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Gene expression profiling of fibroblasts in a
family with LMNA-related cardiomyopathy
reveals molecular pathways implicated in
disease pathogenesis
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Abstract

Background: Intermediate filament proteins that construct the nuclear lamina of a cell include the Lamin A/C
proteins encoded by theLMNAgene, and are implicated in fundamental processes such as nuclear structure, gene
expression, and signal transduction.LMNAmutations predominantly affect mesoderm-derived cell lineages in
diseases collectively termed as laminopathies that include dilated cardiomyopathy with conduction defects,
different forms of muscular dystrophies, and premature aging syndromes as Hutchinson-Gilford Progeria Syndrome.
At present, our understanding of the molecular mechanisms regulating tissue-specific manifestations of
laminopathies are still limited.

Methods: To gain deeper insight into the molecular mechanism of a novelLMNAsplice-site mutation (c.357-2A >
G) in an affected family with cardiac disease, we conducted deep RNA sequencing and pathway analysis for nine
fibroblast samples obtained from three patients with cardiomyopathy, three unaffected family members, and three
unrelated, unaffected individuals. We validated our findings by quantitative PCR and protein studies.

Results:We identified eight significantly differentially expressed genes between the mutant and non-mutant
fibroblasts, that included downregulated insulin growth factor binding factor protein 5 (IGFBP5) in patient samples.
Pathway analysis showed involvement of the ERK/MAPK signaling pathway consistent with previous studies. We
found no significant differences in gene expression for Lamin A/C and B-type lamins between the groups. In
mutant fibroblasts, RNA-seq confirmed that only theLMNAwild type allele predominately was expressed, and
Western Blot showed normal Lamin A/C protein levels.

(Continued on next page)

© The Author(s). 2020Open AccessThis article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visithttp://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence:tnordenk@uci.edu; mzaragoz@uci.edu
†Halida P. Widyastuti and Trina M. Norden-Krichmar contributed equally to
this work.
2Department of Epidemiology, University of California, Irvine, School of
Medicine, 3062 Anteater Instruction and Research Building, Irvine, CA
92697-7550, USA
1UCI Cardiogenomics Program, Department of Pediatrics, Division of Genetics
& Genomics and Department of Biological Chemistry, University of California,
Irvine, School of Medicine, 2042 Hewitt Hall, Irvine, CA 92697-3940, USA
Full list of author information is available at the end of the article

Widyastutiet al. BMC Medical Genetics         (2020) 21:152 
https://doi.org/10.1186/s12881-020-01088-w

http://crossmark.crossref.org/dialog/?doi=10.1186/s12881-020-01088-w&domain=pdf
http://orcid.org/0000-0002-3459-9002
http://creativecommons.org/licenses/by/4.0/


(Continued from previous page)

Conclusions:IGFBP5may contribute in maintaining signaling pathway homeostasis, which may lead to the
absence of notable molecular and structural abnormalities in unaffected tissues such as fibroblasts. Compensatory
mechanisms from other nuclear membrane proteins were not found. Our results also demonstrate that only one
copy of the wild type allele is sufficient for normal levels of Lamin A/C protein to maintain physiological function in
an unaffected cell type. This suggests that affected cell types such as cardiac tissues may be more sensitive to
haploinsufficiency of Lamin A/C. These results provide insight into the molecular mechanism of disease with a
possible explanation for the tissue specificity ofLMNA-related dilated cardiomyopathy.

Keywords:LMNAgene, Lamin, Laminopathies, Cardiomyopathy, RNA sequencing,IGFBP5gene, Fibroblasts, Gene
expression, Signaling pathway

Background
The Lamin A/C (LMNA) gene encodes for Lamin A and
Lamin C proteins that, along with Lamin B1 and Lamin
B2, form an intricate intermediate filament protein
meshwork termed the nuclear lamina (NL) and play im-
portant roles in maintaining nuclear structure and stabil-
ity and in fundamental nuclear functions [1–3]. Lamins
A and C proteins are products of alternative splicing of
the LMNA gene. Lamin A is produced from all twelve
exons of the gene, while Lamin C is the product of only
ten exons. In vivo, Lamin A is produced as prelamin A
and undergoes extensive post-translational processing of
the C-terminus to become mature Lamin A protein
while Lamin C is produced as mature protein [4]. Aside
from conveying structural integrity to the nucleus [5],
nuclear lamina proteins associate with heterochromatin
[6], modulate gene expression by sequestering transcrip-
tion factors to the nuclear periphery [7], regulate cell
cycle progression [8], and regulate molecular signaling
such as ERK/MAPK and Wnt Beta-Catenin pathways
[9–11]. The diverse roles of the nuclear lamina proteins
underscore their importance in maintaining proper cel-
lular function in an organism.
Despite having common functional roles, the expres-

sion patterns of Lamin A/C, Lamin B1, and Lamin B2
are different [12]. Lamin A/C expression is absent in hu-
man and mouse embryonic stem cells but increases once
these cells are induced to differentiate [13]. In contrast,
Lamin B1 and Lamin B2 expression are ubiquitous
throughout development. Lamin B1 is highly expressed
in the embryo and its expression persists throughout de-
velopment [14]. Similarly, Lamin B2 is expressed early
during development, and its expression remains ubiqui-
tous during development [15]. Additionally, Lamin A/C
expression levels vary among differentiated cell types.
They are more highly expressed in multinucleated cells,
such as cardiomyocytes, compared to mononucleated
cells, such as fibroblasts [12, 16, 17].
Although Lamin A/C is expressed in most differentiated

cell types, LMNA mutations predominantly affect
mesoderm-derived cell lineages in diseases collectively

termed as laminopathies. Laminopathies range from di-
lated cardiomyopathy (DCM) with conduction defects
[18–20] and different forms of muscular dystrophies, such
as Emery-Dreyfus Muscular Dystrophy (EDMD) [21–23]
and Limb Girdle Muscular Dystrophy type 1B (LGMD1B)
[24], to severe disease characterized by premature aging
such as Hutchinson-Gilford Progeria Syndrome [25, 26].
LMNA-related DCM with conduction defects is one of the
most common forms of inherited dilated cardiomyopathy,
second only to DCM associated with mutations in sarco-
mere protein genes [27, 28], with an estimated 5 to 10% of
cases associated with a heterozygous LMNA mutation
[29–31]. Current hypotheses for how LMNA mutations
give rise to diseases limited to cardiac tissues include the
mechanical defect and the gene expression hypotheses
[32]. The mechanical defect hypothesis proposes that
LMNA mutation compromises the structural integrity of a
cell, subsequently causing the cells to be more prone to
necrosis leading to diseases [33]. The gene expression hy-
pothesis proposes that LMNA mutation impairs the NL
structure which leads to aberrant epigenetic modification,
abnormalities in signaling transduction and ultimately af-
fecting proper gene expression [32, 34]. As of now, it re-
mains unclear which of these mechanisms is the main
cause of LMNA-related cardiomyopathy.
We recently identified a novel splice-site mutation in

the Lamin A/C gene, LMNA c.357-2A > G
(p.N120Lfs*5), in a multigenerational family with DCM,
heart failure, and sudden death [35]. In this study, we
performed RNA sequencing (RNA-seq) to test the hy-
pothesis that the splice-site mutation in the LMNA gene
is associated with altered expression of genes that played
a significant role in the nuclear lamina structure and
function. By deep RNA-seq of patient and control fibro-
blasts, we evaluated expression of Lamins A and C,
tested for aberrant splicing of LMNA transcripts, and al-
tered ratio of LMNA transcript variants. We also sought
to determine any compensatory mechanism by Lamin
B1 and/or Lamin B2 in response to the mutation.
We further expanded the analyses to examine the

most significantly differentially expressed genes across
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the genome, and determine potential pathways af-
fected by the LMNA mutation or other genes and
pathways influencing the observed phenotype. Surpris-
ingly, from the RNA-seq data we did not find any
significant differential expression for the Lamin iso-
forms between the sample groups. However, we found
plausible genes and pathways that may contribute to
the cardiomyopathy phenotype that we observe in this
family. Our study highlighted tissue specificity as a
major feature of the novel heterozygous LMNA
splice-site mutation as evidenced by the lack of
changes in nuclear lamina gene expression and ab-
sence of aberrant splicing events in patient fibroblasts.
The study conducted here laid the foundation for fu-
ture disease modeling studies in cardiomyocytes to
elucidate on the molecular mechanism of the novel
LMNA splice-site mutation.

Methods
Fibroblast collection
Nine primary fibroblast cell lines were cultured from
skin biopsies (Table 1) as previously described [35].
These included cells from six family members: three af-
fected individuals (Patient 1–3) heterozygous for the
LMNA splice-site mutation and three unaffected individ-
uals (Control 1–3) who do not have the LMNA splice-
site mutation. To serve as Unrelated Controls (U), fibro-
blast cells from three healthy individuals were obtained
from biorepositories (U1: Lonza CC-2511; lot#:
0000352805; U2: Lonza CC-2511; lot#: 0000293971; U3:
Coriell Institute ND31845). To confirm the LMNA
genotype, genomic DNA (gDNA) was extracted from Pa-
tient, Control, and Unrelated Control fibroblasts and
evaluated by Sanger sequencing of the 12 LMNA exons
as previously described [35]. The LMNA genotype for

each sample was also confirmed by examining the RNA-
seq data.

RNA-seq
Total RNA from Patient, Control, and Unrelated Control
fibroblasts (at passage 7) was isolated and quantified as
described [35]. RNA-seq studies were conducted on total
RNA (3 to 7 � g) at DNA Link USA, Inc. (San Diego,
CA) using poly-A RNA enrichment and library prepar-
ation. RNA libraries were sequenced as 75 bp paired-end
runs with at least 100 million reads per sample on an
Illumina NextSeq 500 platform (Additional File 1: Table
S1). The raw RNA-seq data (fastq) was stored and trans-
ferred using the BaseSpace Sequence Hub (Illumina, San
Diego, CA).

Bioinformatics analysis
Quality control, alignment, and differential expression (DE)
RNA-seq data was first examined for quality using
FastQC software [36]. Reads were filtered out due to low
quality. Low quality bases at the 3′ and/or 5′ ends of the
reads were trimmed. The reads that pass the quality fil-
tering were aligned to the human reference genome
(GRCh37/hg19) with TopHat2 alignment software [37].
The average overall read mapping rate was 90.1% and
average concordant pair alignment rate was 85.5% (Add-
itional File 1: Table S1). DE analysis was performed with
the Cufflinks software [38, 39], using upper quartile
normalization between the data files. Normalized DE
genes between the groups were filtered for absolute fold
change �1.5, Fragments Per Kilobase of transcript per
Million mapped reads (FPKM) � 1, and that were signifi-
cant at false discovery rate (FDR)-adjusted p-value �0.05.
DE of isoforms was provided by cufflinks/cuffdiff2 soft-
ware to distinguish between the expression of Lamin iso-
forms. From this list of significantly DE genes, we
further filtered the list to include only DE genes that
were expressed similarly between the Unrelated and Pa-
tient groups and between the Control and Patient
groups. Our rationale to filter the genes using these pa-
rameters was to find genes that potentially were affected
by the LMNA splice-site mutation. We reasoned that DE
genes that were shared between Control and Unrelated
groups were due to intrinsic gene expression differences
and not due to the mutation. By looking only at genes
that were at the intersection of Unrelated vs. Patient and
Control vs. Patient groups, we narrowed down the can-
didate genes to those that potentially were affected by
the mutation.

Visualization and pathway analysis
Heatmaps of the gene expression in FPKM values of the
most highly DE genes were constructed with cummeR-
bund [40]. Heatmaps were clustered by rows, where each

Table 1 Fibroblast cell samples that were RNA sequenced (N=
9)

Identification Lamin A/C
Genotype*

Age (years) at
Cardiomyopathy
Diagnosis

Age (years)
at Skin
Biopsy

Patient 1 (P1) +/� 36 38

Patient 2 (P2) +/� 58 62

Patient 3 (P3) +/� 61 70

Control 1 (C1) +/+ – 49

Control 2 (C2) +/+ – 69

Control 3 (C3) +/+ – 68

Unrelated Control 1 (U1) +/+ – 40

Unrelated Control 2 (U2) +/+ – 51

Unrelated Control 3 (U3) +/+ – 73

*+/+ homozygous normal allele; +/− heterozygousLMNAsplice-site mutation
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row contained the gene expression of a particular gene.
Lamin isoforms were visualized in heatmaps along with
any other genes of interest. To detect allelic expression
of Lamin A/C transcripts, we used the Integrative Gen-
omics Viewer (IGV) software [41] to visualize the distri-
bution of alleles in mapped reads at rs538089 in Exon 5
and rs4641 in Exon 10 for samples found to be heterozy-
gous by Sanger sequencing of gDNA [35]. Finally, In-
genuity Pathway Analysis (IPA) software (Qiagen,
Hilden, Germany) was used to determine the top canon-
ical pathways and visualize the significant networks.

qPCR validation of RNA-seq results
Quantitative PCR (qPCR) assays were performed to val-
idate RNA-seq results for Lamin A, Lamin C, Lamin B1,
Lamin B2, and IGFBP5. cDNA was synthesized using
QuantiTect Reverse Transcription Kit (Qiagen) from
Unrelated, Control and Patient RNA samples. 100 ng/� l
cDNA was used as the reaction template with 10 � M of
pre-designed Kicqstart forward and reverse primer pairs
(Sigma Aldrich, St. Louis, MO) specific to Lamin A and
Lamin C, 10 � M of independently designed primer pairs
for Lamin B1, Lamin B2, and IGFBP5 (Integrated DNA
Technologies, San Diego, CA), and SYBR green dye
along with the necessary reaction components (KAPA
Biosystems, Wilmington, MA). The reaction was run in
three technical replicates for each sample. Comparative
Ct (� Ct) method was used to determine relative quanti-
tative gene expression (QGE) [42, 43]. Beta Actin
(ACTB) was used as the housekeeping gene. Statistical
analysis was performed using One-Way ANOVA
followed by Tukey post hoc test to determine statistical
significance between groups. P values less than 0.05 were
considered statistically significant. Primer sequences
used for validation are provided in Additional File 1:
Table S2.

Lamin A/C protein level validation
Patient, Control and Unrelated Control fibroblasts were
grown to confluency, harvested using TrypLE Select 1X
(Thermo Fisher Scientific, Waltham, MA), and lysed
using cold RIPA buffer supplemented with protease in-
hibitors cocktail (Sigma-Aldrich, Saint Louis, MO). Pro-
tein concentration was quantified using Pierce™ BCA
Protein Assay Kit (Thermo Fisher Scientific). 50 � g of
total protein lysate along with protein ladder were run
on a Bolt™ 4–12% Bis-Tris Plus Gels (Thermo Fisher Sci-
entific) under denaturing conditions followed by wet
transfer. Target protein was detected using a primary
antibody for Lamin A/C (sc-376248, Santa Cruz Biotech-
nology, Dallas, TX), at 4 °C overnight followed by incu-
bation with secondary antibody conjugated to HRP (1:
5000, Abcam, Cambridge, UK) for one hour at room
temperature. Beta Actin was used as loading control.

Protein visualization was conducted using iBright
FL1000 Imaging System and relative quantification of
protein bands was performed using ImageJ [44].

Results
Expression variability in samples within and between
groups
In this study, we used whole transcriptome DE analysis
to investigate the genes and pathways related to LMNA-
related cardiomyopathy. Differences between the gene
expression in the pooled sample groups (Unrelated,
Control, Patient) were observed by plotting the top DE
genes (Fig. 1, left panel). By plotting gene expression by
replicate, we observed variation within each sample
group (Fig. 1, right panel) and found that Patient and
Control groups were more similar to each other, com-
pared to samples in the Unrelated Control group. The
heatmaps show the heterogeneity between the samples,
where the overall trend was that gene expression pattern
of the Patient group was more similar to that of the
Control group.

Unaltered NL-associated gene and protein expression in
patient fibroblasts
Because we hypothesized that the expression of the
LMNA isoforms may be influenced by the LMNA muta-
tion in the patient samples, we examined the expression
of the LMNA isoforms individually (Fig. 2). As seen in
the heatmap and RNA-seq data (Fig. 2a, Additional File
1: Table S3), although the patients have the LMNA mu-
tation we did not see significant DE between the sample
groups for the LMNA isoforms. Next, we investigated
whether the predicted exon skipping and aberrant spli-
cing occurred in patient samples by examining the
aligned sequences across the LMNA transcript. Here, we
observed sequence alignment that corresponds to the
presence of exon 2 of LMNA transcript and similar read
coverage across all of the LMNA exons for each patient
sample (Additional File 2: Figure S1). Therefore, our
data is consistent with the lack of exon skipping and ab-
errant splicing in mutant fibroblasts. We confirmed the
RNA-seq data for the nuclear lamina associated genes
using qPCR and found no statistically significant differ-
ences in Lamin A and Lamin C (Fig. 2b) as well as
Lamin B1 and Lamin B2 expression between all sample
groups (Additional File 2: Figure S2). Validation by
Western Blot showed that the amount of Lamin A/C
proteins did not vary significantly between the Patient
and the two control groups (Fig. 2c). In mutant fibro-
blasts, we also used RNA-seq to confirm that LMNA ex-
pression was predominately from the wild type allele
[35] (Fig. 3).
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Fig. 1 Gene expression profiling of fibroblast samples by RNA-seq. Differential gene expression analysis was performed using Tophat and
Cufflinks software and visualized using cummeRbund. Heatmaps of gene expression profiles are clustered by rows (genes). Heatmaps are shown
as pooled samples (left panel) and replicates (right panel)

Fig. 2 Nuclear lamina-associated gene expression profiling across all samples.a Visualization of Lamin A and Lamin C expression across all
samples from RNA-seq data. Lamin A and Lamin C expression obtained from RNA-seq experiments were visualized using heatmaps. Gene
expression is shown pooled (left panel) and as replicates (right panel). In general, Lamin A and Lamin C expression are highest for unrelated
groups and lowest for patient groups. However, there were no statistically significant differences between Lamin A and Lamin C expression
across all samples (FDR adjustedp-value� 0.05);b RNA-seq validation of Lamin A (LMNA) and Lamin C (LMNC) transcript levels by quantitative
PCR (qPCR). qPCR was performed on cDNA generated from unrelated, control and patient fibroblasts to measure Lamin A and Lamin C transcript
levels (average QGE +/� standard error of the mean (SEM)). There were no statistically significant differences across all groups in transcript levels
for Lamin A [F (2,6)= 0.90,p= 0.46] and for Lamin C [F (2,6)= 1.76,p= 0.25], validating trends observed in RNA-seq.c Western blot for Lamin A/C
protein. Lamin A/C protein levels were measured by immunoblotting using antibodies specific against Lamin A/C and Beta Actin (upper panel).
Full-length images are available in the supplementary information (Additional File2: Figure S3). Quantification of Lamin A/C bands relative to Beta
Actin (lower panel) showed no significant differences for average AU +/� SEM between groups [Lamin A: F (2,6)= 0.95,p= 0.44 and Lamin C: F
(2,6)= 1.63,p= 0.27]. Statistical analysis was performed using One-way ANOVA followed by Tukey post hoc. AU = Absorbance Unit
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candidate genes together supports published studies that
implicate this pathway in the development of LMNA-re-
lated cardiomyopathy. Our results for normal Lamin A/
C protein and LMNA gene expression from only the
wild type allele in mutant fibroblasts also suggest that
cardiac tissues are more sensitive to decreases in Lamin
A/C protein.
We are aware of the limitations of our studies as pre-

sented here. The variation of gene expression within and
between sample groups introduced confounding factors
to our analysis and our use of an unaffected tissue (fi-
broblasts) instead of affected tissue (cardiomyocytes) re-
sult in a partial explanation of the molecular
mechanisms of this particular LMNA splice-site muta-
tion. Thus, our results indicate the necessity to develop
a model system to study this disease in vitro. To that
end, we will generate patient-specific induced pluripo-
tent stem cells lines that will be differentiated to cardio-
myocytes for molecular studies to confirm the proposed
tissue-specific mechanism of disease.

Supplementary information
Supplementary information accompanies this paper athttps://doi.org/10.
1186/s12881-020-01088-w.

Additional file 1: Table S1 . Sequencing statistics.Table S2. qPCR
primer sequences.Table S3. RNA-seq expression values forLMNA, LMNC,
and IGFBP5.

Additional file 2: Figure S1 . IGV screenshots showing expression of
LMNAtranscripts at exons 1, 2 and 3.Figure S2. Lamin B1 and Lamin B2
heatmap and qPCR validation.Figure S3. Original Lamin A/C Western
Blot.
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