
 

 

 
 

 

Edinburgh Research Explorer 
 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cell-specific and lamin-dependent targeting of novel
transmembrane proteins in the nuclear envelope

Citation for published version:
Malik, P, Korfali, N, Srsen, V, Lazou, V, Batrakou, DG, Zuleger, N, Kavanagh, DM, Wilkie, GS, Goldberg,
MW & Schirmer, EC 2010, 'Cell-specific and lamin-dependent targeting of novel transmembrane proteins in
the nuclear envelope', Cellular and Molecular Life Sciences, vol. 67, no. 8, pp. 1353-69.
https://doi.org/10.1007/s00018-010-0257-2

Digital Object Identifier (DOI):
10.1007/s00018-010-0257-2

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Publisher's PDF, also known as Version of record

Published In:
Cellular and Molecular Life Sciences

Publisher Rights Statement:
RoMEO green
Open Access

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 19. May. 2021

https://doi.org/10.1007/s00018-010-0257-2
https://doi.org/10.1007/s00018-010-0257-2
https://www.research.ed.ac.uk/portal/en/publications/cellspecific-and-lamindependent-targeting-of-novel-transmembrane-proteins-in-the-nuclear-envelope(e842bd2e-5cce-47ff-8ff2-c2b899e1a62a).html


RESEARCH ARTICLE

Cell-specific and lamin-dependent targeting of novel
transmembrane proteins in the nuclear envelope

Poonam Malik • Nadia Korfali • Vlastimil Srsen • Vassiliki Lazou •

Dzmitry G. Batrakou • Nikolaj Zuleger • Deirdre M. Kavanagh •

Gavin S. Wilkie • Martin W. Goldberg • Eric C. Schirmer

Received: 2 November 2009 / Revised: 21 December 2009 / Accepted: 5 January 2010 / Published online: 21 January 2010

� The Author(s) 2010. This article is published with open access at Springerlink.com

Abstract Nuclear envelope complexity is expanding with

respect to identification of protein components. Here we

test the validity of proteomics results that identified 67

novel predicted nuclear envelope transmembrane proteins

(NETs) from liver by directly comparing 30 as tagged

fusions using targeting assays. This confirmed 21 as NETs,

but 4 only targeted in certain cell types, underscoring the

complexity of interactions that tether NETs to the nuclear

envelope. Four NETs accumulated at the nuclear rim in

normal fibroblasts but not in fibroblasts lacking lamin A,

suggesting involvement of lamin A in tethering them in the

nucleus. However, intriguingly, for the NETs tested alter-

native mechanisms for nuclear envelope retention could be

found in Jurkat cells that normally lack lamin A. This study

expands by a factor of three the number of liver NETs

analyzed, bringing the total confirmed to 31, and shows

that several have multiple mechanisms for nuclear enve-

lope retention.

Keywords Inner nuclear membrane �
Outer nuclear membrane � Nuclear lamina �
Integral membrane protein � Cell-type specificity

Introduction

Several proteins of the nuclear envelope (NE) are linked to

human diseases including muscular dystrophies, neuropa-

thy, and progeroid aging syndromes [1, 2]. Nuclear envelope

proteins associated with disease include the intermediate

filament A/C lamins and several NE transmembrane pro-

teins (NETs). Curiously, different variants of Emery-

Dreifuss muscular dystrophy are caused by mutations in the

LMNA gene, encoding lamins A and C [3] and NETs that

interact with A/C lamins [4–7]. This may be a clue to

explain how mutations in the widely expressed LMNA gene

could lead to distinct diseases that each yield pathology in

only a small subset of the tissues in which A/C lamins are

expressed, e.g., specificity is conferred by different combi-

nations of partner proteins in different cell types.

Already, a wide range of binding partners has been

reported for both lamins and NETs [8, 9]. These proteins

are likely to vary among cell types because different

combinations of lamin and emerin antibodies stained dif-

ferent tissues, e.g., two of three lamin B1 antibodies stained

human cardiomyocyte nuclei, whereas a different set of

two stained hippocampal neurons [10]. Thus, different

regions of the proteins might be occupied by binding

partners in each tissue. It follows that as yet unidentified

partners of lamins and NETs in tissue-specific complexes

may mediate the phenotypes of the wide range of lamin-

related diseases. Indeed, the three favored molecular

mechanisms to explain NE disease pathology—mechanical

instability from disruption of lamina-cytoskeletal interac-

tions, altered expression of genes regulated from the

nuclear periphery, and disabling of the cell cycle/stem cell

maintenance [1, 11]—all likely involve additional associ-

ated proteins to produce pathology. Because both gene

regulation and cytoskeletal connections have been
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implicated, NE proteins involved could reside in either the

inner nuclear membrane (INM) or outer nuclear membrane

(ONM).

A proteomic study of liver NEs recently increased the

number of putative NETs by fivefold [12]; however, some

of these could be erroneous assignments or contaminants of

the fractions, and so it is necessary to directly test them for

NE localization. We sought to test the validity of the

proteomic datasets by confirming the targeting of these

putative NETs to the NE and also to gauge whether lamin

interactions are likely to contribute to this targeting/reten-

tion. Work from several laboratories has so far confirmed

only 13 of the 67 new putative NETs for NE targeting [12–

15]. Here we investigate the targeting of 30 putative NETs,

bringing the total characterized to 40.

Our results classify only 70% of those tested as NETs by

their producing a distinctive ‘rim’ staining around the

nucleus. However, the remaining 30% do not necessarily

represent misidentifications in the proteomic analysis

because some only targeted to the nuclear rim in certain

cell types, likely reflecting the complexity of cell types

found in liver and underscoring the potential for error in

overuse of tissue culture systems in studying the NE. The

majority of confirmed NETs targeted to the INM with only

a few residing only in the ONM as determined using high-

resolution structured illumination microscopy. Further-

more, most resisted a pre-fixation extraction with

detergent—typically indicating association with the lamin

polymer—yet only 4 out of 12 NETs tested targeted less to

the NE in fibroblast cells deleted for lamin A, indicating

that other lamins or lamina-associated NETs suffice for

their NE retention. Surprisingly, among those that mistar-

geted in the absence of lamin A, those for which we had

antibodies did not require lamin A for association with the

NE in Jurkat cells that never had lamin A. This finding is

important as it may explain in part how lamin A-interacting

proteins could be involved in diseases where pathology is

only observed in a subset of tissues: they have distinct

mechanisms for NE retention in different cell types. This

study gives a better view of NE composition and its

potential functions, and indicates how its variability could

contribute to the tissue specificity of NE diseases.

Methods and materials

Plasmid construction

IMAGE clones for human NETs were obtained from RZPD

and Geneservice. NET numbers followed by IMAGE

numbers or gene IDs in parentheses are listed: NETs 5

(199953-gene ID), 15 (5270233), 11 (4798194), 13

(6023304), 14 (3640219), 16 (5267120), 17 (4812681), 20

(3872837), 21 (84135-gene ID), 23 (5762441), 24

(4907240), 25 (5240212), 29 (6201334), 30 (4299899), 32

(4248728), 33 (4138639), 34 (4865469), 35 (3451350), 36

(4819093), 37 (30341915), 38 (4698763), 43 (5166101), 44

(4577143), 45 (3462452), 46 (5189722), 47 (4214662), 48

(3355282), 49 (3354945), 50 (3344010), 55 (4720647), 59

(3959506), and 62 (6052380). The only available IMAGE

clone for NET5 was shorter than the original predicted

hypothetical orf, but is likely to be a shorter splice variant.

Coding sequences were amplified by PCR with added 50

and 30 restriction sites, sequenced from both ends in

intermediate cloning vectors, and then inserted into mam-

malian expression vector pHHS10B that carries an amino-

terminal HA epitope tag and/or pmRFP with a carboxyl-

terminal tag (derived from Clontech pEGFP-N2 by

replacing the GFP coding sequence with that of monomeric

red fluorescent protein). Additionally, the coding sequences

of previously characterized NETs 4, 31, 39, and 51 were

moved from their original HA-tagged vector [12] to

pmRFP and GFP vectors. Lamin A-GFP was obtained from

Anne Straube (MCRI, Oxted, UK) and Calreticulin-GFP

and RapM4-CFP from Tom Rapoport (Harvard, Boston).

Cell culture and transfections

Cell lines derived from human fibroblasts (HT1080),

human embryonic kidney cells (293T), mouse myoblasts

(C2C12), human myoblasts (RD), and human hepatocytes

(HepG2) were maintained in high glucose DMEM (Lonza)

supplemented with 10% fetal bovine serum (FBS), 100 lg/

ll penicillin, and 100 lg/ll streptomycin sulfate. To this

medium were added MEM non-essential amino acids and

1 mM sodium pyruvate for several mouse fibroblast cells:

NIH3T3 and 3T3-L1 cell lines, and 216-/- lamin A

knockout primary MEFs and their matched wild-type pri-

mary cells. Jurkat cells, a human lymphocyte cell line,

were cultured in RPMI with 10% FBS.

Cells were plated on coverslips at *10% confluency to

prevent their reaching confluency before fixation at 30 h

post-transfection. DNA was transfected 12 h after plating

using FuGENE 6 (Roche) according to the manufacturer’s

instructions.

Antibodies

Antibodies were: HA tag (mAb HA.11, Covance), lamin A

and B1 (3262 and 3931; [16]), Nup153 (Covance), Nup358

(raised against recombinant human protein aa 2595–2881,

kind gift of F. Melchior), Calreticulin (2891S, Cell Sig-

naling), Calnexin (SPA-860, Stressgen), or NETs: rabbit

anti-peptide polyclonal generated for this study by Milli-

pore NET4 (11780), NET23 (11815), NET29 (11796),

NET30 (11827), NET31 (11830), NET33 (11835), NET34
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(11231), NET39 (11668), NET50 (11850), NET51

(11856), NET55 (11862), NET59 (11866), and SUN2

(11905). All fluorophore-conjugated secondary antibodies

were minimal cross-reactivity from donkey (Jackson

ImmunoResearch) or goat (MolecularProbes).

Quantitative Western blotting

Liver NE and microsomal membranes (MM) were prepared

as previously described [17]. NE and MM were lysed in

50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 2 mM MgCl2,

0.2% NP-40 in the presence of protease inhibitor cocktail

(Roche 11 873 580 001) by heating at 65�C for 2 min and

soncation in a sonibath at 4�C. Protein concentrations were

determined using the Bradford Method (BioRad). An equal

volume of protein sample buffer (100 mM Tris pH 6.8, 4 M

Urea, 2% SDS, 50 mM DTT, and 15% sucrose) was added,

and the samples were boiled at 100�C for 5 min. Equal

amounts of protein were resolved by SDS-PAGE and

transferred to nitrocellulose membrane (LI-COR Biosci-

ences). Membranes were blocked in PBS, 5% milk, 0.2%

tween. Primary antibodies were diluted in this buffer (1/200

Millipore NET peptide antibodies, 1/500 calreticulin, 1/200

Calnexin, 1/2000 lamin A) and allowed to incubate overnight

at 4�C. Secondary antibodies IR800 conjugated goat anti-

rabbit (LI-COR Biosciences) were added at a concentration

1/5,000 at RT for 2 h. Visualization and quantification were

performed using a LI-COR Odyssey and software (Odyssey

3.0.16) using median background subtraction. A minimum

of three independent blots were run for each NET and con-

trol. The averages from all three are presented in Fig. 3.

Microscopy

Cells were either directly fixed 7 min in 3.7% formalde-

hyde or washed with PBS, then extracted for 1 min with

1% Triton X-100, 25 mM Tris pH 8.0, 150 mM KOAc,

15 mM NaCl, and 5 mM MgCl2, washed again with PBS,

and then fixed with formaldehyde. In some cases cells were

instead extracted with 2 9 1 min incubations with 0.1%

Triton X-100 in PBS, which better maintained cell mor-

phology but removed more cells from coverslips. For

antibody staining, cells that were not pre-extracted were

permeabilized 6 min in 0.2% Triton X-100 after fixation.

Cells were then blocked with 10% FBS, 200 mM glycine

in PBS, and reacted 40 min at RT with antibodies. All

fluorophore-conjugated secondary antibodies were minimal

cross-reactivity from donkey (Jackson ImmunoResearch)

or goat (MolecularProbes). DNA was visualized with DAPI

(4,6-diamidino-2 phenylindole, dihydrochloride) and cov-

erslips mounted in fluoromount G (EM Sciences). Some

cells were costained with ER membrane dyes DiOC6 and

R6 (MolecularProbes).

For cryosections, rat liver was cut into 2–3-mm cubes,

embedded in OCT (Tissue-Tek), snap-frozen in liquid

nitrogen, and maintained at -80�C. Sections were cut on a

Leica CM 1900 Cryostat at 6–8-lm thickness and immedi-

ately fixed in -20�C methanol. After rehydration with PBS,

sections were incubated with anti-NET antibodies overnight

at 4�C followed by secondary antibodies as above.

Most images were obtained using a Nikon TE-2000

microscope equipped with a 1.45 NA 1009 objective,

Sedat quad filter set, PIFOC Z-axis focus drive (Physik

Instruments), and CoolSnapHQ High Speed Monochrome

CCD camera (Photometrics) run by IPLab image acquisi-

tion software. Image stacks (0.2 lm steps) were

deconvolved using AutoquantX. Structured illumination

images (Fig. 5b) were taken on the OMX system at the

University of Dundee microscopy facility (details descri-

bed at http://microscopy.lifesci.dundee.ac.uk/omx/). High-

resolution images to distinguish ONM from INM were also

taken using a Deltavision (Applied Precision) microscope

system with 1009 1.4 NA objective, and 0.2-lm stacks

were deconvolved using DeconQ; images were processed

using SoftWorks (Fig. 5c, d). Cryosection images were

recorded using an SP5 confocal system (Leica) with 639

oil 1.4 NA objective using argon and UV lasers. Micro-

graphs were saved from source programs as TIF files and

prepared for figures using Photoshop 8.0.

Immuno-EM

Immuno-electron microscopy was performed on HeLa cells

transiently transfected with NET51, NET55, emerin, or

SUN2 all fused to GFP. Cells were fixed in 4% parafor-

maldehyde, pelletted and infiltrated with 2.3 M sucrose, then

frozen by plunging into liquid nitrogen. Frozen pellets were

sectioned on a cryo-ultramicrotome (Leica, UC6 with FC6

cryo-attachment). Cryosections were thawed, rinsed in PBS

with 1% glycine, incubated in PBS with 1% BSA, incubated

with rabbit anti-GFP antibody (Abcam, Cambridge, MA) at

1:400 dilution, rinsed in PBS then incubated with the sec-

ondary anti-rabbit IgG antibody conjugated to 5-nm

colloidal gold (Agar Scientific, UK). Grids were then rinsed

in PBS, transferred to 1% glutaraldehyde (Agar Scientific,

UK) in PBS, washed in water. and embedded in 2% methyl

cellulose containing 0.4% uranyl acetate (Agar Scientific,

UK). Images were taken on a Hitachi H7600 electron

microscope at 100 kV and 80,0009–100,0009 magnification.

Transmembrane prediction

Sequences were analyzed for transmembrane helices

using TMPred ‘http://www.ch.embnet.org/software/

TMPRED_form.html’ [18] or TMHMM 2.0 ‘http://www.

cbs.dtu.dk/services/TMHMM-2.0/’ [19]. Transmembrane
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helices predicted by TMPred were sometimes only weakly

predicted by TMHMM; in these cases the percent

probability is listed.

RT-PCR

Cells were lysed with Tri-Reagent (Sigma) and total RNA

extracted according to the manufacturer’s instructions.

Reactions were carried out with 100 ng of total RNA using

the Titan one-tube RT-PCR system (Roche) according to

the manufacturer’s instructions, except that the dNTP

concentration was increased to 500 lM and MgCl2
increased to 3 mM. Typical reaction conditions were

30 min reverse transcription at 50�C, 2 min denaturation at

94�C, then 24 cycles of 94�C for 30 s, 60�C for 30 s, and

68�C for 45 s. Human primer sets used were: NET11

50-CTGAAGCTGGGAAGACCAAC-30 and 50-AATGCTC

AACCCCTCATGTC-30; NET13 50-CTCTCATGGCTGG

GCTTTAG-30 and 50-GAGGTGGTAGCGACAGAAGC-30;
NET32 50-ATTCAAGCTGTGCGGGTAAC-30 and 50-TC

TTGCTGTTGGAAGCAATG-30; NET45 50-TGCTGGTT

TCATAGGGAAGG-30 and 50-TGGTCGAGCATGAGTT

TCAC-30; NET59 50-ACCTGGACCACACAGACTCC-30

and 50-ATCCTCGTGTTACGGGTCAG-30; emerin 50-CTT

TCGGATACCGAGCTGAC-30 and 50-CGTTCCCTATCC

TTGCACTC-30; Ppia 50-CACCGTGTTCTTCGACATTG-30

and 50-TCGAGTTGTCCACAGTCAGC-30.
Peptidylprolyl isomerase A (Ppia) was used as a loading

control, and reactions were repeated at least three times.

In vitro extraction assay

Jurkat clone E6-1 (freshly obtained from ATCC) was nu-

cleofected (Kit V, C-016) with lamin A-GFP in pCDNA3.1

linearized with Bgl II. Clones expressing GFP-lamin A

stably integrated in the genome were selected with 1 mg/

ml G418 and then further enriched by fluorescence acti-

vated cell sorting (FACS). Lamin A-GFP Jurkats, wild-

type Jukat cells that lack lamin A, normal wild-type mouse

fibroblasts (NIH 3T3), and lamin A-null mouse fibroblasts

(216-/-) were recovered from dishes and divided equally

into two tubes. One tube (non-extracted) was directly lysed

by first adding 1% Triton X-100 and 8 M urea followed by

SDS-sample buffer and sonication in a sonibath. The sec-

ond tube (extracted) was extracted by adding 1% Triton X-

100, 50 mM NaCl, 300 mM KOAc, 20 mM HEPES pH 8,

2 mM MgCl2, and 8% sucrose with rapid inversion for

2 min followed by centrifugation for 15 min at

13,000 rpm. The pellet was resuspended in SDS-sample

buffer containing 8 M urea. Lysates were loaded based on

cell number onto Western blots, probed with NET and

lamin antibodies, and bands quantified on a LI-COR

Odyssey.

Results

Thirteen novel proteins were confirmed as NETs by

their resistance to a pre-fixation detergent extraction in

cells

A proteomic study of rodent liver NEs identified 67 new

putative NETs, 8 of which were confirmed by targeting to

the NE when exogenously expressed [12]. To further test

the validity of this dataset and gain a more comprehensive

view of the human NE proteome, cDNAs were obtained

for the 32 putative NETs that were available in the human

IMAGE clone collection, in addition to the eight first

characterized. The coding sequences were placed into a

vector for fusing their C-termini to mRFP in most cases

and/or a vector for fusing their N-termini to a Heamag-

glutinin (HA) Tag. These were transiently transfected into

HT1080 human fibrosarcoma cells stably expressing

lamin A-GFP, and after 30 h cells were either directly

fixed or first extracted with detergent and then fixed. For

NET15 and NET48, no transfected cells were detected in

the cell lines tested, although sequencing suggested the

constructs were correct. This could reflect instability of

the fusion proteins or indicate that these NETs require

very specific backgrounds for stable expression. Binding

to the intermediate filament lamin polymer is thought to

drive INM accumulation of NETs [20]. Thus, as the

nuclear lamina is resistant to pre-extraction with detergent

(up to 1% Triton X-100) and high salt (up to 1 M NaCl),

similar biochemical resistance to extraction of NETs

typically indicates INM association. Some proteins,

however, may be in the ONM and also resist extraction

because of interactions with cytoskeletal components

(e.g., nesprins; [21]).

After detergent extraction, the emerin control was

clearly retained at the NE, whereas both ER membrane

(stained with DiOC6) and overexpressed ER proteins

calreticulin and RapM4 were completely removed by the

same treatment (Fig. 1 and data not shown). Thirteen of

the putative NETs tested were retained at the NE simi-

larly to emerin as affirmed by colocalization with Lamin

A, thus defining them as bona fide NETs (Fig. 1a).

Untransfected adjacent cells in some of the images show

that there was no bleedthrough of lamin signal (green)

into the NET channel (red). Nuclei were sometimes

misshapen as a result of the detergent treatment, but the

colocalization with lamins (yellow merge) confirms that

some of the protein was retained at the NE. All NETs

shown in Fig. 1 resisted detergent extraction in each of

multiple experiments, except for NETs 34 and 50 that

resisted extraction in three of five experiments using the

same HT1080 cells. It is possible that these NETs are

tethered more weakly, similar to some LAP1 isoforms
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that were previously found to extract at lower salt

concentrations than others [22]. This may indicate a

hierarchy in NET binding strength, but could also be a

simple consequence of a lower relative abundance of

binding partners to tether these NETs in the NE.

Some putative NETs accumulated at the NE but

did not resist pre-extraction with detergent

As the INM is only half of the NE, the NE proteomic

datasets likely include many ONM proteins that would be

less likely to resist detergent pre-extraction. Emerin has in

fact been shown to have both INM and ONM populations

[23]. In cells that were not pre-extracted, both emerin and

the NETs confirmed in Fig. 1 also accumulated in the ER,

yet distinct nuclear rim accumulation and colocalization

with lamins could still be observed. This is in contrast to

cells overexpressing calreticulin and RapM4 where a

distinct rim was not observed (Fig. 2, top and data not

shown). Therefore, putative NETs that did not resist pre-

extraction with detergent were compared in directly fixed

cells to emerin and calreticulin controls, revealing four

(20, 38, 46, and 62) that yielded a strong and distinctive

rim against the background of the overexpressed protein

in the ER (Fig. 2). The remaining 13 NETs out of the 30

analyzed either yielded no distinctive rim against the ER

background or different cellular targeting in the HT1080

cells.

Antibody staining of endogenous NETs confirms

that their primary residence is in the NE

To test if the accumulation in both the NE and ER with

overexpressed proteins reflects the targeting of the

endogenous NETs, peptide antibodies were generated to

several NETs, of which nine recognized bands of the

expected size for various splice forms on Western blots

(data not shown). Equivalent amounts of total protein

from NE and microsome preparations (as determined by

Bradford protein assay) were compared for NET levels by

quantitative Western blotting, and the percentage of the

total signal in NE or microsomal fractions was plotted

(Fig. 3). Most NETs had nearly all signal in the NE

fraction, and the ER controls calnexin and calreticulin

were mostly in the ER fraction. Another study compared

NE and microsome factions based on the assumption that

calnexin is similarly in the ONM as the ER instead of by

equal protein loading [14]: we also see calnexin in the NE

fractions when we overload NEs, but this means that our

NETs would be even more enriched in the NE using their

method. NET23 and NET33 had roughly a third of the

signal in the microsome fraction, and NET34 had nearly

all signal in the microsome fraction. Nonetheless, NET34

also resisted the pre-fixation detergent extraction, likely

indicating that some small pool of NET34 resides in the

INM.

Fig. 1 NE localization and detergent resistance of novel NETs. (a)

NETs fused to mRFP at their carboxy-termini (except NET25 fused at

its amino-terminus to an HA epitope tag) were transiently expressed

in HT1080 cells also expressing lamin A-GFP. Cells were pre-

extracted with Triton X-100 prior to fixation to remove membranes

and soluble proteins, which typically also distorts morphology. NETs

alone (left) and the merge between the NET (red) and lamin A (green)

are shown. In some panels adjacent untransfected cells are shown,

confirming that NE signal is not due to bleedthrough from the lamin

channel. Like the emerin control (top), all NETs shown resisted

detergent pre-extraction. Such resistance typically indicates associa-

tion with the lamin polymer. Scale bars 7.5 lm. (b) Controls showing

that the ER was fully removed by the detergent pre-extraction. Left
calreticulin fused to GFP (but colored red) was overexpressed in cells

either directly fixed or pre-extracted with detergent. No colocalization

with lamins (green) was observed, and no calreticulin remained after

extraction, though lamins did remain. Both direct fixed and pre-

extracted images were exposed for 2 s. Right untransfected cells were

similarly treated, then stained with the ER lipid dye DiOC6.

Endogenous ER staining did not exhibit notable accumulation at the

NE and was completely removed by the pre-extraction. Both images

were exposed for 500 ms. Scale bars 20 lm

NET targeting and lamin-dependence 1357



Rat liver cryosections were also stained with several of

the NET antibodies. These antibodies yielded nuclear rim

staining in multiple cells within any given field (Fig. 4). In

some cases very little staining was observed outside the

nuclear rim in the tissue sections, whereas in others some

other distinctive areas of cells were stained, particularly the

ER, consistent with the partial localization in microsomes

in Fig. 3. This is similar to the case of the well-charac-

terized NET emerin, which has been shown to also stain in

the cytoplasm of myotubes and interstitial discs in heart

tissue [24, 25].

Most of the NETs target to the INM

The wide range of NET characteristics observed here

highlighted the need to better distinguish their localization

between INM and ONM. It was also considered that NETs

that failed to resist the pre-fixation extraction with Triton

X-100 might preferentially localize to the ONM. A recent

study was able to distinguish between INM and ONM

localization by comparing staining for lamin B1 with nu-

cleoporins from the nuclear basket (Nup153) and

cyoplasmic filaments (Nup358) of the NPC using 3D

structured illumination microscopy (OMX; [26]). If a

protein localizes to the INM, it should co-localize in the

same plane as Nup153, but yield a separable more internal

staining compared to Nup358 (Fig. 5a). This same system

was directly applied to the well-characterized NET LAP2ß

fused to a fluorescent protein tag as a control and to several

similarly fused NETs (Fig. 5b). For all but NET23 and the

ER controls of those tested, the NET (red) and Nup153

(green) spots were observed in the plane of the INM, and

an internal NET (red) ring was observed compared to

Nup358 (green). The appearance of alternating spots as

opposed to co-localization further supports the quality of

the imaging as NPCs are positioned at perforations in the

nuclear membrane, whereas the NETs would be in the

plane of the inner membrane and so should not actually co-

localize. Although differing levels of the exogenously

expressed NETs had accumulated in the ER and so reduced

the clarity of the planar separation, the inner ring was still

clearly distinguishible.

Nup153 and Nup358 were also clearly distinguishable

from one another when stained in the same cell with de-

convolved images generated using a Deltavision

microscope system (Fig. 5c). In this case Nup153 is col-

ored red and Nup358 green to compare the two Nups in the

same cell. Remaining NETs were then tested using this

Fig. 2 NETs that did not resist detergent pre-extraction re-tested for

NE accumulation in directly fixed cells. HA-tagged NET62 and

mRFP-tagged NETs 20, 38, and 46 were transiently transfected into

HT1080 cells expressing lamin A-GFP. Tagged emerin and calret-

iculin were separately overexpressed as controls. The NET alone

(black and white) and the merge between the NET (red) and lamin A

(green) are shown. The new NETs yielded clear nuclear rims against

the high cytoplasmic accumulation, colocalizing with lamins (yellow
merge) similarly to emerin (top left). This staining pattern clearly

differs from the ER localization of calreticulin (top right). Scale bars
20 lm

Fig. 3 Relative amounts of NETs in the NE vs ER. NEs and

microsomal membranes representing ER were prepared, and an equal

amount of total protein for each fraction loaded on SDS-PAGE based

upon measurements with Bradford assay. The proteins were trans-

ferred to nitrocellulose membranes, reacted with NET antibodies and

fluorescent secondary antibodies, and fluorescent signals quantified

using a LI-COR Odyssey. The averaged results of three separate

Western blots are plotted showing the percentage of the combined

signal coming from NE and microsome lanes. Most NETs were

principally in the NE fraction, but NET34 was principally in the

microsome fraction
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system. LAP2ß, calreticulin, and NET55 were tested again

(in red), revealing that INM and ONM could be similarly

discriminated, though with slightly less clarity in resolu-

tion. Most of the remaining NETs tested similarly yielded

alternating red and green spots with Nup153 in the plane of

the inner ring and an inner NET ring compared to Nup358

(Fig. 5d). However, NET4, NET24, and NET31 joined

NET23 in appearing only in the ONM.

To confirm the validity of INM localization determina-

tions using this system, two NETs and controls were tested

by immunogold-EM with anti-GFP antibodies for locali-

zation to the INM. The secondary antibody-conjugated

gold particles were observed at the INM for both controls

emerin and SUN2, and additionally gold particles were

observed in both the ER and ONM, consistent with

expected accumulation in the ER when saturating binding

sites in the INM when overexpressed (Fig. 5e). The INM

could be readily distinguished from the ONM and ER

because of the denser appearance of chromatin and absence

of additional membrane systems on one side of the double

membrane and the lighter staining and appearance of ER

and mitochondrial membranes on the other. NET51 and

NET55 yielded similar patterns of gold particle distribution

with NET55 yielding an even higher proportion of gold

particles in the INM than the well-characterized INM

proteins SUN2 and emerin.

Some NETs only target in specific cell types

Intriguingly, in the liver tissue sections nuclear rim accu-

mulation was only observed in a subset of the cells within

any given field for NETs 29 and 30, as can be distinguished

by DAPI-stained nuclei sectioned in mid-plane that lack

nuclear rim staining with the antibody (Fig. 4). This sug-

gested that the failure of some NETs to target to the NE in

the HT1080 cells used in tagged NET expression experi-

ments might reflect the specific cell type used; i.e., they

might target in other cell types. Moreover, antibodies to

two NETs (NET29 and NET39) did not stain some cell

lines tested, but did others (data not shown). These two

NETs are expressed in a limited set of tissues according to

a large-scale transcriptome study [27]. Therefore, several

NETs that had not targeted in HT1080 cells were tested in

other cell lines.

NET45 in particular might be expected to have restric-

ted targeting because, according to transcriptome data [27],

it is expressed higher in liver than any other tissue. In the

HT1080 fibrosarcoma cells, NET45-mRFP was extractible

and accumulated too strongly in the cytoplasm for a firm

conclusion on NE targeting to be made, whereas in HepG2

cells that are derived from liver a distinct rim staining was

obtained (Fig. 6a). Thus, the liver cells might have partners

that tether NET45 in the NE that are absent in the HT1080

cells.

Thus, the NETs that failed to target in HT1080 cells

were retested in a variety of cell types: HepG2 (hepa-

tocyte), 293T (kidney), C2C12 (muscle), and 3T3-L1

(pre-adipocyte) cell lines (Fig. 6 and Table 1). Controls

emerin and NET59 targeted to the NE in all five lines.

NET32, previously reported to target to the NE and resist

pre-extraction in C2C12 cells [14], also targeted in 293T

cells, but not in HT1080, HepG2, or 3T3-L1 cells.

Fig. 4 Antibody staining in

liver tissue sections.

Cryosections of rat liver were

stained with various NET

antibodies and imaged on a

confocal microscope. Nuclear

rim staining could be observed

in multiple cells in all fields,

though for NET29 and NET30

not all cells in a given field

yielded nuclear rims (cells

indicated by arrows, as

determined by comparing DAPI

staining for mid-sectioned

nuclei). Some background

staining is observed with all

NETs in the cytoplasm: this was

slightly diminished with use of

an affinity-purified antibody for

NET30 (NET30AP), but may

also indicate multiple cellular

localizations for NETs. Scale
bars 10 lm
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NET11 and NET13 also targeted to the NE in a subset of

the cell lines (Fig. 6). To support this visual readout,

image pixel intensities were measured and a ratio of NE

over ER values generated (Fig. 6b). For an ER dye and

overexpressed calreticulin protein, the ratio was very

close to 1, indicating no enrichment at the NE. However,

the control emerin and novel NETs all had values

between *1.3 and 1.5 in the cells where they targeted,

and the p values indicated extremely high confidence that

these numbers were statistically significant compared to

the membrane and calreticulin controls (Table 2). It was

not possible to test if they resisted pre-extraction in the

cells where they targeted because transfection efficiencies

were low, and many cells are washed away in the

extraction procedure.

The cell-type specific targeting of exogenously expres-

sed NETs suggested that endogenous expression levels of

NETs might be prognostic for their NE targeting. Indeed,

slightly lower expression levels were observed by RT-PCR

in the HT1080 cells for NET11, NET13, and NET45, and

higher levels of NET45 were observed in the HepG2 cells

where it targeted best (Fig. 7). However, over the range of

cell lines tested there was no correlation between expres-

sion levels and targeting.

Fig. 5 INM versus ONM targeting. NETs were imaged using high-

resolution systems for localization in relation to the two sides of the

NPC using Nup153 from the nuclear basket and Nup358 from the

cytoplasmic filaments. (a) Schematic of expected patterns indicating

INM or ONM localization. If a protein is in the INM, the NET and

Nup153 signals should occur in the same plane, and the NET signal

should appear internal to the Nup358 signal. If the protein is in the

ONM, the Nup153 signal should be internal to the NET signal and the

Nup358 signal should occur in the same plane as the NET signal. (b)

Images using structured illumination show both characterized

(LAP2ß) and many novel NETs in the same plane of the inner

nuclear membrane with Nup153 and internal to Nup358. Only NET23

and controls Sec61ß and calreticulin yielded the pattern expected for

ONM residence. (c) High-resolution deconvolved Deltavision images

also can distinguish inner from outer nuclear membranes with

Nup153 shown in red and Nup358 shown in green. (d) Many

additional novel NETs appeared in the INM using again LAP2ß as a

control and NET55 that had been separately tested with the OMX

system. In contrast NETs 4, 24, and 31 together with the calreticulin

control yielded ONM targeting. Scale bars for b-d 5 lm. (e)

Immunogold-EM confirms the validity of OMX and Deltavision

results as 5-nm gold particles recognizing GFP antibodies for

expressed NET51 and NET55 proteins appeared in the INM, similarly

to controls. C and N denote cytoplasmic and nucleoplasmic sides

where NPCs are inserted in the membrane. Bars 100 nm
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Some putative NETs appear to not be integral

to the membrane

Most remaining putative NETs that failed to target were

tested in the same range of cell lines, some with both N-

terminal HA and C-terminal RFP epitope tags in case one

or the other tag or tag location interfered with proper

folding or blocked binding sites required for NE retention

(Table 1). In several cases (NETs 14, 17, 21, 35, 43, and

49) the tagged protein accumulated in the nucleoplasm/

nucleolus instead of the NE (data not shown). As this

suggested that the original membrane helix predictions

using TMPred [18] were erroneous, all putative NETs were

re-evalutated using the more stringent TMHMM v2.0 [19].

TMHMM predicted transmembrane helices in only 33 of

the 67 putative NETs. Of those tested here that TMHMM

failed to predict as transmembrane, 36% nonetheless gave

clear nuclear rim and ER distribution consistent with

membrane association, whereas 90% of those with

TMHMM membrane predictions yielded NE targeting

(Table 3). As TMHMM failed to predict membrane spans

for 22 of the 27 NETs that have not been tested for tar-

geting, few of them are likely to be NETs.

Several NETs exhibit significantly reduced NE

accumulation in lamin A/C knockout cells

The NE retention of NETs is thought to be driven by their

binding to lamins or chromatin [28], e.g., emerin accu-

mulates in the ER in cells lacking A/C lamins [29] and has

been shown to directly bind to A/C lamins [5]. To gauge

the percentage of NETs in this large dataset likely to

depend on lamin A for targeting, we compared the distri-

bution of the tagged proteins in matched mouse embryonic

fibroblasts that either expressed the endogenous lamin A

protein (Lmna ?/?) or carried a disruption in the LMNA

gene (Lmna -/-; [29]). Most had no difference between

the Lmna ?/? and the Lmna -/- cells, but several were

altered in distribution. The following scenarios were

observed: (1) distinctive NE accumulation in both cell lines

(NETs 8, 20, 29, 37, 46, 51, 55, and 59); (2) a significant

and reproducible lack of NE accumulation in the Lmna

Fig. 6 Some NETs only accumulate at the NE in certain cell types.

(a) NETs that failed to target to the NE in HT1080 (human

fibrosarcoma) cells were re-tested in other cell lines derived from

different tissues: HepG2 (human liver tumor), 293T (human embry-

onic kidney), C2C12 (mouse skeletal muscle), and 3T3-L1 (mouse

pre-adipocyte). HA-tagged NET32 and mRFP-tagged NETs 11, 13,

45, 59, and emerin were transiently transfected into the different cells.

To ensure that rim accumulation was not due to bleedthrough or

cross-reactivity with NE markers, cells were not co-transfected with

or stained for other NE proteins. Arrows mark cells in which different

NETs yielded discernible rim staining by having a strong distinct rim

as opposed to one that could be accounted by ER condensed against

the nucleus. Scale bars 20 lm. (b) To further validate NE targeting,

the relative pixel intensities in ER and NE were quantified compared

to ER controls. Pixel intensity was measured at a point in the nuclear

rim (based on DAPI staining) and at a point approximately 2 lm

distant into the ER, and the NE/ER ratio was calculated. Eight such

measurements were taken from each NET from 5 different cells, and

Tukey’s boxplots [45] for the 40 ratios for each NET in each cell line

are shown with the median (central line), two quartiles above and

below (box) and third quartile (error bars) shown. We compared each

sample to each control (DiOC6 or calreticulin expressed in HT1080

cells) with the null hypothesis that ‘control to sample differences are

by random chance.’ After analysis we reject the null hypothesis for

each sample at P \ 0.001 by Mann-Whitney (Wilcoxon) U test

(Table 2). The ER dye DiOC6 and calreticulin-GFP both were very

similar in intensity between the ER and NE, yielding a ratio of *1.

Though NET ratios tended to be in the 1.3–1.5 range, they were

highly statistically significant, even for NET11 in C2C12 cells where

a strong rim was not visually evident

b
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-/- cells compared to the Lmna ?/? cells (NETs 23, 26,

34, 50); (3) weak or no NE accumulation in the Lmna ?/?

cells so that a comparison could not be made (NETs 4, 5,

30, 33, 47 and 56) (Fig. 8). As both lines tested are mouse,

it is unlikely that differences between human and mouse

proteins would account for the mistargeting in the Lmna

-/- cells, the more so as they are highly conserved with

NET26, NET34, and NET50 all having over 77% amino

acid identity between human and mouse and NET23 hav-

ing 69% identity.

Alternate mechanisms for NE retention of NETs

in cells lacking lamin A

To further assess potential interactions of the NETs with

lamins, we investigated whether their resistance to detergent

extraction was altered by the presence or absence of lamin A.

This could only be assayed for the NETs with working

antibodies because the overexpressed NET accumulation in

the ER would interfere with quantification. Wild-type Jurkat

cells that normally lack lamin A and Jurkat cells stably

transfected with lamin A-GFP were extracted with 1% Tri-

ton X-100/50 mM NaCl. The insoluble material (e.g.,

lamins and associated NETs) that resisted extraction was

measured by immunoblotting and quantified as a percentage

of the relative levels in non-extracted lysates, which were set

to 100 (Fig. 9a). To improve solubility of the lamina in the

non-extracted lysates, they were first treated with detergent

and urea prior to heating in SDS-sample buffer; however,

lamin levels detected on Western blots were about 30%

higher in the extracted lysates than in the non-extracted

lysates. This could be due to greater accessibility for sub-

sequent solubilization in the sample buffer after removing

chromatin proteins such as histones.

Table 1 Failed putative NETs tested in different cell lines

NETs tested in 14-mRFP HA-14 16-GFP 17-mRFP

& HA-17

21-mRFP HA-35 35-mRFP 36-mRFP 43-mRFP

& HA-43

44-mRFP 49-mRFP

HT1080 n/d n/d – – – – n/d – – – –

293T n/d n/d – – n/d – n/d – – – –

C2C12 – – – – n/d – – – – – –

NIH 3T3-L1 – n/d – – n/d – – – – – –

HepG2 n/d n/d – – n/d – n/d – – – –

U2OS – – n/d n/d n/d – – – n/d n/d n/d

–, NETs did not target in this cell line; n/d, NETs not tested in this cell line

Table 2 Mann-Whitney U-test (Wilcoxon) P-values for comparison

of each protein to the DiOC6 control or the calreticulin control for

Tukey’s boxplot shown in Fig. 6b (all are significant)

NET in cell line With control DiOC6 With control calreticulin

W P-value W P-value

Emerin in HT1080 30 1.303e-13 8 2.571e-14

NET11 in C2C12 459.5 0.001065 336 8.13e-06

NET11 in NIH-3T3 303 1.765e-06 239.5 7.032e-08

NET13 in C2C12 343.5 1.135e-05 220 2.416e-08

NET32 in C2C12 279 5.441e-07 189.5 4.309e-09

NET45 in HT1080 346 1.270e-05 236 5.791e-08

NET45 in HepG2 58 9.585e-13 17 5.014e-14

NET59 in C2C12 168.5 1.255e-09 140 2.184e-10

Fig. 7 Expression profiles of NETs only sometimes correlate with

their targeting. mRNAs were prepared from the human cell lines used

in Fig. 6. RD myoblast cells (human) were used to represent muscle

because C2C12 myoblast cells are derived from mouse. RT-PCR

reactions were performed to determine the relative NET levels in the

cell lines, using peptidylprolyl isomerase A (Ppia) as a loading

control. Each was repeated at least three times, and representative gels

are shown

1362 P. Malik et al.
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As expected, the negative control LAP2ß that has been

shown to bind lamin B [22] yielded no difference to

extraction between the Jurkat cells containing or lacking

lamin A; neither, however, did NETs 23 and 50 that were

strongly mislocalized in the lamin A/C null fibroblasts nor

the positive control emerin. Only NET33 showed a mini-

mal difference in resistance to extraction between the

Jurkat cells containing or lacking lamin A. NET23 and the

lamins alone fully resisted the detergent extraction from

Jurkat cells, even though these novel NETs resisted

extraction in multiple adherent cell types. LAP2ß resisted

extraction only to 80% of non-extracted levels and emerin

only to 50%. Novel NETs 33 and 50 weakly resisted the

extraction, retaining *30% of non-extracted levels.

As this result was unexpected, the same assay was

applied to two mouse fibroblast lines, one of which was

disrupted for endogenous lamin A as confirmed by

immunoblotting. In this case emerin, which was expected

to depend on lamin A for NE retention, was *29 more

resistant to detergent extraction in the wild-type fibroblasts

compared to those lacking A/C lamins (Fig. 9b). Yet nearly

40% resisted extraction in the lamin A null cells, indicating

that lamin A-independent mechanisms also exist for

retention of emerin at the NE in these fibroblasts. NET33,

which in Jurkat cells had shown only a slight benefit from

the presence of lamin A for its resistance to detergent

extraction, became entirely dependent on the presence of

lamin A for its resistance to detergent in the fibroblasts.

NET50 remained indifferent to lamin A. Surprisingly, only

about 50% of the LAP2ß resisted extraction in the lamin A

knockout fibroblasts, whereas most had resisted extraction

in both Jurkat lines. Lamin B1 levels measured were higher

in the Lmna -/- cells. This could be due to upregulation

by the cell to compensate for the loss of lamin A or might

reflect greater solubility of the B-type lamins in the absence

of lamin A that has previously been reported [30]. Thus,

multiple mechanisms must exist for the targeting and

association of the same NETs in different cell types.

Discussion

This study contributes three important findings: first it tests

the validity of proteomic results that previously greatly

expanded the number of putative NETs [12], confirming

many, but finding that roughly a third were erroneously

named ‘NET.’ Second, it shows that some valid NETs only

target to the NE in certain cell types, a finding that indi-

cates the need to carefully match studies of NETs with

appropriate cell types. Third, the differences among cell

types and between in vivo and in vitro results for both

extraction and targeting studies indicate that NETs likely

have different mechanisms for targeting to the NE in dif-

ferent cell types.

While this study has confirmed many novel NETs, it has

also shown that transmembrane predictions for others were

erroneous. Extrapolating from the NETs now tested, we

estimate that 30% of the 67 putative NETs cannot properly

be called NETs because of the absence of transmembrane

spans. Nonetheless, the failure of newer algorithms to

predict transmembrane helices for several NETs that we

and others have confirmed [14, 15] leaves open the possi-

bility that other NETs may be validated. Some of those

apparently lacking transmembrane segments may have

additional splice variants that encode membrane spans,

whereas others might function at the NE without a mem-

brane span: NET43/hALP is recruited to the NE through

binding SUN1 at the end of mitosis where it contributes to

chromosome decondensation [31]. Thus, in addition to

Fig. 8 NETs that mistarget in cells lacking lamin A/C. Mouse

embryonic fibroblasts extracted from a wild-type mouse (Lmna ?/?)

or from a matched LMNA knockout mouse (Lmna -/-) [29] were

transfected with NET fusion constructs. At 30 h post-transfection,

cells were directly fixed with formaldehyde and processed for

immunofluorescence microscopy. Upper panels above the break show

emerin and NETs that produced a distinctive rim in the Lmna ?/

? cells, but did not in the Lmna -/- cells. Other NETs tested yielded

no striking or reproducible differences in presence or absence of

lamin A/C (only NET51 and NET55 are shown in bottom panels).

Deconvolved images are shown. Scale bars 20 lm
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being at the NE only in certain cell types, some proteins

may have multiple subcellular locations and only reside

transiently at the NE during certain cell-cycle stages.

Transient nuclear envelope accumulation was also

reported previously for NET59/nicalin, which tends to

reside in the ER but accumulates in the NE when certain

co-factors are present [32]. Moreover, we have shown here

that its NE accumulation is in the INM and it resists

detergent extraction. Many NETs likely have multiple

cellular localizations as emerin, one of the most established

INM NETs [33], also functions in the ONM, ER, and

interstitial discs [23–25]. Moreover, a recent elegant pro-

teomic study suggests that at least a third of all proteins

have multiple cellular localizations [34]. Nonetheless, most

of the NETs for which we have antibodies yeilded their

principal accumulation in the NE compared to the ER.

The finding that some NETs only target to the NE in

particular cell types both by overexpression analysis and

antibody staining in tissue sections is consistent with the

hypothesis that specificity of NE functions in different

tissues and/or cell types might contribute to the tissue

preference of NE disease pathologies [35]. Although the

primary tissue-specific cell type of liver is hepatocytes

(estimated at *80%), there are also Kuppfer cells that are

liver specific, lipocytes (similar to adipocytes), as well as

epithelial cells and an extensive vasculature providing

endothelial cells. As functions have yet to be found for

most new NETs, it is early to speculate detailed molecular

mechanisms that would yield pathology. However, NETs

13, 39, 45, 55, and 59 have either been reported to directly

function in signaling or to be related to signaling proteins

[32, 36–40]. Thus, these NETs could be involved in signal

transduction pathways similar to those of the well-charac-

terized NET MAN1 in Smad/BMP/TGFß signaling [41].

Intriguingly, two of these NETs accumulate in the inner

membrane, whereas the other three accumulate in the outer

membrane. Moreover, NETs functioning in signaling

pathways might vary in localization between ONM and

INM depending on timing in the cell cycle. The restriction

in targeting to certain cell types for three of these signal-

ing-related NETs (NETs 13, 39, and 45) might reflect cell-

specific use of these signaling pathways, a possible

mechanism towards disease that further underscores the

need to test putative NETs in multiple cell types.

Historically, NE proteins have been thought to reside

exclusively in the inner membrane despite the fact that this

represents only half of the NE. Of the 18 NETs tested by

high-resolution microscopy, 4 appeared to localize to the

ONM only and not to the INM, indicating the need to

redefine the ONM as a separate and distinct cellular com-

partment and not just a subcompartment of the ER. INM

localization only generally correlated with detergent

resistance, with 79% of INM tested proteins resisting

detergent pre-extraction and 50% of ONM proteins tested

not resisting the pre-extraction.

Few NETs have been directly tested for binding to

lamins in general or to particular subtypes. Some bind

multiple lamin subtypes (e.g., LAP1 [22]) while others

Fig. 9 Indirect assay for lamin A interactions. If a NET that resists

detergent extraction depends on lamin A for its NE retention either

through direct or indirect binding, then it would be expected to be

more resistant to detergent extraction in cells that express lamin A.

Relative NET and lamin protein levels were quantified between lamin

A expressing and not expressing cells from lysates run on Western

blots using anti-NET and anti-lamin antibodies. The graphs show the

levels of the protein left in cells extracted with 1% Triton X-100 as a

percentage of the levels measured in unextracted cells. The numbers

used for NETs were normalized according to the amount of lamin B1

remaining after extraction, which is shown here as absolute values,

and three separate experiments were averaged to generate standard

deviations. (a) Jurkat cells are suspension cells derived from a T-cell

lymphoma that do not normally express lamin A. To test if adding

lamin A to these cells would affect NET resistance to detergent

extraction, Jurkats stably expressing lamin A-GFP were generated.

Several NETs that resisted detergent extraction in the HT1080

fibroblasts grown on coverslips did not resist extraction in the Jurkat

cells whether or not lamin A was present. Those that did resist showed

no difference between the lamin A expressing and non-expressing

cells. (b) Lmna -/- mouse fibroblasts (216-/-; [29]) and control

mouse fibroblasts (NIH3T3) were also compared. In the fibroblast

system emerin, LAP2ß, and NET33 differed in their extractibility

between the lamin A null cells and the lamin A-expressing cells

NET targeting and lamin-dependence 1367



bind specific subtypes (e.g., LBR with lamin B [22, 42] and

emerin with lamin A [5]). The mistargeting of some NETs

in cells lacking lamin A suggests that they are tethered at

the NE, either directly or indirectly, through binding to

lamin A. However, differences were observed in NETs for

lamin A-dependent resistance to detergent extraction

between the lymphoblasts and fibroblasts tested. Thus,

multiple mechanisms must exist for the targeting and

association of NETs with lamins in different cell types.

This can explain in part the tissue-preference of pathology

in NE diseases as it suggests that the NET’s NE retention

only depends on lamin A in certain cell types.

The confirmation of such a large set of NETs is an

important step in understanding the functioning and shared

characteristics of proteins in this organelle. For example,

the 31 of the liver NETs identified by proteomics now

confirmed may be enough for analyses by bioinformatics

experts to identify NE targeting sequences. Moreover, some

NETs that have more tissue-specific expression likely

interact with lamins and other NETs, and thus might con-

tribute to complexes involved in NE diseases. Of particular

note is NET39, which resisted pre-extraction with detergent

and was in the INM. It is expressed preferentially in skeletal

muscle in mouse and has been shown to be strongly induced

during myogenesis and to play a direct role in signaling

mechanisms for myogenesis [14, 43]. In humans NET39 is

preferentially expressed in heart [27]: as cardiomyopathy

has been linked to the lamina in humans [44], this protein

might be relevant for the tissue-specificity of this disease.

The differences we observed for several NETs in cellular

localizations in different cell types and targeting in the

Lmna -/- cells thus provide an important starting point

from which to address lamin-NET complexes.
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