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Abstract

Lamin A/C (LMNA) is an important component of the nuclear lamina. Mutations cause 

arrhythmia, heart failure, and sudden cardiac death. While LMNA-associated cardiomyopathy 

typically has an aggressive course that responds poorly to conventional heart failure therapies, 

there is variability in severity and age of penetrance between and even within specific mutations, 

which is poorly understood at the cellular level. Further, this heterogeneity has not previously 

been captured to mimic the heterozygous state nor have the hundreds of clinical LMNA mutations 

been represented. Herein, we have over-expressed cardiopathic LMNA variants in HEK cells and 

utilized state-of-the-art quantitative proteomics to compare the global proteomic profiles of 1) 

aggregating Q353K alone, 2) Q353K co-expressed with WT, 3) aggregating N195K co-expressed 

with WT and 4) non-aggregating E317K co-expressed with WT to help capture some of the 

heterogeneity between mutations. We analyzed each dataset to obtain the differentially expressed 

proteins (DEPs) and applied gene ontology (GO) and KEGG pathway analyses. We found a range 

of 162 to 324 DEPs from over 6000 total protein IDs with differences in GO terms, KEGG 

pathways and DEPs important in cardiac function further highlighting the complexity of cardiac 

*Correspondence: clander2@wisc.edu.
†These authors contributed equally to this work.

Disclosures
The patient-specific LMNA N195K iPS cells used in this study are from co-author Dr. Matthew R. Wolff who is also founder of Table 
Bluff Life Sciences LLC. Dr. Timothy J. Kamp was a consultant for Fujifilm CDI, Inc.

Supporting Information
This article contains supporting information.
Figure S1. Properties of lamin mutations.
Figure S2. Protein abundance correlation plots.
Figure S3 and S4. WebGestalt GO term and KEGG Pathways analyses.
Figure S5. List of DEPs important for cardiac function.
Figure S6. Cardiac relevant DEPs.
Figure S7. Validation immunoblots.
Figure S8. LC-MS/MS analysis parameters.
Table S1. Data for functional assays (XLSX)
Table S2. DEPs for Q353K vs WT (XLSX)
Table S3. Data for GO analysis (XLXS)
Table S4. Data for KEGG analysis (XLSX)
Table S5. DEPs for WT/Q353K vs WT (XLSX)
Table S6. DEPs for WT/E317K vs WT (XLSX)
Table S7. DEPs for WT/N195K vs WT (XLSX)

HHS Public Access
Author manuscript
J Proteome Res. Author manuscript; available in PMC 2024 July 02.

Published in final edited form as:
J Proteome Res. 2024 June 07; 23(6): 1970–1982. doi:10.1021/acs.jproteome.3c00853.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



laminopathies. Pathways disrupted by LMNA mutations were validated with redox, autophagy and 

apoptosis functional assays in both HEK 293 cells and in induced pluripotent stem cell derived 

cardiomyocytes (iPSC-CMs) for LMNA N195K. These proteomic profiles expand our repertoire 

for mutation-specific downstream cellular effects that may become useful as druggable targets for 

personalized medicine approach for cardiac laminopathies.
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Introduction

Lamin A/C, encoded by LMNA, is an intermediate filament protein that forms the nuclear 

lamina with a myriad of functions in nuclear membrane shape and stability, chromatin 

organization, and transcriptional regulation among others1. Mutations in LMNA cause 

several clinical phenotypes including lipodystrophy, progeria, muscular dystrophy and 

cardiomyopathy2. The cardiac disease phenotype is a devastating disease dominated by 

lethal ventricular arrhythmias and left ventricular failure often necessitating transplant 

or precipitating death3–7. While several structural and/or transcriptional pathophysiologic 

mechanisms have been described8, understanding of the arrhythmogenic and myopathic 

cellular pathogenesis remains limited, mainly due to the broad clinical phenotypic variability 

between families, the extensive number and types (missense, deletion, frame shift) of 

LMNA mutations and relatively small number of characterized laminopathy models9,10. 

Consequently, promising therapeutics have not translated to wide-spread clinical use 

and as of today no disease modifying therapy is available for patients with cardiac 

laminopathy11,12.

To address LMNA mutation genotype-phenotype correlations, we previously created a 

library of 178 LMNA mutations associated with phenotypes of skeletal muscular dystrophy, 

cardiac disease, premature aging and lipodystrophy spanning the five structural domains of 

the lamin A protein (4 coiled-coil domains (CCD)13 and C-terminal immunoglobulin-like 

domain (IgD))14 (Fig. 1). We quantified lamin aggregation and protein misfolding, finding 

most cardiomypathic LMNA variants formed aggregates, but ~48% did not and many 

variants did not cause significant misfolding15. This systematic study revealed that even 

within a single clinical phenotype (cardiomyopathy), a high degree of cellular phenotypic 

variability exists. Further, we broaden the proteomic data beyond current restricted reports 

that are unlikely to be physiologically representative of all cardiac laminopathies.

Much of the “omics” level understanding of laminopathies come from lmnaKO or lmnaH222P/

H222P mouse models16,17. These do not model the autosomal dominant nature of cardiac 

laminopathies nor the different aggregation propensities between mutants15,18. We suggest 

that cardiac laminopathy models which express both WT and mutant, include some 

aggregation-prone mutations, and include non-aggregating mutations will reveal more 

accurate cellular phenotypes and reveal new pathogenic mechanisms to therapeutically 

target.
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We broaden the understanding of inter-disease phenotypic variability here by characterizing 

the global proteomic changes from heterozygous overexpression (mutant and WT) of 

a non-aggregating (E317K)19,20 and two aggregating lamin A mutations (N195K and 

Q353K)4,21,22. We discovered that there was very little overlap in differentially expressed 

proteins (DEPs) between any of the mutations; many of which play important roles in 

cardiac function. Our global proteomic analysis also revealed several new cellular processes 

that are disrupted (e.g., ribosome and translation) and rediscovered several that have already 

been reported (i.e., autophagy11, apoptosis23, reductive stress24,25. The latter of which were 

validated using N195K patient induced pluripotent stem cell-derived cardiomyocyte cells 

(iPSC-CMs), demonstrating that cellular expression models identify disease pathways that 

can be new therapeutic targets26.

Materials & Methods

Plasmids

All constructs were generated using a pcDNA3-GFP lamin N195K template from Addgene 

(#32708), which was mutated back to WT to use as a template for mutagenesis using the 

QuikChange II XL kit (Agilent) to generate the Q353K and E317K mutations as previously 

reported15.

HEK 293 cell culture and transfection

HEK 293 cells (ATCC) were maintained in Dulbecco’s Modified Eagle Medium (DMEM) 

containing 1 g/L glucose, 1 mM sodium pyruvate, 4 mM L- glutamine, and 10% FBS. HEK 

293 cells of similar confluence (~90%) were transiently transfected with Lipofectamine 

2000 (Invitrogen) using a DNA/lipofectamine ration of 1:3 same as previously reported 

for comparisons15. Transfected cells were grown at 37 °C for 24 h before imaging or MS 

preparations. All cells were maintained in a humidified incubator at 37 °C and 5% CO2.

Immunoblot analysis

HEK 293 cells over-expressing each mutation were lysed 24 h after transfection and iPSC-

CMs were lysed after day 30 from the start of differentiation (beating started ~day 10) with 

NP40 buffer containing Halt protease inhibitor (ThermoFisher). The soluble fraction was 

collected after a 10 min spin at 16,000 × g, run on SDS-PAGE and analyzed by immunoblot 

as previously described15. The antibodies and dilutions used for the Western blots were 

anti-GFP-HRP at 1:1000 (Santa Cruz), anti β-actin-HRP at 1:2000 (Santa Cruz), rabbit 

anti-SCO1 at 1:2000 (Proteintech) and donkey-anti-rabbit-HRP at 1:7500 (ThermoFisher).

iPSC culture and cardiomyocyte differentiation

iPS cells (normal volunteer DF19-9-11T.H cells from WiCell Stem Bank and patient N195K 

iPSCs) were maintained on Matrigel-coated plates using StemFlex media (ThermoFisher) 

before differentiating. iPSC-CMs were maintained on Matrigel-coated 6-well plates in 

RPMI +B27 with insulin (ThermoFisher) until imaging and functional assay experiments. 

All cells were maintained in a humidified incubator at 37 °C and 5% CO2.
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For cardiomyocyte differentiation, 19-9-11 (control) and patient N195K iPSCs were 

differentiated as previously described15. In brief, iPSCs maintained on StemFlex/ Matrigel 

were dissociated into single cells and seeded onto Matrigel-coated six-well plates. Cells 

were cultured for ~5 days in StemFlex medium until they reached 100% confluence. The 

differentiation (Day 0) started with changing the medium to RPMI + B27 supplement 

without insulin and 6 μM CHIR99021 (Tocris Bioscience). After 24 h (Day 1), the medium 

was changed to RPMI +B27 without insulin. After 48 h (Day 3), media was changed to 

RPMI +B27 without insulin containing 5 μM IWP2 (Tocris Bioscience). After 48 h (Day 

5), the medium was changed to RPMI +B27 without insulin and then from day 7 and on 

maintained in RPMI +B27 with insulin. The differentiated cells (beating observed ~Day 10) 

were maintained with medium changes until Day 15 and then cryostored. Differentiated 

iPSC-CMs were purified by thawing and selecting in lactate medium (RPMI without 

glucose, B27 supplement, and 5 mM Sodium DL-lactate) for 10 days. iPSC-CMs were 

then maintained in RPMI +B27 until imaging or lysis post Day 30.

These studies of iPSCs were approved by the University of Wisconsin review board and 

abide by the Declaration of Helsinki principles.

Lamin A imaging and analysis

For HEK 293 cells, 24 h post transfection, live cells were imaged at 20× or 40× 

magnification using an EVOS FL Imaging System (ThermoFisher) that detected GFP tag 

fluorescence. The percentage of cells with lamin A aggregates were obtained by counting 

≥100 cells from different fields of view averaged over at least three transfections. All images 

analyzed were blinded except for WT to test the quality of the transfected cells (i.e., no 

cytotoxicity and normal WT-like levels). Results of these were then compared to previously 

reported results of HEK 293 cells transfected with only lamin A mutant constructs15. 

The mean +/− standard deviation of at least three biological replicates was calculated and 

one-way ANOVA with Tukey post hoc test was used to determine statistical differences 

between variants and WT (p < 0.05).

For iPSC-CMs, lactate purified iPSC-CMs (20 days post CHIR treatment) were plated 

on gelatin-coated coverslips for two days, washed 1× with PBS and permeabilized in 

P-solution (3% dextran and 12.5 μg/ml digitonin in PBS) for 6 min. P-solution was washed 

out once with PBS and then fixed with 90% cold methanol for 5 min. Cells were then 

washed 2× with PBS and blocked in B-solution (5% goat serum and 0.3% Triton X-100 

in PBS) for 30-min. 1:800 mouse anti-alpha-actinin (Sigma) and 1:500 rabbit anti-lamin 

A/C (Thermo Fisher) primary antibodies were added overnight at 4 °C, washed 3× with 

PBS, and then incubated with 1:1000 donkey anti-mouse Alexa Fluor 555 (RFP) and 1:2000 

goat anti-rabbit Alexa Fluor 680 (Cy5) secondary antibodies (Thermo Fisher) in B-solution 

for 30 min in the dark. iPSC-CMs were then washed 3× with PBS and coverslips sealed 

with Prolong antifade mountant (Thermo Fisher) before imaging on a Leica Microsystems 

SP8 confocal microscope. For nuclear shape measurements, iPSC-CM nuclei were stained 

with DAPI and Image J used to analyze nuclear area, nuclear aspect ratio (major axis/minor 

axis) and nuclear circularity (4π(area/perimeter2). The mean +/− standard deviation from 

100 nuclei was calculated and students t-test was used to determine statistical differences 
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between variants and WT (p < 0.05). Figures and statistical analyses were done in GraphPad 

Prism 10.

Plate reader functional assays

HEK 293 cells were grown to ~90% confluence in 48 well plates and equal amounts of 

WT and mutant plasmids were transiently transfected as described above and assayed 24 h 

later. For iPSC-CMs, 10,000 lactate purified CMs were plated on Matrigel coated 48 well 

plates and maintained for at least two days in RPMI +B27 media. The day of the assay, 

media was removed, and cells were resuspended in 100 μL of PBS and 100 μL of either 

ROS-Glo, Caspase-Glo or Autophagy HiBiT Reporter assay reagent (Promega, Madison, 

WI) according to manufacturer’s instructions. For ROS-Glo, cells were first incubated 

in hydrogen peroxide for 4 h in RPMI +B27. 100 μL of the reagent/cell mix was then 

transferred to a white-coated 96well plate and luminescent measurements were recorded on 

a Promega Glo-Max plate reader. The mean +/− standard deviation was calculated for each 

sample and one-way ANOVA with Tukey post hoc test was used to determine statistical 

differences between variants and WT (p < 0.05). Figures and statistical analyses were done 

in GraphPad Prism 10.

LC-MS/MS

WT plasmid (3 μg) or mutant plasmid co-expressed with WT plasmid (1.5 μg each) was 

transfected into HEK 293 cells using 60mm dishes (n=4) as described above. After 24 

h, cells were washed 2× with PBS, pelleted at 1000 × g for 5-min and lysed in 250 

μL of solubilization buffer (0.5% photocleavable 4-hexylphenylazosulfonate (AZO from 

Sigma)27,28 in 25 mM Tris-HCl pH 7.5). Cells were first boiled for 10 min, incubated 

for another 30 min at room temp and reduced with 10 mM TCEP. Cysteines were then 

alkylated with 20 mM chloroacetamide for 30-min and soluble fraction was then collected 

after a 5 min spin at 16,000 × g. Sample was then incubated overnight at 37 °C with ~1μg 

trypsin:50μg protein followed by 1 h of 302 nm UV light exposure to cleave the surfactant. 

Trifluoroacetic acid was then added to 0.1% to stop trypsinization and soluble material was 

then collected after a 5-min spin at 16,000 × g. Samples were then desalted using 100 μL 

C18 Ziptips (Pierce) according to manufacturer’s instructions and then vacuum dried. Dried 

pellets were then stored at −80 °C and resuspended in 25 μL 1% formic acid in water the day 

of analysis.

About 300 ng of peptide was injected onto an Ion Optics column (25 cm × 75 μm, C18 

1.6 μm) heated to 55 °C and separated using a gradient of 3–30% mobile phase B (0.2% 

formic acid in ACN) over 60 min followed by a 5-min gradient of 30–95% B using a 

flow rate of 300 nL/min. Eluting peptides were directly ionized via electrospray ionization 

(CaptiveSpray) using a capillary voltage of 1650 V, dry temp of 181 °C and dry gas of 3.0 

L/min. MS1 and MS2 spectra were taken from 100 to 1700 m/z using a timsTOF Pro Q-TOF 

(Bruker Daltonics) operating in diaPASEF mode29–31 with parameters shown in Fig. S8. The 

collision energy was ramped linearly as a function of the mobility from 59.0 eV at 1/K0 = 

1.6 Vs cm−2 to 19.99 eV at 1/K0 = 0.6 Vs cm−2.
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Data were processed using DIA-NN V18.1 software29,32. For database searches, a 

spectral library was created using the reviewed Homo Sapiens UniProt sequences (https://

www.uniprot.org, June 29, 2022). Carbamidomethyl (C) as a fixed modification and 

oxidation (M) and protein N-terminal acetylation were set as variable modifications. 1 

missed cleavage and 1 variable modification was allowed. The mass accuracy was set 

to 10 ppm. A 1% false discovery rate was used and match between runs was enabled. 

Otherwise, the DIA-NN parameters were not changed from their default values. Two-sample 

t-tests were performed in Perseus33 with p-values adjusted using the Permutation-based FDR 

(0.05) method. Protein abundance correlation plots for WT vs WT/mutant samples (n=4) are 

shown in Fig. S2.

Bioinformatic enrichment analysis of DEPs

Volcano plots were constructed using the webtool VolcaNoseR2 (https://

huygens.science.uva.nl/VolcaNoseR2)34. All proteins that met the p-value of 0.05 threshold 

were considered DEPs without a fold change threshold since our transfection efficiency 

was only ~50% and overexpression was only for 24 h. The WEB-based Gene SeT 

AnaLysis Toolkit (http://www.webgestalt.org)35 was used for functional enrichment analysis 

of DEPs. The over-representation method was used to analyze the Gene Ontology 

functional database for nonredundant biological processes, cellular composition, and 

molecular function. The KEGG Orthology-Based Annotation System (KOBAS) web 

tool (http://kobas.cbi.pku.edu.cn/home.do) was used to analyze the KEGG pathways 

database36. The clustered heatmap was generated using the Heatmapper web tool (http://

www.heatmapper.ca) using the average linkage clustering method and Euclidean distance 

measurement method37.

Results

Co-expressing WT partially corrects mutant lamin A aggregation

In addition to nuclear blebbing, we previously observed that ~50% of cardiopathic LMNA 

mutations also form nuclear aggregates upon homozygous expression (mutant alone) in 

HEK 293 cells15. However, myopathic laminopathies have autosomal dominant inheritance 

so we performed the same aggregation assay here for a small subset of 10 mutations upon 

heterozygous expression (mutant and WT) for comparison (example western blots are shown 

in Fig. S1). As shown in Fig. 2, A and B, nuclear aggregation remains a common feature for 

cardiomyopathic disease (e.g., Q353K), but for some mutations, (e.g., N195K and D357A) 

nuclear aggregation is decreased by WT co-expression (see also Table S1 and Fig. S1). 

Furthermore, we show that Q353K acts in a dominant-negative manner by interacting with 

and inducing WT aggregation (Fig. 2A). These results show that WT LMNA influences 

mutant LMNA aggregation and demonstrates the importance of co-expression of WT with 

mutant to resolve the physiologic cellular phenotype.

Q353K lamin A exhibits different proteomic changes compared to co-expression with WT

We sought to quantitatively determine the global proteomic profile of an aggregating 

mutant (Q353K)15,40, expressed alone compared to heterozygous expression with WT 

(Fig. 1). Proteins were extracted from HEK 293 cells expressing homomeric Q353K 
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lamin A or WT using a photocleavable anionic surfactant (Azo)27,28 and digested with 

trypsin. The resulting peptides were sequenced using reversed-phase liquid chromatography 

coupled to tandem mass spectrometry (LC-MS/MS) using trapped ion mobility spectrometry 

(TIMS) quadrupole time-of-flight (QTOF) mass spectrometry analysis operated in parallel 

accumulation-serial fragmentation (PASEF) mode41,42. 5,337 proteins (Fig. 3A) of which 

125 were down-regulated (padj < 0.05) and 25 were up-regulated (padj < 0.05) (Table 

S2) compared to WT lamin A. Protein abundances were high correlated (>0.88) between 

biological (n=4) and condition replicates (Fig. S2). This result gives us confidence that 

the observed DEPs are likely derived from biological perturbations rather than technical 

variations.

From this dataset of DEPs, we performed gene ontology (GO) of biological process, 

cellular component, and molecular function categories overrepresentation (Fig. S3 and 

Table S3) and a KEGG pathways analysis (Fig. S3 and Table S4) of the unique Entrez 

gene IDs shown in Table S2. We highlight the important cellular processes disrupted for 

down-regulated proteins in Fig. S3 such as autophagic mechanisms, AMPK signaling, RNA 

activity, and helicase activity, while up-regulated proteins were associated with chromosome 

organization, apoptosis, and ER stress (Fig. S4).

For comparison, we performed MS analysis of Q353K lamin A co-expressed with WT in 

HEK 293 cells and identified 6028 proteins (Fig. 3B) of which 128 were down-regulated 

(padj < 0.05) and 35 were up-regulated (padj < 0.05) (Table S5) compared to WT LMNA. 

From this dataset of DEPs, we performed the same GO (Fig. S3 and Table S3) and KEGG 

(Fig. S3 and Table S4) analyses and found similar cellular processes as that of homomeric 

Q353K. For example, down-regulated proteins were associated with autophagy and RNA 

processes (splicing and transport), while up-regulated proteins were associated with the 

spliceosome and proteolysis. Interestingly, the DEPs identified showed limited overlap (Fig. 

3C) despite overlap of overall cellular processes.

Non-aggregating E317K lamin A disrupts different cellular processes than aggregating 
Q353K

We previously identified that ~50% of LMNA variants associated with cardiomyopathies 

do not demonstrate cellular aggregates including E317K (Anderson 2021).15 Here, we 

performed quantitative global proteomics on non-aggregating E317K lamin A co-expressed 

with WT in HEK 293 cells to compare with aggregating Q353K above. We identified 

6028 proteins (Fig. 4A) of which 82 were down-regulated (padj < 0.05) and 117 were 

up-regulated (padj < 0.05) (Table S6) compared to WT LMNA. From this dataset of DEPs, 

we performed the same GO (Fig. S4 and Table S3) and KEGG (Fig. S4 and Table S4) 

analyses as described above. Here, the down-regulated proteins were most associated with 

disrupted cellular processes with up-regulated proteins showing no significant associations. 

Down-regulated proteins’ GO Terms for E317K were associated with RNA catabolism, 

translation initiation, protein localization to ER, and ribosome constituents. KEGG pathway 

associations included the ribosome, purine metabolism, and several pathways (metabolic, 

mRNA surveillance, ErbB signaling, and NF-κB signaling). Interestingly, non-aggregating 

WT/E317K DEPs showed little overlap with aggregating WT/Q353K (Fig. 4C).
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Aggregating N195K is more disruptive than Q353K and E317K.

We next investigated if the aggregating variant Q353K would behave similarly to another 

aggregating mutant N195K, despite that N195K was less aggregation-prone compared 

to Q353K in our previous study. Global quantitative proteomics of N195K lamin A co-

expressed with WT in HEK 293 cells identified 6029 proteins (Fig. 4B) of which 151 

were down-regulated (padj < 0.05) and 174 were up-regulated (padj < 0.05) (Table S7). 

From this dataset of DEPs, we performed the same GO (Fig. S4 and Table S3) and KEGG 

analyses (Fig. S4 and Table S4) and found many more changes in cellular processes than 

Q353K and E317K. For example, down-regulated proteins associated strongly with several 

ribosome functions and processes, RNA splicing, protein targeting and localization as well 

as metabolic and TNF signaling pathways, while up-regulated proteins associated with 

numerous processes and pathways including protein complex localization, mechanoreceptor 

differentiation, cell adhesion, as well as ATPase and motor activities. KEGG pathways 

include ribosome, protein processing in ER, tight junction, metabolic pathways, apoptosis, 

non-homologues end-joining and glutathione metabolism.

DEPs are enriched in cardiac function.

Overall, DEPs had surprisingly little overlap between mutations as shown in the Venn 

diagram in Fig. 4C and clustered heatmap in Fig. 4D despite some overlap in GO Terms 

and KEGG pathways, which is summarized in Fig. 5A. For example, all mutations disrupt 

RNA catabolism and the ribosome which has over two dozen associated proteins among 

the three mutations (Fig. 5B). DEPs also associate with different cellular phenotypes and 

downstream effects as seen between aggregating (e.g. Q353K) and non-aggregating (e.g. 

E317K) mutants. In general, aggregation causes more changes in processes related to 

protein and cellular homeostasis such autophagy, apoptosis, and ER stress response unlike 

the non-aggregating mutant. In contrast, non-aggregating E317K caused more changes in 

processes related to translation unlike aggregating mutants. Interestingly, WT/N195K, which 

only slightly aggregated in HEK cells and not observed in iPSC-CMs (Fig. 6D) had the 

largest number of DEPs and broadest impact altering the most processes. Finally, we 

observed upon over-expression in HEK cells that while all mutations impacted ROS, only 

those most aggregation prone impacted apoptosis and autophagy. These results help explain 

why genotype-phenotype correlations remain unclear for laminopathies. Perhaps a larger 

proteomic comparison of aggregating and non-aggregating mutations across a different 

region of lamin A/C might reveal more overlap between mutations.

Finally, a literature search revealed dozens of DEPs that have been reported to play an 

important role in cardiac (dys)function for each mutation listed in Fig. S5. To give just a few 

examples, FHL1 was down-regulated 35% in WT/Q353K and harbors mutations linked to 

Emery-Dreifuss muscular dystrophy (EDMD)43 and hypertrophic cardiomyopathy (HCM)44 

(Fig. S6). This highlights the cellular phenotypic overlap as EDMD is the most common 

clinical skeletal muscle phenotype of laminopathies and ~80% of skeletal muscle mutations 

aggregate including the two shown in Fig. 2B (Y45C and R101P)15. ECSIT was down-

regulated 50% in WT/E317K and leads to cardiac mitochondrial dysfunction when low 

levels are present in a mouse model (Xu 202145 (Fig. S6). Lastly, for WT/N195K, GAB1 

was down-regulated 34%, which leads to DCM with mitochondrial damage and apoptosis 
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when deleted (Zhao 201646. The alpha-actinin binding LDB3 was also down-regulated 

24% and reported to cause pediatric dilated cardiomyopathy (DCM)47 (Table S7). More of 

these examples are highlighted in Fig. S6, which reveal numerous potential responses that 

could have an impact on cardiac function either individually or cumulatively, which leads to 

cardiomyopathy.

Functional validation of MS results: increased apoptosis, reduced autophagy, and 
reductive stress

First, we performed some immunoblot validation of the proteomics results for the 

mitochondrial protein SCO1 (Synthesis of Cytochrome C Oxidase 1) involved in copper 

homeostasis and associated with cardiomyopathy48, which was up-regulated in E317K and 

N195K (Fig. 4A,B and D). Immunoblot analysis of HEK 293 cells overexpressing E317K 

and N195K both showed an increase in expression compared to WT (Fig. S7) In contrast, 

ACTB (β-actin), which was not differentially regulated (Fig. 4A and B), showed similar 

expression levels to WT for both mutations (Fig. S7).

To validate some of the GO and KEGG results, we performed three different functional 

analyses. First, we studied apoptosis since KEGG analysis showed that it was dysregulated 

in Q353K and N195K (Fig. 5A). Using Caspase 3/7 activity, we found that all mutations, 

when overexpressed as homozygotes in HEK 293 cells show an increase in activity as 

well as Q353K co-expressed with WT (Fig. 6A, Table S1). Next, since many DEPs 

were mitochondrial, and KEGG analysis showed changes in metabolism (e.g., glutathione 

metabolism and ATPase activity) (Fig. 5A), we studied redox activity by measuring 

the reactive oxygen species hydrogen peroxide. Fig. 6B and Table S1 shows that all 

homozygous and heterozygous expressed mutations exhibit decreased ROS levels indicating 

reductive stress, which has been reported as a feature of laminopathies25 and and potentially 

modulate for therapeutic benefit49. Last, our GO Term analysis demonstrated autophagy 

disruption for homozygous expression of Q353K. We performed an autophagic flux assay 

across all mutations and similarly found a small but statistically significant decrease in 

autophagy for Q353K when expressed alone (Fig. 6C and Table S1). This suggests that 

other mutations may also be a potential target for autophagy modulation, which has been 

demonstrated for the H222P mutation50.

Next, we wanted to validate some of our proteomics results using iPSC-CMs. We generated 

iPSC-CMs from a patient harboring N195K51 as well as from a normal volunteer (19-9-11) 

to serve as a control52. Immunofluorescence staining of lamin A/C and α-actinin of iPSC-

CMs plated on a 30um, 15° chevron pattern53 did not exhibit any nuclear aggregation 

or changes in sarcomere organization (Fig. 6D). This is consistent with our HEK 293 

overexpression results that showed co-expression of WT with N195K significantly reduced 

lamin A aggregation (Fig. 2B). However, the patient iPSC-CMs had smaller nuclei and 

abnormal nuclear shape (Fig. 6E and Table S1), which is a hallmark of laminopathies. 

Next, we performed the same immunoblot validation for SCO1, and found the N195K 

patient iPSC-CMs showed an increase in expression compared to 19-9-11 control iPSC-CMs 

relative to β-actin expression (Fig. S7). Finally, we found that the N195K patient iPSC-CMs 

showed an increase in caspase activity (i.e., apoptosis) (Fig. 6F and Table S1) as well as 

Anderson et al. Page 9

J Proteome Res. Author manuscript; available in PMC 2024 July 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



decreased levels of hydrogen peroxide (Fig. 6G), like our HEK 293 over-expression model. 

Together, these results suggest that HEK 293 over-expression is a relatively simple and 

useful model for laminopathy proteomics studies as well as some functional analyses.

Discussion

This study highlights that different LMNA mutations have multiple downstream effects 

and cellular phenotypic expressions with mutation-specific proteomic profiles that have 

overlapping effects on similar cellular processes. We hypothesized that a higher degree of 

convergence between mutations would be present. We also identified multiple knowledge 

gaps of specific downstream effects and our ability to resolve upstream modulators. 

Moreover, the relatively small number of characterized variants in the literature to date may 

have resulted in disease oversimplification and missed therapeutic targets for ameliorating 

cardiac laminopathies. Our study starts to unravel a number of these possible targets. Finally, 

we validate other targets that have been previously reported and therapeutically targeted, 

showing that this data-driven overexpression model approach is a valuable starting point.

DNA and RNA damage

DNA and RNA transcript damage has been recognized for several mutations with disruption 

of the nuclear lamina. For example, LMNA N195K mouse muscle fibers exhibit DNA 

damage comparable to LMNA KO mice, while damage to lmnaH222P/H222P mice was 

less severe54. Our KEGG and GO Term analyses showed disruptions in DNA processes 

including non-homologous endjoining, the major DNA break repair pathway, for N195K. 

RNA processes were also disrupted including RNA catabolism for all mutations, mRNA 

surveillance for E317K and RNA splicing for Q353K and N195K. To highlight just one 

protein, the RNAPIII regulator MAF1, down-regulated 50% in Q353K, was shown to 

ameliorate cardiac hypertrophy through ERK1/2-signaling, which has been implicated and 

targeted for LMNA-cardiomyopathy55,56. Further, dysregulation of chromosome regulation 

is a pathological feature of laminopathies57, which we observed with N195K.

Ribosomal Disruption

Perhaps the most strikingly disrupted processes we observed from our proteomics data is 

the ribosome. There were 16 ribosomal proteins (two are mitochondrial) and another 6 

important in its biogenesis that were down-regulated in one or more of the mutations (e.g., 

RPLP1, RPL15, RPL27A by 30%). A systematic knockdown analysis of ribosomal proteins 

in human cells revealed altered expression of genes involved in cellular metabolism, signal 

transduction and development58. This is interesting as alternative fate protein synthesis has 

also been reported for isolated LMNA mutations59. Numerous ribosomopathies have been 

described as well and ribosomal protein deficiencies exhibit cardiomyopathy in a Drosophila 

model, so this might be an underappreciated laminopathic mechanism to target60.

Autophagy and apoptosis

We found DEPs involved in proteostasis and cellular homeostasis (i.e., ER stress, ubiquitin-

mediated proteolysis, autophagy, apoptosis) mostly for the aggregation prone Q353K and 

N195K LMNA mutations (Fig. S7B) but also for E317K where the ubiquitous E2 ligase 
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(UBE2I) was down-regulated ~30%. UBE2I is involved in SUMOylation (small ubiquitin 

like modifiers) that regulates lamin degradation which is lost in cardiac laminopathies61. 

A deletion LMNA mutation associated with DCM has also been shown to cause ER stress 

with abnormal Ca2+ handling so this might be a common mechanism for a subset of 

mutations62. Dysfunctional autophagy has long been recognized with laminopathies but may 

not be universally strong for all mutations. We found that the important autophagy protein 

ULK-1 is down-regulated by ~40% in Q353K which also had reduced autophagic flux. 

However, this change was small and only seen with homozygous Q353K expression and 

so it is unclear if there is a biologically meaningful effect. Further validation studies in 

iPSC-cardiomyocytes with heterologous expression of Q353K would address this and if so, 

autophagy reactivation strategies might benefit select mutations like Q353K (and reported 

H222P)50 but may not be a feature for all cardiac laminopathies. Increased apoptosis has 

also been implicated in a E82K mouse model23 and several iPSC-CM models (e.g., R377H) 

of laminopathic DCM63. Similarly, our proteomic analysis revealed up-regulation of several 

apoptotic proteins in N195K and Q353K but not in E317K again suggesting subsets of 

apoptosis prone mutations.

Mitochondrial dysfunction and redox homeostasis

Mitochondrial dysfunction and redox homeostasis (i.e., oxidative and reductive stress) are 

thought to be features of laminopathies25,64–67. For mitochondrial function, our proteomic 

data revealed dysregulation of several important proteins for all mutations including: 1) 

the mitochondrial ATPase subunits MT-ATP8 and ATP5MF are down-regulated ~30% in 

N195K, 2) the membrane transporter TOMM22 and complex 1 subunit NDUFS8 are down-

regulated ~25% in Q353K, 3) ECSIT, an assembly factor for mitochondrial complex 1 and 

cardiac function, was down-regulated ~50% in E317K and deficiency impairs oxidative 

phosphorylation (OXPHOS) and ATP production45). For oxidative stress, the superoxide 

dismutase (SOD2), an important mitochondrial protein that scavenges ROS and an indicator 

of DCM68 outcomes is up-regulated 1.5× in N195K. In contrast, LANCL1, which 

catalyzes conjugation of glutathione to substrates in the oxidative stress response is down-

regulate 50% in N195K. The protease LONP2, an important component of mitochondrial 

quality control, is down-regulated by ~50% in Q353K and deficiency negatively affects 

mitochondrial gene expression, OXPHOS and consequently protection against oxidative 

stress69. Finally, peroxiredoxin (PRDX6), which is implicated in cardiovascular disease70, 

was one of only two down-regulated DEPs identified for all three mutations. This result 

is surprising since PRDX6 eliminates peroxide and other peroxide eliminating enzymes 

like catalase and glutathione peroxidases showed no changes. However, redox regulation 

is complex with dozens of enzymes involved in peroxide formation which may offset the 

PRDX6 changes, which were a small 15–25% reduction across all three mutations and 

may not be a significant factor. All mutations studied were under reductive stress in our 

functional analysis suggesting common redox mechanisms that may offer therapeutic targets 

for modulation24,49.

Signaling pathways

Finally, disruption in various signaling pathways is an important feature of cardiac 

laminopathies and the basis for some lamin-specific treatments. Our proteomic dataset 
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revealed changes in signaling pathways such as NFκB, a mechanical stress responsive 

transcription factor, is dysregulated in E317K in our dataset as well as HEK 293 

laminopathy model of I373V71, lmnaKO mouse model72, lmnaH222P/H222P mouse model73, 

DCM-linked D300N mouse model74 and premature aging mouse model75. Another example 

is AMPK, a master regulator of cellular energy metabolism, which was dysregulated in 

our Q353K dataset as well as in human muscle tissue for the G449V-linked laminopathy76. 

These processes and pathways are not mutually exclusive with interplay between most77. 

For example, mutations that aggregate or perturb ER homeostasis could trigger proteasomal, 

apoptotic, and/or autophagic pathways for which there is crosstalk78. Scaffolding proteins 

are another example that can have numerous effects including contractility, signaling and 

apoptosis when dysfunctional. Indeed, we found two scaffolding proteins GAB1 and BNIP2 

to be down-regulated 34% and 53%, respectively in N195K. The former leads to DCM in a 

knockout mouse with mitochondrial dysfunction and CM apoptosis46, while the latter shows 

reduced contractile force in depleted iPSC-CMs79. Further, the sarcomere protein FHL1 

implicated in several myopathies including EDMD with cardiac disease was down-regulated 

35% in Q353K43. These examples highlight just some of the dozens of dysregulated proteins 

important in cardiac function we found from our relatively small proteomic analysis.

Limitations

We recognize that there are some limitations in the overexpression model used. First, 

differentiated cells express lamin A/C but nuclear proteomes can differ80 and therefore the 

effect of LMNA mutations may be different in cardiac cells. Second, HEK 293 cells may 

not reflect ion channels and Ca2+ handling proteins as cardiac cells. Ca2+ mishandling 

is a prominent feature in heart failure for laminopathies81–83 and intracellular Ca2+ 

dysregulation is a central component for both atrial fibrillation, ventricular tachycardia and 

ventricular fibrillation66,84,85. Thus, the identification of upstream modulators of key Ca2+ 

handling proteins remain important targets for cardiac laminopathy disease modulation. 

We are actively working on resolving this with additional studies in iPSC-cardiomyocyte 

models. Fourth, variability in lamin A expression levels between mutations may introduce 

some noise unrelated to their pathogenesis. However, as shown in the volcano plots, 

WT/N195K and Q353K alone had only slight 1.1- and 1.3-fold increases in lamin A 

levels compared to WT, respectively. Finally, the short expression time in HEK 293 

cells may underrepresent chronic changes such as autophagy, which was decreased with 

the most aggregation prone condition (Q353K alone) but may present over a longer 

time course. However, this model identifies important cardiac relevant DEPs that may 

provide new clues to the downstream temporal changes seen early in the disease process 

and may represent early drug targets. These early markers may also have identified 

underappreciated mechanisms including ribosome and mitochondrial dysfunction that may 

ultimately contribute to the downstream effects seen in heart failure. Nevertheless, the 

results reported herein serve as a good starting point for identifying new laminopathic 

mechanisms to validate and potentially test in an isogenic iPSC-CM laminopathy model 

(e.g., reductive stress, apoptosis and autophagy identified herein for N195K).
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Conclusions

In this study we identify LMNA mutation-specific proteomic profiles that shared similar 

downstream effects including DNA/RNA damage, ribosomal disruption, faulty apoptosis/

autophagy, mitochondrial damage and signaling disruption. Uniquely, while the downstream 

pathways were similar, each mutation had DEPs that were mutation specific and modified 

upon co-expression with WT. We reaffirmed some known cellular downstream effects of 

LMNA mutations while identifying strong early markers that have not previously been 

recognized. Importantly, our proteomic profiles were validated with functional studies and 

in patient-specific iPSC-CMs to further strengthen our findings. Overall, this study expands 

our repertoire for mutation-specific downstream cellular effects that may become useful as 

druggable targets for personalized medicine approaches for cardiac laminopathies.
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Fig. 1. 
Schematic of experimental design and analysis. GFP-tagged lamin A mutants were 

expressed in HEK cells and imaged for aggregation, functional and mass spectrometry 

analyses for comparisons. CCD; Coiled coil domain, IgD; immunoglobulin-like domain, 

iPS-CM; induced pluripotent stem cell-derived cardiomyocytes, LC-MS/MS; liquid 

chromatography tandem mass spectrometry, DEP; differentially expressed proteins. Some 

images obtained from BioRender.com.
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Fig. 2. 
LMNA aggregation analyses. Imaging of GFP-lamin A over-expressed in (A) HEK 293 cells 

showing nuclear aggregation (arrows) for Q353K co-expressed with WT compared to WT 

alone. (B) Percentage of cells containing nuclear aggregates for mutants co-expressed with 

WT (color coded by clinical phenotype) compared to our previously published mutant alone 

data15. Error bars represent mean ± SEM of biological replicates. *p < 0.05.
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Fig. 3. 
Proteomic changes comparing homomeric over-expression of Q353K lamin A and 

heteromeric WT/Q353K lamin A in HEK cells versus WT. Volcano plots showing all 

proteins identified with DEPs (padj < 0.05) in purple and green for (A) homomeric and (B) 

heteromeric WT/Q353K compared to WT. Examples highlighted are discussed and cited. 

(C) Venn diagram comparing DEPs from homomeric Q353K and heteromeric WT/Q353K 

datasets.
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Fig. 4. 
Proteomic changes comparing heteromeric over-expression of WT/Q353K, WT/E317K, 

and WT/N195K lamin A in HEK cells versus to WT. Volcano plots showing all proteins 

identified with DEPs (padj < 0.05) in purple and green for (A) WT/E317K and (B) 

heteromeric WT/N195K versus WT. Examples highlighted are discussed and cited. (C) 

Venn diagram comparing DEPs from the three heteromeric datasets. (D) Heatmap of the 

overlapping DEPs. The outlier POTEF’s values were capped at two to reduce washout.
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Fig. 5. 
Summary of GO Term and KEGG analyses. (A) GO Terms (black) and KEGG pathways 

(red) associated with up-regulated (up arrow) and down-regulated (down arrow) proteins 

from each proteomic dataset are categorized into six similar groups. (B) All DEPs involved 

in ribosomal function and highlighted for each dataset.
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Fig. 6. 
Functional analysis of laminopathic mutations. (A) Caspase 3/7 activity in HEK 293 cells 

as a measure of apoptosis. (B) Hydrogen peroxide levels in HEK 293 cells as a measure 

of redox state. (C) Autophagic flux levels (inversely proportional to flux) in HEK 293 

cells. (D) Lamin A/C and α-actinin staining of iPSC-CMs from control 19-9-11 and patient 

N195K iPSC-CMs. Inset shows DAPI staining examples used for the three nuclear shape 

measurements in (E). (F) Caspase 3/7 activity in iPSC-CMs. (G) Hydrogen peroxide levels 

in iPSC-CMs. Error bars are mean ± sd of biological replicates (*p < 0.05).
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