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Lamins are components of the structural network in the nucleus and play a key role in ngatgaation and function.
Mutations in the human lamiA gene cause a spectrum of genetic diseases that include muscular dystrophies,
cardiomyopathylipodystrophy and premature ageing syndromes. Laminopathic cells display several abnormalities in
nuclear morphology and functioe have carried out a comprehensive analysis of alterations in the protein profiles of
HEK293Tcells expressing a mutation in landif{Q294P) that causes Emery-Dreifuss muscular dystraphgmparison

with cells expressing wild-type lamia Initially a total of 27 diferentially expressed proteins were identified by quantitative
two-dimensional gel electrophoresis followed by mass spectral analysis. Impoe&nftld decrease in lamin B1 levels

in mutant cells was observed by quantitative two-dimensional gel electrophoresis, which was supported by
immunofluorescence analysis. Changes in levels of specific heat shock proteins, hnRNPs, DNA damage response proteins,
metabolic enzymes and cytoskeletal proteins were also observed. Further detailed analysis of cell lysates by one-dimensional
gel electrophoresis followed by high throughput mass spectrometry revealed 650 unique proteins from wild-type cells and
1494 unique proteins from mutant cells (with two or more than two peptideitiiésations in a number of proteins that

are involved in chromatin structure, chromosome condensation, nucleosome gesggesigtic modifications, centromere
organization, telomere length and DNApair were observedhese data suggest that laminopathic cells exhibit
characteristics of cellular stress and senescence, and provide new insights into the cellular basis of pathologies caused by
laminopathic mutations.
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Intr oduction to cross-talk with the cytoskeletalgamization via

. . binding proteins in the nuclear membrane and thereb
Lamins are structural proteins of the type gp y

intermediate filament class of proteins which form a influences nuclear positioning and migratido

filamentous network or lamina that lies beneath thema:(jor klnd_?hofE:amlnsl ar.e pr;ientdlntlgher
inner nuclear membrane and also extends into the®" aryotes.The B-type lamins ( an ) are

interior of the nucleus in animal cellshe lamina ~ €XPressed in all somatic cell types whereas the
plays an essential role in maintaining the integrity of €XPression oA-type lamins (Aand C) is observed in
the nuclear envelope and is involved in the differentiated cells of most lineages (Dechat et al.,

organization of various nuclear functions such as 2008; Parnaik, 2008A- and B-type lamins form
DNA replication and transcription, as well as Separate, interactive meshworks in the nucleus (Shimi

organization of chromatifThe nuclear laminais able €tal., 2008).
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Mutations in the human laminA gene cause a and maintained in the medium for 24 The two
number of debilitating genetic diseases collectively constructs that were used were wild-type lafnand
termed laminopathies, which include muscular Q294P lamin mutant that causes EMD and have been
dystrophies, cardiomyopathlipodystrophy and described earlier (Manjet al., 2006). GFP-
progeria syndromes. Many laminopathies are expressing cells were sorted in a fluorescence
autosomal dominant diseases and are characterizedctivated cell sorter (CS) in order to obtain >99%
by tissue wasting and premature ageing phenotypescells expressing the GFP-tagged lanTihe sorted
At the cellular level, laminopathic cells display cells were centrifuged and the cell pellet was frozen
aberrant nuclear morphologgtefective chromatin  in liquid nitrogen.
organization, impaired DNAepair replication and .
transcription as well as defects in cellular !mmunofluorescence Microscopy

differentiation and developmental pathways. Lamin 4ek293T cells were seeded on 0.1% gelatin-coated
mutations have been proposed to alter nuclearg|ass coverslips for immunostaining. Cells were fixed
mechanics, impair gene regulation and causej, 3 5o formaldehyde for 10 min and permeabilized
enhanced proteosomal degradation (Pareti., with 0.5% Triton X-100 for 6 min at room
2011; Butin-Israeliet al., 2012).Two-dimensional  temperature. Cells were incubated with 0.5% gelatin
protein profiles of cells with reduced lamin levels or phosphate-bired saline (PBS) for 1 h, followed
cells from patients with neuromuscular laminopathies by incubation with antibody to lam&/C (Santa Cruz
have revealed alterations in heat shock prOteinS'BiotechnologySanta Cruz, CA, USA) or lamin B1
hnRNPs, metabolic pathways and cytoskeletal (Abcam, Cambridge, MA, USA) for 1 h and then with
organization (Chen et al 2009; Foster et al 2011 Cy3-conjugated secondary antibody for 1 h at room
Magagnotti et al, 2012). temperature. Samples were mounte¥éatashield

In our approach, we have compared the protein(Vector Laboratories, Burlingame, CA, USA)
profiles of HEK293T cells expressing wild-type containing 1 pg/ml 4,6-diamidino-2-phenylindole
laminA with cells expressing a lamin mutation Q294p (PAPI) to stain nuclei and viewed under a Lei€z5
that causes Emery-Dreifuss muscular dystrophySP8 confocal lasescanning fluorescence
(EMD), by quantitative two-dimensional gel MICroscope. Images were analyzed with Leica

electrophoresis as well as one-dimensional gel@Pplication software and assembled ushupbe
electrophoresis followed by high throughput mass Phqtoshop. Quannt_atlve analy&_s of cglls depl_eted in
spectrometric analysis in order to obtain a more @min B1 was carried out by visual inspection of
comprehensive list of altered proteins. Our data N=100 cells.

ir.ldi(?a.ltes a 5-folq degline in lamin B1 levels and Western Blot Analysis

significant alterations in markers for cellular stress
and senescence in laminopathic cells compared withSamples of transfected and untransfected HEK293T
wild-type cells, in addition to changes in heat shock cells were lysed in Laemmdi'sample bdér, boiled
proteins, hnRNPs and components of metabolicand electrophoresed through SDS-polyacrylamide

pathways and cytoskeletal networks. gels. Gels were electroblotted onto nitrocellulose
_ membrane filters and blocked for 1 hin 5% BLAI T
Materials and Methods in Tris-buffered saline (TBS) containing 0.05%

Tween-20. Filters were incubated with antibody to
lamin A/C, which recognises both lamidsand C,
The human embryonic kidney cell line HEK293T was or glyceraldehyde-3-phosphate dehydrogenase
maintained in Dulbecce’ modified Eagle medium (GAPDH, Millipore, Temecula, CA, USA) as loading
supplemented with 10% fetal bovine serum. Cells control for 2 h, followed by species-specific
were transfected with a green fluorescent proteinperoxidase-conjugated secondary antibody RS
(GFP)-tagged lamii construct by electroporation containing 0.05%ween-20 for 1 h. Bound antibody

Cell Culture, DNA Transfection and Cell Sorting
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was visualized using a chemiluminescence kit (RocheLC MS/MS Analysis

Applied Sciences, Indianapolis, IN, USA). S
PP P ) Nanoflow electrospray ionization tandem mass

Two-Dimensional Gel Electrophoresis (2-DE) spectrometric analysis of peptide samples was carried
o _ out using MQ-Orbitrap\elos (Thermo Scientific,
The cell pellet was suspended in isotoniddxf0.25 Bremen, Germany) interfaced witranoflow LC

M sucrose, 1ImM EDA, 10mM Tris-Cl pH 7.5)  gystem (EASYNLC Proxeon, nowThermo
followed by addition of lysis bi#r (8.75 M urea,  ggientific). The chromatographic capillary column
2.5 M thiourea, 5% CHAPS, 50 mM DTTAiter used was reversed phase BioBasic C-18 analytical
ultracentrifugation, carrier ampholyte (pH 3-10) was ~qjumn (particle size 5m, pore siz800A; 5u X 10
added to the supernatant. 209qf protein fromthé o) fromThermo ScientificThe peptides were eluted
supernatant was then loaded onto a commercially sing 5 linear gradient of 5-30% acetonitrile over 65
available immobilized pH gradient (IPG) gel strip (PH  jin Mass spectrometric analysis was carried out in
5-8; Bio-Rad Laboratories, Hercules, CA, USA) and 4 gata dependent manner with full scans acquired
isoelectric focusing (IEF) was performekiter the ging the Orbitrap mass analyzer at a mass resolution

IEF run was completed, strips were equilibrated in of 60 000 at 400 m/z. For each MS cycle, twenty most
buffer | (containing 6M urea, 0.375 Wris pH 8.8, jntense precursor ions from a survey scan were
2% SDS, 20% glycerol and 2% DTT), followed by @ sg|ected for MS/MS and fragmentation detected at a
second incubation in bigr Il which contained all 1555 resolution of 15.000 at m/z 40Dhe

the ingredients of biér | except that DTTwas  fragmentation was carried out using collision-induced
replaced with 2.5% iodoacetamidérif®s were then  gissociation with 35% normalized collision eger

transferred onto a 12% SD&BE gel and SDS-  1e gytomatic gain control for full FT MS was set to
PAGE was performed. Proteins were stained with 1 mjjlion jons and for MS/MS was set to 0.1 million

colloidal Coomassie Brilliant Blue CBBG250. Spot j5ns with a maximum time of accumulation of 500

analysis of the 2-D gels was done using PDQuestyg respectivelyFor accurate mass measurements,
Version 8.0.1 software (Bio-Rad Laboratories, the lock mass option was enabled. For protein
Hercules, CA, USA).This software computes the jgentification the MS and MS/MS data was searched
intensity of each spot and normalizes it to the total oy proteome Discoverer (Thermo Fisher Scientific,
intensity of all the spots in the gel (excluding streaks). getaversion 1.3.0.339) based on the workflow with
This was done for 3 sets of gels with three biological spectrum selector and reporter ion quantifés/
replicates of cell lysates processed simultaneously \1s search was carried out using SEQUEST search
algorithm, against the IPI Human database. Search
parameters included trypsin as the enzyme with 1
Bands excised from 1-DE or 2-DE gels were missed cleavage allowed; oxidation of methionine
destained, washed and dridthe dried gel pieces was set as a dynamic modification while alkylation
were washed with digestion et (40 mM at cysteine was set as static modifications. Precursor
ammonium biarbonate and 10% acetonitrile) and 40 and fragment mass tolerance were set to 20 ppm and
ul of trypsin bufer (13 ng/ul of trypsin in digestion 0.1 Da, respectivelyThe peptide and protein data
buffer) was added to the gel piecEse samples were  were extracted using high peptide confidence and top
incubated overnight at 3C. Peptides were extracted one peptide rank filtersThe false discovery rate
from the gel matrix by incubating the gel pieces with (FDR) was calculated by enabling the peptide
extraction buffer (50% acetonitrile and 0.3 % sequence analysis using a decoy database. High
trifluroacetic acid (TR)) and the supernatant was confidence peptide identifications were obtained by
collected and driedThe dried peptide sample was setting a taget FDR threshold of 1% at the peptide
reconstituted in 5% acetonitrile and 0.1%A and level. Complete dataset and identified peptide
purified by a zip-tip. sequences are available upon request.

In-Gel Digestion and Extraction of Tryptic Peptides



1108 K Snhaet al.

Results and Discussion apoptosis, we also checked for the presence of lamin
o _ fragments in the western blotery low levels of
L ocalization of GFP-Tagged Lamins lamin cleavage products were detected in samples of

HEK293T cells transiently expressing GFP-tagged transfegted cell_s, indicating a negligible number of
wild-type laminA or mutant Q294Rvere initially ~ aPoptotic cells in the lysates.
characterized by immunofluorescence assays with
antibodies to lamins. GFP-tagged wild-type lakin
was located at the nuclear periphery in a typical In order to identify changes in the proteome upon
pattern, and it colocalized with lam#iC and lamin expression of a laminopathic mutant, we initially
Blas expected (Fig. 1A, B). Howey&FP-tagged compared protein profiles of HEK293T cells
lamin mutant Q294P was distributed in aggregatesexpressing GFP-tagged wild-type lamin or mutant
throughout the nucleus, and its expression resultedQ294P by 2-D gel electrophoresis. GFP-expressing
in aberrant nuclear morphology and disruption of the cells were sorted byACS and the total cell lysates
endogenous lamiA network, consistent with our of the sorted cells were analysed. For 2-D
earlier observation in other cell types (Manju et al  electrophoresis, first dimension isoelectric focussing
2006). Importantlywe made the novel observation was carried out on an IPG strip with pl values in the
that endogenous lamin B1 was depleted in 88% ofrange of 5-8, followed by SDSABE separation.
cells expressing lamih mutant Q294Romparedto  Proteome maps were compared using PDQuest
<5% of cells expressing wild-type laméa (Fig. software and dferentially expressed spots were
1A,B). Western blot analysis confirmed that GFP- excised and identified by analysis on ahQ:
tagged wild-type and mutant laminproteins were  Orbitrap\elos mass spectrometewrith protein
expressed at equal levels in cell lysates that werddentification being carried out by SEQUEST
subsequently used for 1-D and 2-D gel electrophoresiQuantitative analysis of protein levels was performed
(Fig. 1C). Since lamin cleavage is a marker for with three biological replicates. Forty-two
differentially expressed spots were obtained, of which
27 spots gave definitive IDs by mass spectral analysis
whereas the remaining spots could not be identified
with certainty by mass spectral analy$ise positions
of the spots are shown in a representative gel in Fig.
2 and the list of identified protein IDs is given in
Table 1 The fold change in protein levels in the lamin
mutant sample is indicated. Several proteins were
downregulated in cells expressing mutant lamin
Q294Pand these are described below

Two-Dimensional Gel Electrophoresis Profile

Heat Shock Proteins (HSPs): A number of HSPs
were found to be downregulated in cells expressing
lamin mutant Q294PThese include mitochondrial

Fig. 1: Expression of GFP-tagged lamirA in HEK293T cells. (A, HSP75 (TRAP]_), HSHRS, HSPQOB and HSP71-2

B) CeIIsWeletransmntlytransfec?edWlthGFP-I§m|n6W|Id- (HSFAS). While the main function of HSPs is to
type or Q294P constructs, stained with anti-laminA/C .

antibody or lamin B1 antibody and counterstained with prevent accumulation of denatured or aggregated
DAPI. (C) Lysates of RCS-sorted cells expessing GFP- proteins, certain HSPs have specific functions.
lamin A wild-type or Q294Pand untransfected cells wes HSHAS is a taget of tumour suppressor protein p53
analyzed by western blotting with antibodies to lamirA/C. ditis t inti I d toXi
Glyceraldehyde-3-phosphate dehydrgenase (GAPDH) was and Itis transcriptionally repressed upon geno QXIC
used as a loading conwl. Cells showing disruption of stress (Bansadt al., 2011) and also plays a role in

endogenous laminA network (arrowheads) and depletion  maintaining myofibrillar integrity under mechanical
of lamin B1 (arrows) are indicated. Bar 10 pum
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stress (Hishiya et al 2010). TRAP1 knockdown has Cytoskeletal Proteins: We observed a significant
been shown to activate the endoplasmic reticulum-depletion in levels of the cytoskeletal proteins
resident caspase-4 in response to stress, therebyimentin, keratin type II-1 an@-tubulin in cells
inducing cell death in human cellsademotoet al., expressing lamin mutant Q294Fhe lamina is linked
2011). to the cytoskeleton via interactions with nuclear
membrane proteins termed nesprins and SUN (Sad1/
UNC-84 homology) domain proteins and disruption
of this linkage can cause defects in nuclear
positioning and migration during developmertaf®
and Han, 2003). Changes in abundance of
cytoskeletal proteins have been reported in lamin-
depleted cells and laminopathic cells (Cletral.,
2009; Foster et a 2011; Magagnotti et al, 2012).
Changes in cytoskeletal ganization are likely to
affect proteins involved in intracellular transport and
signalling, like zymogen granule protein 16B and
guanine nucleotide binding protein sub@twhich
were reduced in the mutant cells.

RNA Processing Factors. Our data showed that
heterogeneous ribonuclear proteins hnRNP-H3,
hnRNP C1, hnRNP-L and hnRNP-K were down
regulated or absent in cells expressing mutant lamin
In addition to their role in pre-mRNA processing
events and mRNA export, certain hnRNPs like
hnRNP-A18, B1, C1/C2 and K also play a key role
in coordinating repair pathways following exposure
to ionizing radiation (Halegt al., 2009). HnRNP C1/
C2 is a major component of the nuclear matrix and
cells with reduced hnRNP C1/C2 expression are
sensitized to cellular stress (Hossairal., 2007).
Far upstream element-binding protein 2 (KHSRP),
which is undetectable in cells expressing lamin Metabolic Enzymes:. Levels of key enzymes of
mutant Q294Pis a multifunctional RNAbinding metabolic pathways such asenolase, L-lactate
protein that promotes the rapid decayAdf-rich dehydrogenase B chain, pyruvate dehydrogenase E1
element (ARE)-containing mRNASs, which include component subunf® and cytochrome b-c1;2nd
genes involved in cell proliferation, stress responseenzymes of carbohydrate metabolism sucluas
and cancer and is a downstreang¢arof BRCA1- amylase andi-glucosidasewere reduced in cells
mediated signalling upon genotoxic stress (Santarosaxpressing the lamin mutant Q294Pdecrease in
etal., 2010). levels of proteins involved in erggr metabolism has

GFP-Lamin-A WT GFP-Q294P

Fig. 2: 2-DE profiles of proteins from cells expessing GFP-tagged lamid wild-type or Q294R Whole cell lysates of HEK293Tcells expessing
GFP-lamin A wild-type (Left panel) or Q294P(Right panel) were analyzed by 2-DE followed by spot alignment. Oérentially expressed
proteins (indicated by arowheads) wee quantitated and then eluted fom the GFP-laminA wild-type 2-D gel and analyzed by mass
spectrometry
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Table 1: Identification of differ entially expressed poteins by 2-DE in mutant vs wild-type cells

Spot Protein name Accessionno  Score Coverage Peptides MW pl Fold chang#
% (kD)
1 Zymogen granule protein 16B IP100060800 673.5 29.81 5 2272 739 (-)1.37+0.32
2 Cytochrome b-c12 IP100305383 136.7 15.67 6 48.41 8.63 (-) 1.76 £0.53
3 Guanine nucleotide binding protein 1P100848226 323.7 51.42 12 35.05 7.69 (-)1.41+0.26
subunitp2

4 Heat shock protein 75 (TRAP1) IPI00030275 1532.8 59.38 40 80.05 8.21 (-)1.38 £0.06
5 HNRNP-L IP100027834  808.5 37.18 16 64.09 8.22 (-)1.88+0.06
6 a-amylase 1 IP100300786 573.4 49.90 18 57.73 6.93 NDPinM

7 Keratin, type II-1 IP100220327 885.1 24.38 31 65.99 8.12 NDiInM

8 Far upstream element-binding protein 2@(00479786 1450.4 55.56 34 73.07 731 NDinM

9 Heat shock protein 90- IP100414676 169.7 28.31 19 83.21 5.03 (-)2.90+0.94
10 L-lactate dehydrogenase B chain IP100219217 2122.9 46.11 15 36.61 6.05 (-)2.50+0.22
11 HnRNP-H3 IP100908896 103.8 27.27 10 47.05 6.34 (-)1.41+0.05
12 HnRNP-C1 IP100216592  214.5 30.72 13 32.31 5.08 (-)1.14 +0.06
13  HnRNP-K IP100514561 613.1 23.13 15 4752 563 (-)4.88+2.61
14  Prelamin-A IP100021405 837.1 37.50 25 7409 7.02 NDinM

15 Heat shock protein 71-2 (H8B) IP100939595 53.2 8.52 3 53.48 586 NDinM

16  Vimentin IP100418471 3440.0 59.87 30 53.61 5.12 (-)3.67 £0.44
17  Heat shock proteiA5 IP100003362 189.8 29.77 24 72.37 5.16 (-)2.31+1.06
18  Nucleophosmin (3) IP100658013  160.7 15.06 4 28.38 4.79 (-)2.20+0.77
19 Radiation sensitive 23B IP100956313 331.2 39.11 19 58.29 8.00 NDiInM

20 LaminB1 IP100217975  1186.6 45.73 31 66.36 5.16 (-)4.68+ 1.61
21 Tubulinf3 IP100645452 3968.8 66.67 24 47.73 481 (-)2.37+0.84
22 Pyruvate dehydrogenase[E®R) IP100549885 325.5 21.70 8 37.17 5.90 (-)1.51+0.22
23  Aminoimidazole-4-carboxamide IP100925601 836.7 53.13 24 64.48 6.71 (-)1.49+0.30

ribonucleotide transformylase/inosine
monophosphate cyclohydrolase -like

24 o-glucosidaseAB-like IP100383581 170.7 7.14 6 112.85 6.06 NDinM

25  T-complex protein 1 IP100027626  1002.4 51.60 19 58.00 6.68 (+)1.22+0.1
26  Pontin (1) IP100021187  1806.2 66.01 22 50.20 6.42 (+)1.87+0.16
27  Protein disulfide isomerase IPI00010796  2690.7 53.74 24 57.10 4.87 (+)1.10+0.02

aDepicts down regulation (-) or upregulation (+) of protein levels in lamin mutant cells with respect to lamin wild-type cells. Isoform
numbers or alternate names are shown in brackéiis; Not detectable (below detection limit of software)

also been observed in cells from laminopathic patientspatients with mutations in lami& (Boschmanret
(Magagnottiet al., 2012), while downregulation of al., 2010). The enzyme amino-imidazole-4-
transcripts for glycolysis genes has been documented¢arboxamide ribonucleotide trans-formylase/inosine
in limb-girdle muscular dystrophy and lipodystrophy monophosphate cyclohydrolase, which is involved
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in folate metabolism and is reduced in mutant cells, Changes in expression of protein chaperones,
is an important tget for antineoplastic agents ¢lan RNA processing proteins, cytoskeletal proteins and
etal., 2003). metabolic enzymes have been frequently observed

in 2-DE analysis of diérent cell types misexpressing
laminA. In HelLa cells depleted of lamif protein

by RNA interference, hnRNP proteins like hnRNP-
K and hnRNP-C1/C2 and the cytoskeletal proteins
keratin and actin were also downregulated (Giten
al., 2009), whereas the protein profile of a colorectal
cell line (SW480) depleted of lamidh showed
decrease in nucleophosmin, HSPD1 andAfsand
upreguation of Factin and vimentin (Foster et.al
2011). In a proteomic study with skin fibroblasts from
atients with neuromuscular laminopathies, proteins
ownregulated in the patients cells which were also
reduced in our lamin mutant Q294P samples included
a-enolase,HSP90, hnRNP C1/C2, L-lactate
dehydogenase B chain, vimentin andubulin
(Magagnottietal., 2012). It is interesting to note that
Lamins. We observed a ~5-fold depletion of @ few proteins which were downregulated in cells

lamin B1 in cells expressing lamin mutant Q294pP with laminA mutations or lamin depletion were also
which was consistent with our immunofluorescence found to be altered in malignant tumour samples.
data. Decline in expression of lamin Bas been  Proteomic analysis of a malignant tumour clone of
observed in cells expressing lamAnprogeria mouse fibrosarcoma cells showed that expression of
mutations (Scditi and Misteli, 2005Taimenet al., proteins like lami\/C, far upstream element-binding
2009) AlthoughA- and B-type lamins form separate Protein 2, guanine nucleotide bindiprotein subunit
meshworks in the nucleus, these have been shown t§2 and hnRNP-K was reduced considerably in these
interact closely and influence their respective Cells (Kuramitsu et al 2010).

functions and assemb(§himiet al., 2008;Tripathi

et al., 2009)Lamin B1 depletion results in genome- High Throughput Proteomic Analysis

wide changes in chromatinganization and gene
expression (Sadaie et al., 2009; Stetlal., 2013)
and impaired DNA repair (Butin-Israedial., 2013).
We also observed a decrease in levels of isoform
of prelaminA/C in the mutant cells.

DNA Damage Response (DDR) Proteins:
Proteins directly involved in DDR that were depleted
in cells expressing lamin mutant Q294P included
radiation sensitive 23B (RAD23B) which has been
shown to play an important role in cell survival after
UV irradiation (Renaudet al., 2011), and
nucleophosmin, a phosphoprotein belonging to the
nucleoplasmin family of chaperones which directly
interacts with p53 leading to its stabilization.
Downregulation of nucleophosmin reduces p53
stabilization in response to genotoxic stress thereb;@
impairing p53-dependent cell cycle arrest (Colombo
etal., 2002). Mutations in lamiA have been shown
to impair the cellular response to DNA damage (Liu
et al., 2005; Manju et al, 2006).

Previously reported 2-DE protein profiles of cells
depleted of lamirA or expressing laminopathic
mutations have revealed 10-50 faifentially
expressed proteins with identifiable IDs by mass
spectral analysis (Cheat al., 2009; Fosteet al.,
The proteins identified by 2-DE profiling that 2011; Magagnotti et al, 2012). In our 2-DE analysis
were upregulated in cells expressing mutant lamin of cells expressing GFP-tagged wild-type lamior
Q294Pinclude the chaperonifi-complex protein ~ mutant Q294P27 proteins could be identified that
1which is also overexpressed in colorectal cancershowed diferences in expressioiihe low number
(Coghlinet al., 2006), and thATPase pontin (also  of proteins that have been identified is probably due
known as RuvBL1) which belongs to the family of to limitations of the technique. Hence we carried out
AAA+ ATPases that are involved in chromatin a high throughput analysis of whole cell lysates by
remodelling, DNA damage repair and biogenesis of 1-DE followed by mass spectral analy$itole cell
telomerase (Grigolettet al., 2011). Quantitative  lysates from ACS-sorted HEK293Tells expressing
analysis showed that the levels of protein disulfide either GFP-tagged wild-type lami or mutant
isomerase were increased to a small extent only Q294Pwere used for 1-DE analysi$he mass
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spectral analysis of the tryptic peptides was carriedwidespread décts on chromatin ganization,

out on an TQ-Orbitrap\élos mass spectrometer and

changes in levels of only a few chromatin proteins

the MS/MS spectra were analyzed using SEQUESTIlike heterochromatin protein 1 (HP1) and methylated
software. 1-DE analysis was carried out with sampleshistones have been reported (Goldman €t2004;

from five biological replicates and the protein IDs

Columbaroet al., 2005; Chaturvedi and Parnaik,

from all the rounds were pooled together for analysis.2010). In our data, a number of proteins or protein

After removing duplicates, a total of 7742 protein
IDs were identified from GFP-tagged wild-type lamin

isoforms involved in chromatin structure,
chromosome condensation, nucleosome assembly

A expressing cells and 9660 protein IDs from mutant epigenetic modifications and centromergamization

Q294Pcells. From these, we obtained a total o121
protein IDs which were unique to GFP-tagged wild-
type laminA cells of which 996 proteins showed two
or more than two peptide hits. Similarly for cells
expressing GFP-tagged mutant Q2%4@tal of 4038

were detectable exclusively in either wild-type lamin
cells or lamin mutant Q294é&klls. These proteins
are listed iffables 2 and Alterations in expression
of centromeric proteins are consistent with the
aberrant localization of centromeres observed in

unique protein IDs were obtained out of which 2160 HGPS cells (@imenet al., 2009). Changes in

proteins showed two or more than two peptide hits
After removal of uncharacterized protein IDs (~25%
of total), 650 unique proteins from GFP-tagged wild-
type laminA cells and 1494 unique proteins from
GFP-tagged mutant Q294Rlls were obtainedhe

.expression of histone methyl transferases,
acetyltransferases and deacetylases are compatible
with alterations in gene expression due to histone
modifications observed in cells depleted of lamin B1
(Sadaie et al, 2013; Shah et al., 2013).

Venn diagram representation of this analysis is shown

in Fig. 3.

In our 2-DE protein profiles, we had observed
significant reduction in levels of lamin B1 and DDR

Telomere function requires a normal nuclear
lamina and dysfunctional, shortened telomeres have
been observed in HGPS and larAideficient cells
(Taimenet al., 2009; Gonzalez-Suarez et,a009;

proteins. Decline in expression of lamin B1 has beenDeckeret al., 2009). Our data showed that only lamin

associated with cellulaenescence in several human
and murine fibroblast cell lines (Shimi et al., 201
Freund et al, 2012) Cellular senescence generally

mutant cells expressed detectable levels of PIN2/
TRF-1 telomerase inhibitpwhose overexpression
leads to shortened telomeres (Zhatwal., 2003).

involves arrest of cellular proliferation and has been Earlier studies have shown that laminopathic cells

linked to cancer and ageingtii8uli that induce

cellular senescence include DNA damage,

exhibit a delayed response to DNA damage and
increased double-strand breaks (letual., 2005;

disoiganization of chromatin and shortened telomeresManju et al., 2006; Gonzalez-Suarezal., 2009),

(Campisi and d’Adda di Fagagna, 200Xxhough

which have been attributed to decreased levé&{$Rf

laminopathic mutations have been shown to havekinase and p53 binding protein (Gonzalez-Suarez et

Fig. 3: Mass spectometric analysis of pioteins from cells expessing
GFP-tagged laminA wild-type or Q294R Venn diagram
representation of numbers of poteins identified by 1-DE
and mass specmetry; numbers in brackets represent IDs
of characterized proteins with two or more peptide hits

al., 201; Muralikrishna et al, 2012). In the present
analysis, additional DNA repair proteins such as
replication proteirA, DNA mismatch repair protein
Msh 3, DNArepair protein XRCC3 anW/erners
helicase interacting protein 1 were not detected in
lamin mutant cells while certain other proteins
involved in DNA repair like histone H2AX, which is
phosphorylated at repair foci upon DNA damage
(Redonet al., 2002), and double-strand break repair
protein MRELA, MMS19 nucleotide excision repair
protein, UV excision repair protein RAD23-A and
DNA repair proein RAD51-1were detected only in
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lamin mutant cells @bles 2, 3)These alterations ligases and increased proteasomal degradation of key
are likely to contribute to the impaired DDR reported proteins in laminopathic cells (Chaturvedi and
previously in laminopathic cells (Liet al., 2005; Parnaik, 2010; Chaturveetial., 2012; Muralikrishna
Manjuet al., 2006; Gonzalez-Suarez et,a@2009). et al., 2012).We also observed changes in proteins
involved in mitogen-activated protein kinase
L (MAPK) signalling in both wild-type lamin and
has been tgbulated n _th's papee observed changgs mutant cells but did not detect MAPK kinase 6 which
in categories of proteins that were also altered in 2-Causes continual p38 MAPK activity and induces
DE protein profiles and these included hnRNPs, HSPSsenescence (Freumtlal., 2011); moreoverdecline

and cytoskeletal proteind.number of changes were of lamin B1 upon DNA damage has been reported to

also observed in comp'one.nts of jthe ubiquitin- be independent of this pathway (Freund et2012).
proteasome system, which is consistent with OUr'on the other hand, under conditions of oxidative

previous findings of upregulation of specific ubiquitin stress, p38 MAPK signalling has been reported to

In addition to the high throughput data which

Table 2: High thr oughput analysis of poteins that are detectable only in lamin wild-type cells

Accession no  Protein name Score Coverage Peptides MW pl
% kDa
Chromatin oganization
IP100890837  Structural-maintenance-of-chromosomes (SMC) protein 1 (1) 71.94 11.82 18 226.2 7.30
IP100411592 Chromodomain-helicase-DNA-BP3 (2) 104.4 7.68 11 222.7 7.52
IP100009286  Histone-lysine N-methyl transferase, mixed-lineage-leukemia (MLLR@LB7  1.97 5 431.5 9.09
IP100645162  SMC protein 1 (3) 9.51 7.35 4 85.9 6.70
IP100893552  Bromodomain-containing protein 2 8.86 5.71 3 67.2 9.09
IP100020985  Histone acetyltransferase p300 1529 1.66 3 264.0 8.50
IP100329216  DNA (cytosine-5)-methyltransferase 3A (1) 2235 461 3 101.8 6.57
IP100410716  Bromodomain-containing protein 3 (2) 1395 594 3 60.9 9.39
IP100552442  Centromere protein P 18.35 18.40 3 33.1 6.27
IP100445741  SMC-associated protein 1 5.37 2.45 2 104.8 6.1
IP100793392  MLL1/MLL subunit C170rf49 (3) 5.15 31.88 2 139 7.24
IP100552142  Centromere protein | (1) 4.77 3.31 2 86.7 8.76
IP100376404  Nucleosome-remodeling factor BPTF (4) 8.25 1.48 2 322.0 6.38
IP100018689  Centromere protein Q 8.46 9.70 2 30.6 9.42
DNA repair
IP100329605 DNA mismatch repair protein Msh3 21.22 6.95 5 127.3 8.02
IP100017373  Replication proteii\ 14 kD subunit 9.06 29.75 3 13.6 5.08
IP100023073  DNA repair protein XRCC3 1430 751 2 37.8 8.48
IP100642145  Replication proteil\ 32 kD subunit-like 7.89 56.73 2 1.1 6.27
IP100645459  Wernetls helicase interacting protein 1 (3) 565 5.39 2 49.5 8.28
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Table 3: High thr oughput analysis of poteins that are detectable only in lamin mutant cells

Accession no Protein name Score Coverage Peptides MW pl
% kDa
Chromatin oganization
IP100218500 Mixed-lineage-leukemia (MLL) (14P-18B) 56.21 3.46 8 4275 9.14
IP100023860  Nucleosome assembly protein 1-like 1 47.78 21.99 7 45.3 4.46
IP100173901  Histone-lysine N-methyltransferase, H3K36 and H4K20 (2) 13.82 3.05 5 267.2 8.51
IP100254408 Nucleosome-remodeling factor BPTF (2) 14.56 2.57 5 3249 7.08
IP100171252  Histone-lysine N-methyltransferase EZH2 (3) 13.52 7.50 4 81.0 7.12
IP100376481  Centromere proteil (3) 51.09 22.43 4 29.7 9.73
IP1I00953599  Histone acetyltransferase MYST2-like 22.48 13.12 4 51.4 8.92
IP100010158 Chromatin accessibility complex protein 1 13.22 34.35 3 14.7 5.10
IP100010388  Major centromere autoantigen B 7.01 4.84 2 65.1 4.55
IP100014266 = Bromodomain-containing protein 3 (1) 18.16 3.72 2 795 9.36
IPI00031519  DNA (cytosine-5)-methyltransferase 1(1) 5.38 221 2 189.4 8.02
IP100440728 Bromodomain-containing protein 4 (2) 4.82 3.05 2 80.4 8.62
IP100514649  Histone deacetylase 1 5.00 17.54 2 245 831
IP100619925 Centromere-associated protein E (3) 16.18 1.01 2 301.6 5.57
IP100645124  Histone deacetylase 8 isoform 2 9.10 9.79 2 319 5.97
IP100788136  Centromere protein O (2) 19.82 9.86 2 33.0 7.93
IP100807400  Structural-maintenance-of-chromosomes (SMC) protein 1B (2) 8.50 2.15 2 135.8 7.93
IP100893348  Centromere protein M 7.09 30.14 2 81 8.54
IP100922333  SMC 1-like protein 5.96 4.65 2 59.1 9.23
IP100941101 Histone-lysine N-methyltransferase SUV39H1 7.99 6.07 2 479 8.03
IP100945286  Histone-lysine N-methyltransferase EZH2 (5) 12.1 417 2 796 7.23
Telomere length
IP100297357  PIN2/TRF1-interacting telomerase inhibitor 1(1) 16.59 17.68 4 37.0 9.60
DNA repair
IPI00219037  Histone H2AX 423.7 53.15 8 151 10.7
IP100940798  Double-strand break repair protein MRIEAL(1) 43.68 10.88 6 80.5 5.90
IP100941928 MMS19 nucleotide excision repair protein homolog (1) 28.04 7.38 5 113.2 6.35
IP100008219 UV excision repair protein RAD23-A 13.64 10.74 3 39.6 458
IP100220649  DNA repair protein RAD51-1(2) 12.19 20.25 3 26.3 5.50
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increase lamin B1 levels and lead to nuclear shapeorganization, DNArepair and telomere length that

changes and senescence (Barasal, 2012)A few
antioxidant proteins were alsofgifentially detected
in wild-type lamin and mutant cell$hus our study

have not been reported in earlier proteomics studies
on cells misexpressing lami These results have
important implications for understanding the basis

has generated an exhaustive dataset that can bef tissue wasting and premature aging phenotypes in

analyzed in detail in future studies, to gain insights
into the functional importance of identified altered
proteins in laminopathic disease processes.

In summary our major finding from protein
profiling by quantitative 2-DE and high throughput
proteomic analysis is that expression of the EMD
lamin A mutation Q294 cells leads to decline in
lamin Bl levels accompanied by changes in

laminopathies.
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