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ARTICLE INFO ABSTRACT

Keywords: Mutations in the human LMNA gene cause a collection of diseases called laminopathies, which includes muscular
Drosophila dystrophy and dilated cardiomyopathy. The LMNA gene encodes lamins, filamentous proteins that form a
Lamins

meshwork on the inner side of the nuclear envelope. How mutant lamins cause muscle disease is not well un-
derstood, and treatment options are currently limited. To understand the pathological functions of mutant lamins
so that therapies can be developed, we generated new Drosophila models and human iPS cell-derived car-
diomyocytes. In the Drosophila models, muscle-specific expression of the mutant lamins caused nuclear envelope
defects, cytoplasmic protein aggregation, activation of the Nrf2/Keapl redox pathway, and reductive stress.
These defects reduced larval motility and caused death at the pupal stage. Patient-derived cardiomyocytes
expressing mutant lamins showed nuclear envelope deformations. The Drosophila models allowed for genetic
and pharmacological manipulations at the organismal level. Genetic interventions to increase autophagy,
decrease Nrf2/Keapl signaling, or lower reducing equivalents partially suppressed the lethality caused by
mutant lamins. Moreover, treatment of flies with pamoic acid, a compound that inhibits the NADPH-producing
malic enzyme, partially suppressed lethality. Taken together, these studies have identified multiple new factors

Muscular dystrophy
Nuclear envelope
Reductive stress

as potential therapeutic targets for LMNA-associated muscular dystrophy.

1. Introduction

Maintaining redox homeostasis is essential for many cellular func-
tions, including gene expression, immune response, and central carbon
metabolism [1]. Muscle cells are particularly sensitive to imbalances in
redox homeostasis due to the large quantities of reactive oxygen species
(ROS) produced during muscle contractions [2]. Reactive oxygen spe-
cies can damage nucleic acids, lipids, and proteins, resulting in cellular
dysfunctions [3-5]. Antioxidant systems are necessary to combat reac-
tive oxygen species and maintain homeostasis [6]. Thus, it is not sur-
prising that skeletal muscle and cardiac diseases are often associated
with loss of redox homeostasis.

Skeletal muscles of individuals with Duchenne Muscular Dystrophy
(DMD) exhibit increased levels of ROS that are implicated in tissue
damage [7]. Treatment of DMD individuals with antioxidants partially

reduced inflammation, skeletal muscle weakness, and fibrosis [8].
Additionally, mouse models of Emery-Dreifuss muscular dystrophy
(EDMD) exhibit increased levels of oxidative stress in cardiac tissue [9].
Treatment with the antioxidant N-acetyl cysteine improved cardiac
structure and function [9]. These findings demonstrate the importance
of redox homeostasis for overall muscle health and suggest potential
benefits of antioxidant therapies.

How redox status is altered by mutations that cause muscular dys-
trophy is not well understood. Moreover, these mutations affect proteins
that reside in multiple cellular compartments. DMD is caused by mu-
tations in the gene encoding dystrophin, a cytoplasmic protein that is
part of a cell membrane-spanning complex that connects the cytoskel-
eton to the extracellular matrix [10]. EDMD is caused by mutations in
the LMNA gene that encodes A-type lamins [11]. Lamins are interme-
diate filaments that form a meshwork lining the inside of the nuclear
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envelope. They interact with components of the Linker of Nucleoskele-
ton and Cytoskeleton (LINC) complex that spans the double membrane
surrounding the nucleus and connects the nuclear lamina to the cyto-
skeleton [12]. Thus, proteins involved in communication across
different cellular membranes are important for muscle cell redox
homeostasis.

To investigate the role of lamins in muscle redox homeostasis, we
developed Drosophila models of LMNA-associated muscular dystrophy
[13]. The Drosophila melanogaster genome encodes an orthologue of
LMNA, designated Lamin C (LamC). Mutations in LMNA that cause dis-
ease affect amino acid residues conserved between human lamin A/C
and Drosophila LamC. Lamins possess a conserved protein structure
consisting of an N-terminal globular domain, a central coiled coil
domain, and an Ig-like fold domain at the carboxy terminus [14]. Lamins
dimerize, form head-to-tail filaments, and interact laterally to form
higher order structures [15-17]. The majority of laminopathies are
caused by single amino acid substitutions found throughout the lamin
protein. It is unclear if these amino acid substitutions share pathological
mechanisms, as lamins play a multitude of roles in the nucleus, and
partner proteins interact with specific domains [15,18,19].

Our prior studies focused on the Ig-like fold domain of A-type lamins
[20,21]. When disease-causing mutations affecting the Ig-like fold were
modeled into LamC, the flies developed muscular defects [20]. Expres-
sion of mutant lamins specifically in larval body wall muscles, which
share developmental and physiological properties with human skeletal
muscles, reduced larval motility and led to premature death at the pupal
stage [22]. At the cellular level, larval body wall muscles showed
abnormal nuclear morphology, cytoplasmic aggregation of nuclear en-
velope proteins, and activation of the nuclear factor erythroid 2-related
factor 2 (Nrf2)/kelch-like ECH-associated protein 1 (Keapl) redox
pathway [23]. Surprisingly, activation of the Nrf2/Keapl pathway was
not caused by oxidative stress, as it is in many disease states [24].
Instead, it appeared to be caused by cytoplasmic protein aggregation,
and resulted in reductive stress, a condition associated with elevated
levels of reducing equivalents [25,26]. Cytoplasmic aggregation of nu-
clear envelope proteins and activation of the Nrf2/Keapl pathway were
also discovered in human muscle biopsy tissue from individuals with
LMNA-associated muscular dystrophy, demonstrating human disease
relevance of the Drosophila models [23].

Here, we expand on these findings by determining the consequences
of disease-causing amino acid substitutions in additional domains of
lamin. We found that mutations affecting each of the three domains
cause reductive stress and premature lethality. Manipulating expression
of genes involved in autophagy and redox biology partially suppressed
lethality caused by mutant lamins. Supporting these analyses, treatment
with a compound that targets malic enzyme, which generates reducing
equivalents, partially suppressed lethality. Taken together, these find-
ings suggest that elimination of cytoplasmic aggregates and lowering
levels of reducing equivalents in skeletal muscles are potential thera-
peutic avenues for LMNA muscular dystrophy.

2. Materials and methods
2.1. Drosophila cultures

Stocks were cultured using standard cornmeal/sucrose media and
grown at 25 °C [27]. Transgenic stocks were generated as previously
described [20,23]. Wild-type and mutant transgenes were expressed
using the Gal4/UAS system [28]. The C57 body wall muscle-specific
Gal4 driver was used to express the LamC transgenes [28-30]. Stocks
possessing either RNAI or over-expressed transgenes were obtained from
Bloomington Stock Center (https://bdsc.indiana.edu/) or the Vienna
Drosophila Resource Center (https://stockcenter.vdre.at/control/main)
and are listed in Table S1.

Redox Biology 48 (2021) 102196
2.2. Western analysis

LamC protein levels were determined by performing western anal-
ysis as previously described [27]. Three independent biological samples
of protein extracted from larval body wall muscles of two larvae were
analyzed. LamC was detected with anti-LamC antibody (LC28.36; DHSB,
Iowa City) and secondary antibody (A21202; Invitrogen, Waltham).
Total protein was detected using LI-COR Revert (926-11010; LI-COR
Bioscience, Lincoln) and used for normalization of protein loading.
Quantification was performed using an Odyssey LI-COR imaging system
(LI-COR, Lincoln).

2.3. Real-time quantitative PCR (RT-qPCR)

Body wall muscles from two third-instar larvae per sample were
dissected, placed in a microcentrifuge tube and flash frozen with liquid
nitrogen. RNA was extracted using RNeasy Micro Kit (ID: 74,004; Qia-
gen, Germantown). Briefly, muscles were thawed, immediately lysed
with a mortar and pestle, and homogenized by pipetting. Lysates were
centrifuged for 3 min, and supernatants were transferred to fresh
microfuge tubes. The remainder of the RNA isolation was performed
according to Qiagen instructions. RNA purity and concentration were
measured using a NanoDrop 200 (Thermofisher, Waltham) at wave-
lengths 260 nm and 280 nm.

cDNA was produced using a High-Capacity cDNA Reverse Tran-
scription Kit (f#4368814; Applied Biosystems, Foster City) according to
the manufacturer’s instructions. Starting with 600 ng of RNA in a final
volume of 50 pl, cDNA was generated using a PTC-200 Peltier Thermo
Cycler (MJ Research, Waltham) with the following settings: 25 °C for 10
min, 37 °C for 2 h, and 95 °C for 10 min. Finally, 150 pl of DEPC H;0 was
added to bring the final volume to 200 pl.

RT-qPCR was performed using iQ SYBR Green Supermix (#1708880;
BioRad, Hercules) with primers generated by Integrated DNA Technol-
ogies (Coralville, IA). Each reaction contained a final concentration of
400 nM of each primer, 9 pL of cDNA, and 10 pL of the SYBR Green
Supermix, for a total volume of 20 pL. PCR was performed by the lowa
Institute of Human Genetics on a QuantStudio-7 Flex qPCR (Life Tech-
nologies, Waltham). Relative mRNA levels were calculated using the
Delta Delta Ct method, with a Ct threshold of 1.0. Expression levels of
GAPDH and ribosomal protein L32 were used for normalization. Unpaired
Student-T tests were performed on a minimum of three biological
replicates.

2.4. Larval motility assays

Adults possessing UAS driven LamC transgenes and the host stock
(w!118) were crossed to the C57 Gal4 driver stock. Resulting third Instar
larvae were removed from the culture vials at 25 °C and placed on a Petri
dish containing 1.8% agarose and allowed to equilibrate to room tem-
perature for 10 min. Five larvae were transferred to a second Petri dish
containing 1.8% agarose that had been marked with concentric circles
half an inch apart. Larval motility was recorded for 2 min using a cell
phone and videos were analyzed using wrMTack, a plug-in for ImageJ
[20]. A calibration line was drawn from the first ring to the second ring
using the “line tool” to produce the calibration length value. The path
crawled by each larva was traced by generating a Z-project using the
max intensity function. Distances traveled were measured by tracing
larval paths with the segmented line drawing tool. These distances were
then divided by the calibration length value to produce distance in
millimeters. Velocities were calculated by dividing distance traveled by
recording time (120 s). Values were plotted using GraphPad Prism
(GraphPad Prism version 8.0.0 for Mac, GraphPad Software, San Diego,
California USA) and velocities were compared to those of wild type
using ANOVA analysis.


https://bdsc.indiana.edu/
https://stockcenter.vdrc.at/control/main

G.S. Coombs et al.
2.5. Adult viability

Adults possessing LamC transgenes and the host stock (w!1!%) were
crossed to adults of the C57 stock in eight independent vials. Newly
eclosed adult progeny were collected and counted daily. After ten days,
the number of dead pupae in each vial were counted. Percent viability
was calculated by dividing the number of adults by the number of dead
pupae plus live adults, multiplied by 100. Fisher’s Exact test was used for
comparison of each genotype to the wild-type LamC control.

2.6. Immunohistochemistry

Third Instar larvae with muscle-specific expression of either wild
type or mutant LamC were dissected and fixed with 4% formaldehyde for
20 min as previously described [20]. Larval body wall muscles were
stained with anti-LamC antibodies [1:400, Developmental Studies Hy-
bridoma Bank (DSHB), U of lowa] and detected with either Alexa-Flour
488 goat anti-mouse (1:400, Invitrogen) or Rhodamine Red-X anti--
mouse (1:400, Thermo Fisher). Larval body wall muscles were stained
with Drosophila anti-Ref(2)P antibodies (1:3,000, a kind gift of G.
Juhdsz, E6tvos Lorand University, Budapest) and detected with Alexa
Fluor 488 goat anti-rabbit (1:500; Invitrogen). F-actin was detected with
Texas Red Phalloidin (1:400, Invitrogen). Slides were mounted with
Vectashield mounting medium containing DAPI (Vector Laboratories)
and imaged using a Leica DMLB fluorescent microscope. Images were
captured with a Leica CCD camera.

LamC staining intensity was measured using tools provided in
ImageJ. Briefly, the nuclei were first traced and designated as Regions of
Interest (ROI) in the DAPI channel. These ROI were then superimposed
on the LamC channel and the fluorescence measured. Cytoplasmic in-
tensity was calculated by measuring all the fluorescence within a muscle
fiber and subtracting the nuclear intensity previously measured.

iPS cell-derived cardiomyocytes were fixed with 4% para-
formaldehyde (Sigma) on coverslips, permeabilized with 0.1% Triton X-
100 (Sigma) and blocked with 3% bovine serum albumin (Ultrapure
BSA, Cell Signaling Technology). Primary antibodies included: SSEA-4
(1:40, Stem Cell Technologies), OCT-4 (1:400, Cell Signaling Technol-
ogy), goat anti-lamin A/C polyclonal antibody (1:50, SantaCruz), rabbit
anti-Nrf2 polyclonal antibody (1:100, SantaCruz), rabbit anti-SQSM1/
p62 monoclonal antibody (1:100, Cell Signaling) and mouse anti-cTnT
monoclonal antibody (1:100, NeoMarkers). Secondary antibodies were
Alexa Fluor 555 anti-goat IgG, Alexa Fluor 488 donkey anti-rabbit IgG
and Alexa Fluor 555 donkey anti-mouse IgG (all used at 1:500, Life
Technologies). Slides were mounted with Ultracruz Hard Set mounting
medium plus DAPI (Santa Cruz Biotechnology).

Unlabeled images of iPS cell derived cardiomyocytes were presented
in a random order to two individuals who had never seen these images
before. These individuals were then asked to count the total number of
nuclei in each image, and the number of deformed nuclei. These counts
were then averaged and the percent of nuclei containing the deformities
was calculated. Please see Fig. 4 for an example of a nuclear deformity.

2.7. GSH/GSSG quantification

GSSG and GSH measurements were performed on Drosophila larval
body wall muscles as described (Dialynas, 2014) with assistance from
the University of Iowa Free Radical and Radiation Biology Core. Briefly,
muscle fillets were dissected from sets of 15 Drosophila larvae. Total
glutathione was determined by oxidizing all of the glutathione in the
sample with the addition of glutathione reductase. GSSG measurements
were performed by adding a 1:1 mixture of 2-vinylpyridine and ethanol
to the samples and incubating for 2 h. Then, total glutathione was
determined by spectrophotometric measurements of the production of
5-thio-2-nitrobenzoic acid (TNB), a byproduct of the reaction between
GSH and Ellman’s reagent. The rate of TNB production is directly pro-
portional to total glutathione. Concentrations were obtained by
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comparing enzymatic rates to those in standard curves obtained using
control samples. GSH concentration was calculated by subtracting
measured GSSG from measured total glutathione. GSH and GSSG
amounts were normalized to the protein content of the insoluble pellet
using a BCA Protein Assay Kit (Thermo Scientific, Waltham). Unpaired
Student’s t-tests were performed on a minimum of three biological
replicates.

GSSG and GSH measurements were performed on iPSC car-
diomyocytes using the GSH/GSSG-Glo Assay (V6611; Promega, Madi-
son). Values were normalized to cell counts. Statistical analysis was
performed as described above.

2.8. Compound feeding

Drosophila medium was prepared by mixing 1 g of instant
Drosophila medium (Formula 4-24® Instant Drosophila, Carolina Bio-
logical) with 4.5 mL of water and allowing it to absorb for 1 h. Two
females from the C57 Gal4 driver stock were placed in each vial with two
males homozygous for a LamC transgene of each genotype. Once first
instar larvae were observed (approximately four days after crosses were
established) 1 mL of either 5 mM pamoic acid in water, or vehicle only
(water), was added to each vial, reserving vials as untreated controls.
Percent adult viability was calculated, and statistical analysis was per-
formed as described above for adult viability measurements.

2.9. Statistics

Experimental results are reported for a minimum of three indepen-
dent biological samples. Continuous numeric datasets were analyzed
with either a one-way analysis of variance (ANOVA) or Student’s t-test
depending on whether multiple groups or only two groups were being
compared, respectively. Prism (GraphPad) was used for all statistical
analyses. In graphs, error bars represent mean + standard deviation
(SD).

3. Results
3.1. Mutant lamins reduced Drosophila larval motility and adult viability

Our prior studies focused on mutations in LMNA that cause single
amino acid substitutions in the lamin A/C Ig-like fold domain [21,23,
27]. Here, we determined the generality of those findings by extending
our studies to include amino acid substitutions in the head and rod
domain. To this end, we modeled lamin A/C S22L, L59R and H222P that
affect the head and rod domains in Drosophila LamC (Fig. 1A). These
mutations were identified in individuals with cardiomyopathy, progeria
features, and EDMD as shown in Table 1 [11,20,31-33].

Previously, we showed that lamin A/C G449V produced severe
muscle disease phenotypes in humans and when modeled in Drosophila
LamC. Therefore, this amino acid substitution was used in these studies
as a positive control. Consistent with this finding, structural studies have
shown that Lamin A/C G449V causes perturbations in the 3D structure
of the Ig-fold [23]. We noted that Gly residues were present in other
loops between beta-strands in the Ig-fold (Fig. 1B). With this in mind, we
generated new Drosophila models containing G438V and G474V
(Fig. 1A). LamC was expressed in transgenic host stocks at 0.8-2.2 times
the levels of endogenous expression.

To determine if these newly generated LamC transgenes altered
muscle function, they were expressed in larval body wall muscles using
the Gal4/UAS system with the C57 Gal4 driver stock [34]. In this stock,
the Gal4 transcription factor is expressed in larval body wall muscles
during late embryonic larval stages [34]. LamC levels in these transgenic
larvae were measured by western analysis (Fig. S1). These data showed
that mutant LamC levels were similar or less than two-fold greater than
wild-type.

To determine effects of the mutant transgenes on muscle function,
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Fig. 1. Muscle-specific expression of mutant LamC reduced larval motility. (A) LamC protein domains are diagrammed, and amino acid substitutions used in
this study are labeled. (B) Ribbon diagrams of the Ig-fold domain of human lamin A/C (PBD: 1IVT) displaying the positions of the amino acid substitutions used in
this study. (C) Larval crawling velocity for each genotype tested is plotted. Larval velocity was measured using 2-min video clips and processed with ImageJ. One-way
ANOVA analysis was used to determine statistical significance among the average values with the wild-type (wt) as the control.

Table 1

Clinical information on individuals with LMNA mutations used in this study.
Nucleotide Change Domain Affected Age of Diagnosis Clinical Diagnosis MSK Cardiac Contractures Ref.
65C > T Head 45 (NR) Familial DCM X 30
176T > C Rod 16 (F) Progeroid Features X X 31
176T > G Rod 10 (F) “Malouf syndrome" like Laminopathy X X 32
665A > C Rod Birth (M) EDMD 3 X X X 11
665A > C Rod Childhood (F) EDMD 3 X X
665A > C Rod 5-6 years old (M) EDMD 3 X X X
1346G > T Tail 3 (NR) CMD X X 19

M: Male; F: Female; NR: Not Reported; MSK: Musculoskeltal; x, indicates presence of disease phenotype.

third instar larvae expressing either wild-type or mutant LamC were
placed in the center of an agar plate, and their movement was recorded
for 2 min. The resulting videos were used to determine larval velocities.
Larvae expressing mutant LamC showed decreased motility relative to
control larvae expressing wild-type LamC (Fig. 1C). Reduced motility is
consistent with impaired muscle function.

A second indication of the loss of muscle function came from adult

survival studies. Larval body wall muscle functions in metamorphosis
during the pupal stage prior to undergoing developmental histolysis
[35]. As a result of poor muscle function, pupal death is observed. Flies
possessing either wild type or mutant LamC transgenes were crossed to
flies expressing Gal4 in larval body wall muscles. The total number of
living adult progeny that resulted was divided by the total number of
progeny (live adults plus dead pupae) and used to calculate the percent
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adult viability. Expression of LamC R237P and G514V resulted in no
surviving adults. In contrast, expression of LamC G478V, G489V, L74R
and S37L caused semi-lethality, with survival ranging from 0.3 to 39.6%
(Table 2). The adult “escapers” that survived exhibited no overt
abnormal phenotypes.

3.2. Mutant lamins mislocalized and caused nuclear shape changes

The motility and survival assays were consistent with loss of muscle
function; therefore, we examined larval body wall muscles at the cellular
level. Third instar larvae were dissected and stained with phalloidin
(filamentous actin), DAPI (DNA) and antibodies to nuclear envelope
proteins. The muscles of larvae expressing wild-type LamC showed fairly
evenly spaced nuclei along the length of the fiber and nuclear envelope
localization of LamC as anticipated (Fig. 2). By contrast, muscles
expressing mutant LamC showed a range of defects depending on the
particular mutation. Relative to wildtype, all mutants displayed
increased staining with anti-LamC antibodies in the cytoplasm
(Table S2). Muscles expressing LamC S37L showed increased peri-
nuclear lamin localization. Similarly, LamC L74R showed perinuclear
localization and LamC aggregation throughout the cytoplasm. Muscles
expressing LamC R237P showed enriched localization between nuclei,
with little staining at the nuclear envelope. Expression of LamC G478V,
G489V, and G514V, which all map to the Ig-like fold domain, showed
enriched rings of lamin localization around the nuclei. Taken together,
each of the mutant lamins displayed abnormal localization.

3.3. Mutations impacting each of the three lamin protein domains caused
reductive stress

In our prior studies, mutations that impacted the LamC Ig-like fold
[23] activated genes regulated by Cap-n-CollarC (CncC), a transcription
factor that is the orthologue of human Nrf2 [36,37]. CncC/Nrf2, binds
antioxidant response elements (AREs) in the promoter regions of redox
modulating genes (Fig. 3A) [36]. Under redox homeostasis, CncC/Nrf2
is anchored in the cytoplasm by Keapl [38]. Upon redox imbalance
CncC/Nrf2 translocates to the nucleus where it activates redox regu-
lating genes in combination with its partner small Maf [38,39]. Trans-
location of CncC/Nrf2 into the nucleus occurs under conditions of redox
imbalance (Fig. 3A) [38].

To determine the redox status of muscles expressing mutant LamC,
we measured the redox state of glutathione. Glutathione is a major
antioxidant within cells and is used by the cell to prevent fluctuations in
redox status [40]. Relative amounts of reduced glutathione (GSH) and
glutathione disulfide (GSSG) are indicators of the redox status of cells
[41]. Oxidation of GSH to GSSG occurs via glutathione S-transferases
(GST), with an oxygen radical reduced to a less reactive product in the
process. In humans, the reaction from GSSG to GSH is catalyzed by
glutathione reductase [40]. In Drosophila, however, this reaction is
carried out by thioredoxin [42-44]. In both cases, reduction consumes
NADPH (Fig. 3B).

To quantitate GSH and GSSG, enzymatic assays were carried out on
dissected third instar larval body wall muscles expressing either wild-
type LamC or mutant LamC. GSH and GSSG were measured according

Table 2

Viability of adults expressing mutant lamins in larval body wall muscle.
LamC # Live # Dead % Adult n p-Value

Adults Pupae Viability

wt 709 7 99.0 716
S37L 282 431 39.6 713 <0.00001
L74R 253 466 35.2 719 <0.00001
R237P 0 1162 0.0 1162 NA
G478V 1 384 0.3 385 <0.00001
G489V 20 1427 1.4 1447  <0.00001
G514V 0 17 0.0 17 NA
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to published protocols [26]. Measurements were made on three to five
independent biological samples per genotype. All four LamC mutants
tested showed elevated levels of GSH relative to the control (Fig. 3C). By
contrast, no significant differences in GSSG levels relative to the control
were observed among the muscles expressing mutant LamC (Fig. 3D).
Collectively, these data demonstrate that mutations impacting any of the
three LamC domains can alter redox status. Furthermore, the elevated
GSH levels are indicative of reductive stress [45-47].

3.4. Patient-derived cardiomyocytes show nuclear deformities and
abnormal response to NAC

Given the cellular defects caused by mutant lamins in Drosophila, we
asked whether similar defects were observed in human cells possessing
LMNA mutations. To accomplish this, dermal fibroblasts were obtained
from two individuals with muscular dystrophy-causing point mutations
in LMNA and from two healthy controls. The LMNA point mutations
caused amino acid substitutions in the rod and Ig-like fold domain,
R249W and G449V, respectively. Fibroblasts were dedifferentiated into
induced pluripotent (iPS) cells using standard procedures [48-50].
These iPS cells expressed the appropriate stem cell markers (Fig. S2) and
showed the expected karyotype (Fig. S3) [51]. The iPS cells were
differentiated into cardiomyocytes using standard procedures and
stained with antibodies to Troponin T used as a marker of car-
diomyocyte differentiation (Fig. S2) [48]. The iPS cell derived car-
diomyocytes possessing LMNA mutations exhibited increased nuclear
lobulations relative to controls (Fig. 4A and Table S3). Similar nuclear
lobulations have been observed in human cells from individuals with
Hutchinson-Gilford progeria, an early onset aging syndrome caused by
mutations in LMNA [52-55].

To determine the redox status of the iPS cell derived cardiomyocytes,
GSH and GSSG levels were measured using the GSH/GSSG-Glo Assay
(V6611; Promega, Madison) according to manufacturer’s instructions.
The LMNA patient derived cardiomyocytes showed no difference in GSH
and GSSG levels relative to controls (Fig. 4B). However, when treated
with N-Acetyl Cysteine (NAC), they exhibited an abnormal response.
While NAC treatment led to increased levels of total glutathione in
control cardiomyocytes (Fig. S4), mutant LMNA patient-derived car-
diomyocytes paradoxically displayed decreased levels of total gluta-
thione. Taken together, these findings suggest that the cultured
cardiomyocytes possess an altered ability to maintain redox homeostasis
upon addition of a neutralizing agent.

3.5. Mutant lamins increased cytoplasmic levels of p62/Ref(2)P

Reductive stress has been observed in many different disease con-
ditions in a variety of organisms and cell types, all of which are asso-
ciated with protein aggregation [26,46,56,57]. Organisms have evolved
many pathways to degrade protein aggregates [58]. The exact mecha-
nisms of A-type lamin degradation are not well understood; however,
B-type lamins are degraded by autophagy [59]. The autophagic process
is facilitated by association of unfolded and/or aggregated proteins with
the autophagy chaperone p62 (also known as SQSTM1) [60-62]. The
Drosophila orthologue of p62 is refractory to Sigma P [Ref(2)P] [63,64].
Given the cytoplasmic aggregation of mutant LamC in larval body wall
muscles, dissected and fixed muscles were stained with antibodies to Ref
(2)P/p62. Muscles expressing wild-type LamC showed little to no
staining for Ref(2)P/p62. This was anticipated, given that under normal
circumstances p62 is rapidly turned over through ubiquitination [65].
By contrast, muscles expressing mutant LamC showed increased cyto-
plasmic staining for Ref(2)P/p62 (Fig. 5A). Given that Ref(2)P/p62 is a
target gene for CncC/Nrf2 [66,67], we wondered if the increased protein
levels of Ref(2)P/p62 resulted from increased transcription. RT-qPCR
analysis revealed that transcription of Ref(2)P/p62 was increased,
consistent with increased levels of nuclear Cnc/Nrf2 (Fig. S5).

We noted that perinuclear localization of Ref(2)P/p62 was
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Fig. 2. Amino acid substitutions in all three LamC
protein domains disrupt localization of LamC in
muscle. Immunohistochemistry was performed on
third instar larval body wall muscles using antibodies
to LamC (green), Phalloidin (magenta), and DAPI
(blue). The larvae expressed either wild-type LamC or
mutant LamC driven by the C57 Gal4 driver.
Abnormal nuclear migration and perinuclear locali-
zation were observed with all mutant lamins, but not
with wild-type. The yellow boxes indicate the
magnified regions shown at the right. Scale bar, 30
pm. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 3. Mutant LamC alters redox homeostasis. (A) A model illustrating the Nrf2/Keapl pathway under redox homeostasis, oxidative stress, and reductive stress. Under redox homeostasis, the pathway is inactive,

with Nrf2 (orange) being rapidly degraded through the ubiquination pathway. Under oxidative stress, cysteine residues in Keap1 are oxidized, preventing Nrf2 binding. This permits Nrf2 to translocate into the nucleus,

form a heterodimer with small Maf (grey) at antioxidant responsive elements (AREs), and activate Nrf2 target genes. Under reductive stress, cytoplasmic aggregates (green) cause increased levels of the autophagy

chaperone p62 (purple). p62 competes with Nrf2 for Keapl binding, leading to free Nrf2 in the cytoplasm, which translocates into the nucleus, forms a heterodimer with small Maf (grey) at antioxidant responsive

elements (ARESs), and activates antioxidant genes. (B) A diagram of the pathway for production of reduced glutathione (GSH) and oxidized glutathione (GSSG) in Drosophila is shown. (C) The relative amount of GSH per
milligram of total protein in third instar larval muscle expressing either wild-type or mutant LamC is shown. Each point represents an independent biological replicate. (D) The relative amount of GSSG per milligram of

total protein in third instar larval muscle expressing either wild-type or mutant LamcC is shown. Concentrations were determined via a GSH—GSSG recycling assay using three to five independent biological samples from
separate genetic crosses. An ANOVA analysis was performed to test for significance: **p < 0.01; ***, p < 0.001. LamC L74R showed the most variability among the independent biological replicates. (For interpretation

of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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reminiscent of the perinuclear localization of mutant LamC, suggestive
of co-localization. To test for this, larval body wall muscles were co-
stained with antibodies for LamC and Ref(2)P/p62. The two anti-
bodies showed partial overlap (Fig. 5B), suggesting the possibility that
additional proteins might be accumulating in the cytoplasm. This idea
is supported by the fact that mutant lamins cause cytoplasmic locali-
zation of nuclear pores and other nuclear envelope proteins [20,54].

3.6. Genetic and pharmacological treatments suppressed lethality caused
by mutant LamC

The current hypothesis for the underlying mechanism of reductive
stress is that it is triggered by cytoplasmic protein aggregation (Fig. 3A)
[25,57]. As an in vivo test of this hypothesis, an RNAi transgene against
target of rapamycin (TOR) was expressed in larval body wall muscles
with mutant LamC. It is well documented that decreasing TOR activity
increases autophagy [68-71]. In a wild-type genetic background,
expression of LamC G489V reduced adult viability to 1.4%. Therefore,
an increased percentage of adult survivors would indicate genetic
suppression of lethality caused by mutant LamC. Expression of the
RNAi against TOR partially suppressed lethality, increasing adult
viability to 4.8% (Fig. 6A). As a second means of increasing autophagy,
a transgene encoding AuTophaGy related (Atgl), a serine/threonine
kinase essential for construction of the autophagosome, was
over-expressed in muscles expressing LamC G449V (Fig. 6A) [72].
Over-expression of Atgl partially suppressed lethality, increasing adult
viability to 30% (Fig. 6A). Thus, two independent genetic manipula-
tions that increased autophagy partially suppressed lethality.

The Drosophila models of LMNA muscular dystrophy exhibited
properties consistent with reductive stress (Fig. 3), therefore, we tested
redox regulators for suppression of lethality. To shift the redox balance
towards an oxidative state, RNAi transgenes against 6-phosphogluconate
dehydrogenase (6PGDH) and malic enzyme (MEN) were independently
expressed in muscle with LamC G489V (Fig. 6A). Both enzymes pro-
duce NADPH; therefore, knock-down is predicted to lower the reducing
potential in the muscles. Expression of MEN and 6PGDH RNAI trans-
genes partially suppressed adult lethality, yielding 44% and 7% adult
viability, respectively. Thus, lowering the reducing potential in muscle
might be a novel therapeutic approach to LMNA muscular dystrophies.

Reductive stress is associated with activation of CncC/Nrf2 target
genes, such as Gpx2 and G6PD [73]. To determine if this altered gene
expression is a contributing factor to lethality, an RNAi transgene
against CncC/Nrf2 was expressed in muscles with LamC G489V. The
result was a partial suppression of lethality, giving rise to 36% adult
viability. This finding suggests the Nrf2/Keapl pathway as a potential
therapeutic target for LMNA muscular dystrophies. Efficiency of RNAi
and overexpression was evaluated by RT-qPCR (Fig. 6S). All genetic
interventions achieved significant suppression/overexpression except
for CncC/Nrf2 which showed a trend towards statistical significance
with a p-value of 0.06.

Given that the RNAI transgene against Men was the most effective in
suppressing lethality caused by mutant LamC, we took a complemen-
tary pharmacological approach. Pamoic acid is an allosteric inhibitor of
malic enzyme. The compound binds at the Men dimer interface, adja-
cent to the fumarate binding site, and inhibits enzymatic activity [74].
To test for pamoic acid effects, third instar larvae expressing either
wild-type or LamC G489V were fed standard food containing either 5
mM pamoic acid or vehicle (dH20) only throughout the larval stages.
Pamoic acid had no overt deleterious or beneficial effects on larvae
expressing wild-type LamC compared to untreated controls. By
contrast, larvae expressing LamC G489V showed 42% adult viability
compared to controls exhibiting 13% adult viability (Fig. 6B). Thus,
two independent methods of reducing Men activity suppressed lethality
caused by mutant LamC, suggesting Men inhibition as a potential
therapy for LMNA muscular dystrophies.
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Fig. 5. Mutant LamC caused cytoplasmic accumulation of Ref(2)P/p62. (A) Immunohistochemistry of larval body wall muscles stained with antibodies to Ref(2)
P/p62 (green), Phalloidin (magenta) and DAPI (blue). All LamC mutants caused increased staining with antibodies to Ref(2)P/p62 relative to the wild-type control.
(B) Immunohistochemistry of larval body wall muscles stained with antibodies to Ref(2)P/p62 (green), Lamin C (Magenta), and DAPI (blue). Only a subset of the Ref
(2)P/p62 foci overlap with staining for LamC as seen in the enlarged images. The yellow boxes indicate the region magnified (right). Scale bar; 30 pm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

4. Discussion

A-type lamins have been linked to many cellular functions, including
supporting nuclear structure, serving as a scaffold for interacting pro-
teins, and organizing the genome [13-15]; however, how mutant lamins
cause muscle disease remains poorly understood. Here we show using
Drosophila models that amino acid substitutions in each of the three
lamin domains (head, rod and tail) cause unique patterns of lamin
mislocalization and distinct nuclear defects; however, they share a
common disruption of redox homeostasis (Figs. 2 and 3). The mainte-
nance of redox homeostasis is critical for muscle cells as ROS is produced
during muscle contractions [2]. Given the damaging effects of ROS on
cellular components and functions, redox homeostasis is tightly regu-
lated in healthy muscles [75].

The Nrf2/Keapl pathway is the main cellular defense mechanism
against oxidative stress. During conditions of oxidative stress, Nrf2 de-
ploys the action of ~500 gene products to combat reactive oxygen

10

species [1,76]. These gene products protect against neurodegeneration,
improve cardiovascular health, reduce inflammation, and slow aging
[76] Under pathological conditions, constitutive activation of Nrf2
target genes causes reductive stress [25]. This often-over-looked redox
state is characterized by increased levels of reducing equivalents such as
GSH and NADPH [77-79]. Reductive stress has been observed in an
increasing number of instances including Drosophila models of cardiac
skeletal muscle and retinal degeneration disease, mouse models of car-
diac disease, and in the serum of humans predisposed to Alzheimer’s
Disease [23,26,46,80].

The mechanisms by which reductive stress cause pathogenesis are
not well understood although non-mutually exclusive hypotheses have
been proposed. These include the hypothesis that high levels of reducing
equivalents, associated with increased levels of total glutathione by NAC
treatment, enters the mitochondria, altering electron transport chain
function, which leads paradoxically to net mitochondrial superoxide
generation and cytotoxicity [47]. Alternatively, during periods of
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limited GSSG availability, reducing equivalents such as NADPH/FADH2 showed that muscle-specific expression of RNAi transgenes that

initiate the shift of electrons to molecular oxygen as an alternative knock-down levels of NADPH-producing enzymes suppressed lethality
electron acceptor to produce superoxide and hydrogen peroxide [47, caused by mutant lamins (Fig. 6). In support of this finding, treatment
81]. Consistent with these hypotheses, we showed elevated reducing with pamoic acid (also known as embonic acid), an allosteric inhibitor of
equivalent levels in control cardiomyocytes by NAC treatment and malic enzyme inhibitor, partially suppressed lethality caused by mutant
decreased total glutathione by mutant lamins, respectively (Fig. S4). lamins (Fig. 6). Pamoic acid is currently used as an additive to psycho-
Another hypothesis posits that excessive glutathionylation of target active compounds, anthelmintic medications, and peptide hormones to
proteins contributes to mitochondrial oxidation [82]. Accordingly, we increase their duration-of-action [74,83]. Taken together, our findings
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warrant further investigations into pamoic acid and other malic enzyme
inhibitors as potential therapies for LMNA-associated muscle disease.

Reductive stress seen in disease conditions is associated with cyto-
plasmic protein aggregation. For example, mouse models revealed that
mutant forms of the chaperone CryAB aggregate in the cytoplasm of
cardiomyocytes, leading to reductive stress and dilated cardiomyopathy
[26,84,85]. Likewise, in Drosophila models, mutant forms of lamin
cause cytoplasmic aggregation of envelope proteins in muscle, leading
to a plethora of muscle defects and reduced muscle function [20,86]. In
these cases, protein aggregation is associated with increased cyto-
plasmic levels of the autophagy chaperone Ref(2)P/p62 [23], a factor
used to quantitatively assess aggregate clearance in tissues (Fig. 5) [87].
Increased Ref(2)P/p62 is an indicator of reduced rates of autophagy, a
process that maintains the balance between newly synthesized proteins
and the elimination of improperly folded and damaged proteins [87].
Our finding that over-expression of Atgl partially suppressed lethality
caused by mutant lamins suggests that increasing the rate of autophagy
offers benefits for LMNA-associated muscle disease (Fig. 6). These re-
sults are consistent with those observed upon treatment of laminopathy
mouse models with rapamycin, a compound that inhibits mTOR activity
[88]. In this case, increasing autophagy partially suppressed muscle
defects caused by loss of lamin A/C [88,89]. These findings emphasize
the importance of protein aggregation in the pathogenesis of muscle
disease.

Protein aggregation has been observed for many diseases including
liver injury and neurological disorders such as Parkinson’s and Alz-
heimer’s [78,90,91]. Reasons for cytoplasmic aggregation are often
unclear. It is postulated that when machinery responsible for proteo-
stasis is compromised, misfolded and damaged proteins accumulate in
the cytoplasm. Interestingly, cytoplasmic, but not nuclear, protein ag-
gregation disrupts nucleocytoplasmic transport of proteins and RNA
[92], suggesting the existence of a cytoplasmic sensor that regulates
nuclear pore function.

There are interconnected relationships among cytoplasmic protein
aggregation, Ref2(P)/p62 accumulation, CncC(Nrf2)/Keapl pathway
activation, autophagy, and reductive stress. For example, CncC/Nrf2
binds to ARE elements in the promoter region of the Ref(2)P/p62 gene,
resulting in production of additional p62 that competes with CncC/Nrf2
for association with Keapl [66,67,93]. In addition, mTOR -dependent
phosphorylation of p62 increases the binding affinity of p62 for Keapl
[94]. Both of these events generate a positive feedback loop reinforcing
the expression of CncC/Nrf2 target genes and promoting reductive
stress. Based on the relatively small increase in expression relative to the
large increase seen by immunohistochemistry, the increase in Ref(2)
P/p62 is likely a result of aggregation more than increased transcription.
(Fig. 5 and S5). The reducing environment associated with reductive
stress can cause aberrant protein folding and aggregation. Relevant to
our study, single amino acid substitutions in the lamin A/C Ig-fold
domain caused abnormal tetramerization under reducing conditions
[95]. Collectively, multiple positive feedback loops provide mechanisms
that make it challenging to re-establish redox homeostasis (Fig. 6C).

Disruption of redox homeostasis has been implicated in several types
of muscular dystrophy other than those caused by mutations in LMNA.
Duchenne muscular dystrophy is associated with increased levels of
oxidized glutathione and oxidative damage in muscles that correlates
with increased severity of muscle defects and disease progression [96].
SEPN1-related myopathy, caused by mutations in the gene encoding
Selenoprotein N1, is characterized by high levels of basal ROS and
increased susceptibility to HoO» exposure [97]. Facioscapulohumeral
muscular dystrophy myoblasts show decreased expression of antioxi-
dant genes and increased lethality when exposed to HyO5 [98]. Inter-
estingly, treatment with the ROS scavenger N-acetyl cysteine or
antioxidants such as vitamin A, has improved muscle function in these
types of muscular dystrophy [96-98]. Notwithstanding, we posit that
pro-reducing redox states among heterogeneous clinical cohorts and/or
the pro-reducing effects of antioxidant agents will, either alone or in
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combination, promote life-threatening reductive stress.

Mutant lamins cause redox imbalance in diseases other than muscle
laminopathies including Hutchinson-Gilford Progeria and Dunnigan-
type familial partial lipodystrophy (FPLD). In the early onset aging
syndrome Hutchinson-Gilford progeria, an accumulation of farnesylated
pre-lamin A occurs at the nuclear envelope, which correlates with
increased activity of manganese superoxide dismutase activity and ROS
production [99]. FPLD is characterized by decreased expression of cy-
tochrome oxidase IV, the final electron acceptor of the electron transport
chain, and over-production of ROS. These two altered properties were
reversed by inhibition of farnesylation, which decreased the accumu-
lation of pre-lamin A at the nuclear envelope [100]. Collectively, these
findings show that disruption of redox homeostasis appears to be a
common theme in laminopathies.

The mechanisms by which lamins regulate redox imbalance are not
well understood. Mutation of three cysteine residues (Cys 522, 588 and
591) in A-type lamins to alanine residues increased susceptibility to mild
oxidative stress and induced gene expression similar to that seen in
chronic ROS exposure, suggesting lamins “buffer” the effects of ROS
[101]. The buffering effect might be related to a 300 nm “nuclear shield”
that surrounds the nucleus and is thought to provide protection from
oxidative damage [102]. The nuclear shield consists of a high concen-
tration of anti-ROS enzymes such as catalase, glutathione peroxidase,
and GSTs [102]. In addition, Nesprins, components of the LINC complex,
which make physical connections between the nucleus and cytoskel-
eton, are important for nuclear shield formation [103]. Given that
mutant lamins cause the mislocalization of Nesprins, they might desta-
bilize the nuclear shield and increase sensitivity to redox damage [104,
105].

Powerful experimental tools have been developed in recent years to
determine the functions of lamins, including their role in redox ho-
meostasis. A major breakthrough has been the ability to generate
induced pluripotent stem (iPS) cells from LMNA patient fibroblasts,
which are then differentiated into relevant cell types [48]. This ability
allows studies to be performed in the genetic background of the patient.
This is important because pathological features of LMNA-associated
diseases are modified by genetic background [106]. In addition, such
cells are needed for testing of potential therapeutic compounds, which
often fail due to unique features of an individual’s metabolism. As a case
in point, the use of patient-derived cardiomyocytes showed that inhi-
bition of platelet derived growth factor (PDGF) eliminated arrythmias in
pre-clinical models [107].

Here, we generated two unique patient-based LMNA iPS cell lines
(Fig. 4). When differentiated into cardiomyocytes, these cells show nu-
clear lobulations, which are characteristic of other LMNA cell culture
models, patient fibroblasts, and human muscle biopsy tissue [27,55,108,
109]. We show that the LMNA patient-derived cardiomyocytes exhibited
an abnormal response to NAC treatment compared to that of controls
(Fig. S4), suggesting altered regulation across the oxido-reductive
spectrum. Thus, the LMNA cell lines recapitulate features observed in
humans and Drosophila models, collectively providing multiple exper-
imental systems to test potential therapeutic compounds in the future.
Further, targeting pathways linked to NRF2-dependent regulation and
redox homeostasis remains an attractive hypothesis for individualized
therapy in humans.
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