transcript by RT-PCR, and show that LEMD1 and BANF2 transcripts
predominate during mouse spermiogenesis. The proteins encoded by transcripts and the primers pair used
are indicated at the right of the gel. The expected sizes of amplicons are shown at the left of the gel. The
ladder is 1 kb Plus DNA Ladder (Life Technologies), and the 200 bp band is indicated with an (*).
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Figure 3. An alternative ANKLE2 transcript encoding ANKLE2_A1 -64 is present in spermatids. (A)
Schematic representation of full length ANKLE2 isoform described in databases, and a testis EST
(HY008086) that includes an alternative first exon in intron 1. (B) Specific RT-PCR analysis of the
human transcripts encoding the two ANKLE2 isoforms from spermatozoa RNA (individuals 1-5 in

Table 1), testis RNA and skeletal muscle RNA. (C) RT-PCR analysis of the novel alternative
transcript ANKLE2_A1 -64 in six tissues: brain, small intestine, skeletal muscle, prostate, thymus
and testis. (B and C) PCR products were migrated on 3% agarose gel. The protein encoded by the
target transcripts and the primer pairs used are indicated at to the right of the gel. The expected
size of amplicon is shown at the left of the gel. The ladder is 1 kb plus (Life Technologies), and the
200 bp band is indicated with an (*).
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Figure 3. An alternative ANKLE2 transcript encoding ANKLE2_A1 -64 is present in spermatids. (A) Schematic

representation of full length ANKLE2 isoform described in databases, and a testis EST (HY008086) that
includes an alternative first exon in intron 1. (B) Specific RT-PCR analysis of the human transcripts encoding
the two ANKLE?2 isoforms from spermatozoa RNA (individuals 1-5 in Table 1), testis RNA and skeletal muscle
RNA. (C) RT-PCR analysis of the novel alternative transcript ANKLE2_A1 -64 in six tissues: brain, small
intestine, skeletal muscle, prostate, thymus and testis. (B and C) PCR products were migrated on 3%
agarose gel. The protein encoded by the target transcripts and the primer pairs used are indicated at to the
right of the gel. The expected size of amplicon is shown at the left of the gel. The ladder is 1 kb plus (Life

Technologies), and the 200 bp band is indicated with an (*).
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Figure 4 . ANKLEZ2 full-length isoform, but not ANKLE2_A1-64, co-localises with the ER-marker
GRP94 in Hela cells and in spermatids. (A) Expression of ANKLE2-Flag and ANKLE2_A1-64-
Flag (green) in HelLa cells, showing a granular aspect throughout the cytoplasm for ANKLE2 full
length and GRP94 (red), with a strong overlap between ANKLE2 full length and GRP94 (yellow in
MERGE photos). On the contrary, ANKLE2_A1-64 shows a more homogeneous cytoplasmic
distribution and little overlap with the GRP94 signal. (B) Immunolocalisation of ANKLE2 on
human spermatids, testicular spermatozoa and somatic cells. Spermatids and spermatozoa are
identified by the labelling of acrosomes with an anti-SPACA1 antibody (violet). Extensive overlap
of ANKLE2 (green) and GRP94 (red) signals is seen in round spermatids (yellow in MERGE),
reduced overlap in elongated spermatids and no labelling in testicular spermatozoa. DNA is
counterstained with DAPI (blue). Scale bar is 10 mm.

Figure 4 . ANKLE2 full-length isoform, but not ANKLE2_A1-64, co-localises with the ER-marker GRP94 in
Hela cells and in spermatids. (A) Expression of ANKLE2-Flag and ANKLE2_A1-64-Flag (green) in Hela cells,
showing a granular aspect throughout the cytoplasm for ANKLE2 full length and GRP94 (red), with a strong
overlap between ANKLE2 full length and GRP94 (yellow in MERGE photos). On the contrary, ANKLE2_A1-64

shows a more homogeneous cytoplasmic distribution and little overlap with the GRP94 signal. (B)
Immunolocalisation of ANKLE2 on human spermatids, testicular spermatozoa and somatic cells. Spermatids
and spermatozoa are identified by the labelling of acrosomes with an anti-SPACA1 antibody
(violet). Extensive overlap of ANKLE2 (green) and GRP94 (red) signals is seen in round spermatids (yellow
in MERGE), reduced overlap in elongated spermatids and no labelling in testicular spermatozoa. DNA is
counterstained with DAPI (blue). Scale bar is 10 microns.
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Figure 5. An alternative transcript for LEMD2 is present in spermatids. (A) Schematic representation
of LEMD2 full length isoform with the position of primers used in RT-PCR analyses and the cryptic
splice site that leads to the alternative transcript encoding LEMD2_A115 -259. Primer 05055 is
specific for the LEMD2_A115 -259 transcript. Primers 04711 and 04712 were used to amplify the full
coding region from testis RNA and generated two bands (right panel) that were sequenced and the
predicted proteins encoded by these transcripts are represented schematically with the different
domains (TM: transmembrane) mapped to LEMD2 (Brachner et al., 2005). (B) RT-PCR analysis of
the alternative transcript encoding LEMD2_A115 -259 in human spermatozoa (individuals 1-5 in Table
1), and six tissues: brain, small intestine, skeletal muscle, prostate, thymus and testis. PCR products
were migrated on 3% agarose gels. The ladder is 1 kb plus (Life technologies), and the 200 bp band
is indicated with an (*). (C) Ectopic expression of fusion proteins LEMD2 and LEMD2_A115 -259
(green) with C-terminal Flag tag (red) in HeLa cells. Only LEMD2 transfected cells were labelled with
anti-LEMD2 (Sigma HPA017340), indicating that this antibody is specific for the full-length isoform of
LEMD2. Scale bar is 10 mm.

Figure 5. An alternative transcript for LEMD?2 is present in spermatids. (A) Schematic representation of
LEMD?2 full length isoform with the position of primers used in RT-PCR analyses and the cryptic splice site
that leads to the alternative transcript encoding LEMD2_A115 -259. Primer 05055 is specific for the
LEMD2_A115 -259 transcript. Primers 04711 and 04712 were used to amplify the full coding region from
testis RNA and generated two bands (right panel) that were sequenced and the predicted proteins encoded
by these transcripts are represented schematically with the different domains (TM: transmembrane) mapped
to LEMD2 (Brachner et al., 2005). (B) RT-PCR analysis of the alternative transcript encoding LEMD2_A115 -
259 in human spermatozoa (individuals 1-5 in Table 1), and six tissues: brain, small intestine, skeletal
muscle, prostate, thymus and testis. PCR products were migrated on 3% agarose gels. The ladder is 1 kb
plus (Life technologies), and the 200 bp band is indicated with an (*). (C) Ectopic expression of fusion
proteins LEMD2 and LEMD2_A115 -259 (green) with C-terminal Flag tag (red) in HelLa cells. Only LEMD2
transfected cells were labelled with anti-LEMD2 (Sigma HPA017340), indicating that this antibody is specific

for the full-length isoform of LEMD?2. Scale bar is 10 microns.
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Figure 6. Immunolocalisation of LEM-domain proteins and BAF proteins (green) on human
spermatids and testicular spermatozoa. Labelling is shown on successive steps of spermatid
development: early, mid and late round, early elongating and testicular spermatozoa. The
antibodies used are indicated in green. Spermatids are identified using lectin PNA (red) and DNA
counterstained with DAPI (blue). Exposures have been normalised on Sertoli cell labelling. Scale
bar is 10 mm.

Figure 6. Immunolocalisation of LEM-domain proteins and BAF proteins (green) on human spermatids and
testicular spermatozoa. Labelling is shown on successive steps of spermatid development: early, mid and
late round, early elongating and testicular spermatozoa. The antibodies used are indicated in green.
Spermatids are identified using lectin PNA (red) and DNA counterstained with DAPI (blue). Exposures have
been normalised on Sertoli cell labelling. Scale bar is 10 pm.
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Figure 7. Immunolocalisation of BAF and BAF-L on human ejaculated spermatozoa. (A) Composite
montage of spermatozoa labelled with BAF and BAF-L (green). BAF and BAF-L were detected
respectively in 30% and 36,9% of mature ejaculated spermatozoa, at the posterior pole of the nucleus
(upper panels). No labelled spermatozoa were observed when each antibody was pre-absorbed with
its immunogen peptide (lower panels). Acrosomes were labelled using lectin PNA (red) and the
nucleus is stained with DAPI (blue). Scale bar is 10 mm. (B) Protein expression of BAF and BAF-L by
western blot analysis of human spermatozoa lysates. Results are shown for human testis
(T011400051, T011500055, T011400062 and T011400071) (20 pg) and three spermatozoa samples (2
x 108 spermatozoa) corresponding to individuals 11-13 in Table 1. The anti-o. tubulin antibody was
used, on the same membranes without prior stripping, as a loading control. In order to reveal the faint
signal of BAF-L in whole testis lysates, a long exposure of a segment of the BAF-L blot (between the
grey bars) was compressed vertically and is shown below the o-tubulin result.

Figure 7. Immunolocalisation of BAF and BAF-L on human ejaculated spermatozoa. (A) Composite montage
of spermatozoa labelled with BAF and BAF-L (green). BAF and BAF-L were detected respectively in 30% and
36,9% of mature ejaculated spermatozoa, at the posterior pole of the nucleus (upper panels). No labelled
spermatozoa were observed when each antibody was pre-absorbed with its immunogen peptide (lower
panels). Acrosomes were labelled using lectin PNA (red) and the nucleus is stained with DAPI (blue). Scale
bar is 10 microns. (B) Protein expression of BAF and BAF-L by western blot analysis of human spermatozoa
lysates. Results are shown for human testis (T011400051, T011500055, T011400062 and T011400071) (20
Hug) and three spermatozoa samples (2 x 106 spermatozoa) corresponding to individuals 11-13 in Table 1.
The anti-a-tubulin antibody was used, on the same membranes without prior stripping, as a loading control.
In order to reveal the faint signal of BAF-L in whole testis lysates, a long exposure of a segment of the BAF-
L blot (between the grey bars) was compressed vertically and is shown below the a-tubulin result.
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. - Technics
Patients | GT number Spz (M/ml) Motility & Vitality (%) Normaloforms performed on
(at+b/c/d) (%)
spermatozoa
1F R 011300032 84 35/20/45 78 39 RT-PCR
2F R 011300029 160 50/10/40 70 37 RT-PCR, IF
3 R 010900491 102 45/20/35 85 45 RT-PCR, IF, WB
4" R 010900544 150 50/20/30 80 41 RT-PCR
5 R 010900563 109.6 60/10/30 80 39 RT-PCR
6 R 01090026 44 60/20/20 64 20 RT-PCR
7 R 01090040 33,6 40/10/50 60 22 RT-PCR
8 R 010900236 63,4 30/25/40 81 20 RT-PCR
9 R 010900505 92 25/45/30 82 54 IF
10F R 011500066 135 30/10/60 65 22 wB
11F R 011500071 130 30/10/60 59 32 wB
12 R 010900549 195 60/10/30 85 53 WB
13 R 010900409 259,8 30/10/60 82 53 WB
14 R 010900214 159 35/10/55 70 34 WB

F Fertile patients. ' Secondary infertility

*WHO criteria, **Normal forms (David criteria)
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Transcript (RT-PCR)

Protein (IF)

Ejac. sperm. Spermatid | Ejac. Sperm.
LEMD1 + + -
LEMD2-full - - -
LEMD2-A115-259 + + -
LEMD3 - - -
ANKLE?2 + + -
ANKLE2_A1-64 + nd -
ANKLE1 - nd nd
LAP2a + nd nd
LAP2f + + -
Emerin + - -
LBR - - -
BAF - + + (30%)
BAF-L + + + (37%)
Lamin A - - -
Lamin C - - -
Lamin B1 + + + (30-60%)
Lamin B2 - +? -
Lamin B3 + +? nd
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Figure S1. Phase contrast overlay on IF analysis of testicular cells and Hela cells used for the localisation of
ANKLE2.
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Figure S2. Affinity tests of antibodies used in immunofluorescence analyses. LEM-domain proteins and BAF proteins
(green) tagged with c-Myc or Flag (red) were ectopically expressed in HelLa cells. Tagged proteins were detected
using antibodies against the target protein (green) and against the tag (red). The anti-LAP2b antibody was tested on
Hela cells transfected with a construct expressing tagged versions of either LAP2a (nucleoplasm) or LAP2b (nuclear
periphery), and its failure to label the nucleoplasm in LAP2a transfected cells shows the antibody does not have high
affinity for native LAP2a. DNA is counterstained with DAPI (blue). Scale bar is 10 pm.
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LEMD1 ANKLE2

Figure S3: Immunolocalisation of LEM-domain proteins on human spermatids, testicular
spermatozoa and somatic cells showing the difference of localisation of different proteins (green)
between germ cells and somatic cells. Spermatids are identified using lectin PNA (red) and
counterstained with DAPI (blue). Exposures for the different antibodies were normalised on
Sertoli cell labelling. Scale bar is 10 ym.
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Figure S4. Western blot analysis of protein lysates from human testis and purified
spermatozoa with the anti-Emerin antibody Sigma AMAb90560. The predicted molecular
weight of Emerin is 29 kDa.
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LBR-ab32535

Figure S5. Immunolocalisation of LEMD3, LBR, LEMD2 on cells from disaggregated human
testis. Spermatids and testicular spermatozoa are not labelled, only somatic cells are labelled
(green) with anti-LEMD3 (ab123973), anti-LBR (ab32535) and anti-LEMD2-mid antibody
(Sigma HPA017340). The LEMD2-mid antibody is specific for the full LEMD2 isoform.
Spermatids are identified using lectin PNA (red) and DNA is counterstained with DAPI (blue).
Exposures for the different antibodies were normalised on Sertoli cell labelling. Scale bar is 10
pum.
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Figure S6. Immunolocalization of Emerin on cells from disaggregated human testis and
ejaculated spermatozoa. Spermatids and spermatozoa are not labelled, only somatic cells are
labelled (green) with two different anti-Emerin antibodies (LEICA-NCL-EMERIN and Sigma
AMADb90560 - green). Ejaculated spermatozoa are presented in a composite montage.
Spermatids are identified using lectin PNA (red) and DNA is counterstained with DAPI (blue).
Exposures for the two antibodies were normalised on Sertoli cell labelling. Scale bar is 10 ym.
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Figure S7. (A) Percentages of germ cells labelled with anti-BAF antibody (ab129184) (red) on post-
meiotic germ cells of 4 patients (T011400051, T011400063, T011400071 and T011500055). (B) Three
examples of the labelling on round spermatids, elongating spermatids and testicular spermatozoa with the
anti-BAF antibody (green). Nuclei are labelled with DAPI (blue) and acrosomes with lectin (red). (C)
Immunofluorescent labelling of BAF (green) on a spermatocyte. DNA is counterstained with DAPI (blue).

Scale bar is 10 ym.
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nPJ:;nbeerr Primer sequence Target Gene teAr:;:?:trLgre
01680 AGGTACAGATGCTGTCGCAG h_PRM1 65°C
01681 AGTCTGGTAACATTCTCAGGC h_PRM1 62°C
02216 TGAAAGCCTTGTACCCTGGC m_Hmbs 66°C
02217 GAGTGAACGACCAGGTCCAC m_Hmbs 66°C
04087 TCTTCTACTCCTCTGCCAAC h_TMPO (LAP2) 61°C
04088 CCACCAGAGGGAGTAGTTCC h_TMPO (LAP2q) 65°C
04090 GTTAATGCCTGCAGAGGTCC h_TMPO (LAP23) 64°C
04092 TCCAGGACCATTACGTGGAC h_LEMD2 65°C
04093 CTCGGTCCCAGACACGCTTC h_LEMD2 69°C
04094 TTGGTGAAGTCCTGGGCAAG h_BANF1 66°C
04095 GAAGGCATCCGAAGCAGTCC h_BANF1 67°C
04096 TGGGTGGATGGCATCAGCC h_BANF2 69°C
04097 CCTCACACTCAGTGGCACC h_BANF2 66°C
04367 AGGTTCGAATTCGCTAGCGAGATGGACGACATGTCTCC h_BANF2 +Nhel 63°C
04368 ATTTGACGGATCCCAGGAAGCAGGCACACCAC h_BANF2 +BamHI 67°C
04388 AGGTTCGAATTCGCTAGCGATCAAGATGACAACCTCCC h_BANF1 +EcoRI-Nhel 62°C
04389 ATTTGACGGATCCTCACAAGAAGGCGTCGCACC h_BANF1 +BamHiI 69°C
04399 ATTTGACGGATCCCAAGAAGGCGTCGCACCAC h_BANF1 +BamHI 70°C
04426 GCCCAATACTACCTTCCACC h_LEMD1 63°C
04427 AAGCCTCAGGCCATTTTTTGAG h_LEMD1 64°C
04434 GCCTCAAGTCTCTTCTTGCC m_Lemd1 64°C
04435 GATTGCATAGACTTCAGACAACC m_Lemd1 61°C
04491 GGCTTCAATGGAGTGTTGGA h_LEMD3 63°C
04493 CATAGCAGTGCCCTTGCTTC h_ANKLE1 64°C
04495 ATGTCCTTGAGTCCCAGCAG h_ANKLE2 65°C
04496 ACTGAGATCTGGCAGCTGAG h_ANKLE2 65°C
04500 AACCATGATTGCAGACATTG h_ANKLE2 59°C
04501 CCCTCACGGAAATGGAATTG h_ANKLE2 62°C
04502 CATGAGCTGGGGTATCCCTG h_ANKLE2 66°C
04503 AGTTCGAGACCAGCCTGGTC h_ANKLE2 67°C
04504 GGAAAACTCCACCTCGAGAG h_ANKLE2 63°C
04522 AGGTCTCATATGAAGATGGACGACATGTCGCC m_Banf2 66°C
04523 TTTGACGAATTCTTAGGAAACAGGAGCACCACT m_Banf2 64°C
04527 CGGTAGACTGTCGGGTCTGG h_ANKLE2 68°C
04528 AGAGCTGTGACACCTGCCTC h_ANKLE2 68°C
04542 TTGGCAGGTACCGAAATGACAATGGATGCTCTGTTGG h_ANKLE2_A1-64 +Kpnl 65°C
04573 TTGGCAGGTACCATGCTGTGGCCGCGGCTGG h_ANKLE2 +Kpnl 65°C
04579 ATTGCAGGATCCGACAACTACGCAGATCTTTCGG h_EMD +BamHI 67°C
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04580 ATTGAACTCGAGTCATGGCTCCCTCTAGAAGG h_EMD +Xhol 64°C
04609 AAAGTGCTCCTCCAAGCCAG h_PTPRC 59°C
04610 GCCAGAAATGCTATCAGTGCCTTAG h_PTPRC 60°C
04611 GCTTCGCGTCCAGACAGG h_KIT 61°C
04612 CGTGTATTTGCCGGTGTTGG h_KIT 59°C
04613 CTTTGACGCCGAGAGCTACA h_CDH1 59°C
04614 TTTGAATCGGGTGTCGAGGG h_CDH1 59°C
04615 ATGCTCCTCGAGCCATTCAGTTGGATTTTCTAGGGTCAAC h_TMPO (LAP2f) +Xhol 66°C
04659 ATGGTCCTCGAGTTAACCAAACAGCGACTTATTTTC h_LEMD1 +Xhol 59°C
04661 AGGTCTGGTACCATGGTGGATGTGAAGTGTCTG h_LEMD1 +Kpnl 63°C
04663 CCTAGACTCGAGCTACAGGAAGCAGGCACACCAC h_BANF2 +Xhol 71°C
04667 CTGTCGCCTGCCAGCTCTG h_LBR 70°C
04668 GGATGATGTCCATGGTCGTC h_LBR 63°C
04669 ACCGAGCCCCTCCTCGCAG h_LBR 72°C
04671 GGGAGGTGCTGTCGTGGCTC h_LBR 72°C
04702 GGTTATAAGCTTACAACCTCCCAAAAGCACC h_BANF1 +Hindlll 64°C
04710 AGGTCAGGATCCCTACAGGGCGGCAAGCTCA h_ANKLE2 +BamH]I 68°C
04711 ATGGCTAAGCTTGCCGGCCTGTCGGACCT h_LEMD2 +Hindlll 72°C
04712 TTGGCAGGTACCGGGGCTTATCGCTCTGAGTC h_LEMD2 +Kpnl 70°C
04965 GCTACTGCTCGTCTTCCTGG h_LEMD2 66°C
04966 GTAGAGTTCATGCAGCAGCTC h_LEMD2 64°C
05022 ATCCGGGATCCCCGGAGTTCCTGGAAGACC h_TMPO (LAP2f3) +BamHI 66°C
05023 GACACCGTGTCTAAAGATTCGG h_LEMD3 63°C
05024 GTGCCCACTACTTGTCGATG h_LEMD3 64°C
05026 GCAAGCTGTGCCAATCGATCA h_LEMD3 67°C
05027 CAAGGTGCGTCAGATCTTGG h_ANKLE1 64°C
05028 AATCGACCGACCAGGCGGTG h_ANKLE1 71°C
05029 AGCGCAGCAGCTCCTCTACT h_ANKLE1 69°C
05095 CCGAGCTGACCACCTTGCTG h_EMD 69°C
05096 CTGGGTCTCGTACTCGAAGAT h_EMD 64°C
05097 GCTGTCCGCCAGTCAGTGAC h_EMD 69°C
05098 GGTAGTGCGTGATGCTCTGG h_EMD 66°C
05099 AGCATGCATCTCCTATTCTGCC h_TMPO (LAP23) 65°C
05100 GATTGGTCTGCGGCAACTAGCA h_TMPO (LAP2p) 67°C
05101 CGGACTTCTCCAGTGACGAAGAG h_TMPO (LAP2) 67°C
05103 CCACAATAGGACCAGGATTCACTCC h_TMPO (LAP2) 67°C
05111 CCCCCGCCTCAGGTGAAATG h_ANKLE2 69°C
05112 GGGTCCACATTTCAATCCGGCTTTG h_ANKLE2 69°C
05186 GGTTATAAGCTTGACGACATGTCTCCCAGGCTG h_BANF2 +Hindlll 70°C
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05322 ATGGCTAAGCTTATGGCCGGCCTGTCGGACCT h_LEMD2 +Hindlll 78°C
05323 TTGGCAGGTACCTCGCTCTGAGTCAGAGAAGG h_LEMD2 +Kpnl 66°C
05350 ATTTGACCATATGTTCCTCTCCGAACCCATTGGAG h_BANF2 +Ndel 69°C
05351 ATTTGACCTCGAGCAGGAAGCAGGCACACCAC h_BANF2 +Xhol 69°C
05352 GTTCCAGGTACCATGCCAAGTAGGAAATTTGCCGATG h_LBR +Kpnl 68°C
05353 AAGTCCGGATCCGTAGATGTATGGAAATATACGGTAGGGCAC h_LBR +BamH] 68°C
05354 GTTCCAGGTACCCCAAGTAGGAAATTTGCCGATGGTG h_LBR +Kpnl 68°C
05355 AAGTCCGGATCCTTAGTAGATGTATGGAAATATACGGTAGGGCAC h_LBR +BamHI 68°C

Table S1. Primer sequences used in RT-PCR, DNA constructs and sequencing. Adaptors
used for constructs are underlined and the name of the restriction enzyme site in the adaptor
is preceded by a + after the target gene name. Target gene prefix: h=human; m=mouse.
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Antibodies References Epitope or immunogen position IF tests WB tests
LEMD1 Sigma SAB3500644 aa 80-130 in isoform 1 (181 aa) YES YES
LEMD2_mid Sigma HPA017340 aa 243-359 (this study) YES NO
LEMD2-C-ter ab89866 aa 454-503 YES YES (by abcam)
LEMD3 ab123973 Within human LEMD3 YES (by abcam) YES (by abcam)
ANKLE?2 Asencio et al.,2012 aa 59-938 YES YES
Emerin Leica-NCL-EMERIN 222 amino acid region near N-terminus YES Not recommended
Emerin Sigma AMAb90560 63-DALLYQSKGYNDDYY-77 YES NO
LAP2| sigma HPA008150 aa 129-187 (this study) YES YES
BAF ab129184 aa 1-45 YES YES (by abcam)
BAF-L Sigma HPA042635 aa 12-252 of human BANF2 YES YES
LBR ab32535 aa 1-60* YES YES (by abcam)
GRP9%4 ab210960 aa 655-798 YES YES (by abcam)
SPACA1 Sigma HPA026744 aa 93-153 YES (by Sigma) YES (by Sigma)
Flag Sigma F1804 DYKDDDDK YES YES
c-Myc Sc-40 408-439 amino acids within C-domain of c-Myc YES YES
[ Tubulin ab15246 426-ALEKDYEEVGVDSVEGEGEEEGEEY-450 NO YES
Secondary:GAR Invitrogen A11008 Goat Anti Rabbit - Alexa Fluor®488 *YES -
Secondary:GAM Invitrogen A11001 Goat Anti Mouse - Alexa Fluor®488 *YES -
Secondary:GAM Invitrogen A21121 Goat Anti Mouse - Alexa Fluor®488 *YES -
Secondary:GAM Invitrogen A11003 Goat Anti Mouse - Alexa Fluor®546 *YES -
Secondary:DAR Invitrogen A31573 Donkey Anti Rabbit — Alexa fluor®647 *YES -

Table S2: Antibodies used in immunofluorescence and western blot analyses. For

primary antibodies, IF and Western tests refer to affinity tests by transfection into tissue
culture cells (Figure S1). For secondary antibodies, this refers to the absence of IF signal
when antibody is used without a primary antibody.
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