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ABSTRACT
Dysregulation of adipose tissue metabolism is associated with multiple metabolic disorders. One
such disease, known as Dunnigan-type familial partial lipodystrophy (FPLD2) is characterized by
defective fat metabolism and storage. FPLD2 is caused by a specific subset of mutations in the
LMNA gene. The mechanisms by which LMNA mutations lead to the adipose specific FPLD2
phenotype have yet to be determined in detail. We used RNA-Seq analysis to assess the effects of
wild-type (WT) and mutant (R482W) lamin A on the expression profile of differentiating 3T3-L1
mouse preadipocytes and identified Itm2a as a gene that was upregulated at 36 h post
differentiation induction in these cells. In this study we identify Itm2a as a novel modulator of
adipogenesis and show that endogenous Itm2a expression is transiently downregulated during
induction of 3T3-L1 differentiation. Itm2a overexpression was seen to moderately inhibit
differentiation of 3T3-L1 preadipocytes while shRNA mediated knockdown of Itm2a significantly
enhanced 3T3-L1 differentiation. Investigation of PPARg levels indicate that this enhanced
adipogenesis is mediated through the stabilization of the PPARg protein at specific time points
during differentiation. Finally, we demonstrate that Itm2a knockdown is sufficient to rescue the
inhibitory effects of lamin A WT and R482W mutant overexpression on 3T3-L1 differentiation. This
suggests that targeting of Itm2a or its related pathways, including autophagy, may have potential
as a therapy for FPLD2.
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Introduction

Nuclear lamins are type V intermediate filament proteins
that polymerise to form components of the nuclear lam-
ina; a fibrous meshwork associated with the inner
nuclear membrane.1 The mammalian genome contains 3
lamin genes; LMNA, LMNB1 and LMNB2 that encode
lamin A/C, lamin B1 and lamin B2/B3 respectively. The
LMNA gene is alternatively spliced to produce 2 main
isoforms, lamin A and lamin C, the expression of which
is developmentally regulated.2 Unlike B type lamins,
which are ubiquitously expressed during development,
A type lamins are not detected in undifferentiated cells
but are expressed in most differentiated somatic cells.3

A type lamins are found both at the nuclear periphery
and, to a lesser extent, within the nucleoplasm.4

Lamins are important structural components of the
nucleus and are essential for nuclear integrity; a
deformed nuclear morphology is typically evident when

the lamins are lost or mutated.1 In addition to providing
structural support, lamins play a role in regulating
nuclear processes including DNA replication, gene tran-
scription, cell proliferation and cell differentiation. Lam-
ins interact with chromatin and have been shown to
modulate chromatin organization in several different
contexts.4

Mutations in the LMNA gene are responsible for
multiple inherited disorders, collectively known as
‘laminopathies’. Dunnigan-type familial partial lipodys-
trophy (FPLD2) is an autosomal dominant laminopathy
characterized by defective fat metabolism and storage.5

Symptoms of this disorder manifest at puberty and
include the loss of peripheral, subcutaneous adipose
tissue from the extremities (limbs, truncal and gluteal
regions) with a build-up of visceral and nuchal adipose
tissue. This is accompanied by a myriad of metabolic
symptoms such as hepatic steatosis, atherosclerosis and

CONTACT Prof. Tommie V. McCarthy t.mccarthy@ucc.ie School of Biochemistry and Cell Biology, University College Cork, Western Gateway Building,
Western Road, Cork, Ireland.

Supplemental data for this article can be accessed on the publisher’s website.
© 2017 Taylor & Francis

ADIPOCYTE
2017, VOL. 6, NO. 4, 259–276
https://doi.org/10.1080/21623945.2017.1362510

https://crossmark.crossref.org/dialog/?doi=10.1080/21623945.2017.1362510&domain=pdf&date_stamp=2017-12-11
mailto:t.mccarthy@ucc.ie
http://www.tandfonline.com/kadi
https://doi.org/10.1080/21623945.2017.1362510


insulin resistance, which leads to type II diabetes melli-
tus.6 Defective energy storage is thought to be the pri-
mary pathogenic factor in such lipodystrophies, leading
to the development of the characteristic metabolic dis-
ease state.7

FPLD2 is caused almost exclusively by heterozygous
missense mutations in the 8th and 11th exons of the
LMNA gene.8-10 Mutations that result in lipodystrophies
are mainly found in the immunoglobulin-like fold of the
lamin A/C protein. They are not considered to alter the
3 dimensional structure of the protein, however the
majority of these mutations generate amino acid substi-
tutions that lead to a decrease in the surface positive
charge of the immunoglobulin- like domain, which may
affect protein-protein interactions.11,12 Common muta-
tions leading to FPLD2 occur at amino acid 482 of the
lamin A protein, in which the positively charged arginine
if often substituted with a neutral amino acid such as
tryptophan (R482W) or glutamine (R482Q).6,13

Adipocyte terminal differentiation involves a tran-
scriptional cascade in which the expression of pro-adipo-
genic factors is temporally induced alongside the
downregulation of various anti-adipogenic factors.14 The
molecular mechanisms involved in this process are well
studied and several of the key players, such as peroxi-
some proliferator-activated receptor g (PPARg) and
CCAAT/enhancer binding protein a (CEBPa) have been
characterized.15 Recently the relationship between A
type lamins and chromatin state has been described in
human adipocyte stem cells (ASC) both pre and post ter-
minal differentiation. In this context, A type lamins are
reported to interact with thousands of promoters within
the genome, and to modulate chromatin modifications
at these sites. In addition, lamin A-promoter interactions
are shown to be remodeled during the adipogenic pro-
gram, with variable impact on the transcriptional out-
come of the genes involved.16

The physiologic characteristics of FPLD2 support the
hypothesis that LMNA mutations lead to altered or
impaired lamin A function, which in turn influences the
dynamic process of adipogenesis. Although the exact
molecular mechanisms leading to the disease phenotype
remain unclear, several factors have been implicated.
The FPLD2 causing LMNA R482W mutation has been
reported to diminish lamin A binding to the sterol
response element binding protein 1 (SREBP1) transcrip-
tion factors as well as fragile X-related protein 1
(FXR1P).17-20 The SREBP1 transcription factors are mas-
ter regulators of lipid metabolism and play a role in the
induction of adipocyte terminal differentiation,14,21 while
FXR1P has only recently been described and a modulator
of adipogenesis.20 In both FPLD2 patient fibroblasts and
LMNA R482W transduced human preadipocytes, the

reduced lamin-SREBP1 interaction was associated with
the upregulation of many SREBP1 targets, while FXR1P
itself is also upregulated in both contexts.19,20 In addi-
tion, previous studies have described mutant prelamin A
accumulation in FPLD2 patient fibroblasts.22,23 The
accumulation of this unprocessed form of the lamin A
protein was suggested to generate the lipodystrophic dis-
ease phenotype by sequestering SREBP1 at the nuclear
membrane and preventing its action in adipocyte differ-
entiation.22 In contrast, a recent study has reported no
prelamin A accumulation in fibroblasts carrying several
FPLD2 LMNA mutations.24

In recent years several loss of function PPARg muta-
tions have been reported to generate a disease phenotype
similar to that of FPLD2. Now classified as FPLD3, this
genetically distinct form of partial lipodystrophy exhibits
clinical features comparable to that of FPLD2, most
notably the specific pattern of fat loss from the gluteal
and limb regions, insulin resistance and type II diabetes
mellitus.25,26 The similarities observed in phenotype
between FPLD2 and FPLD3 suggests that FPLD2 LMNA
mutations may lead to reduced or impaired PPARg
function during adipogenesis.

The terminal differentiation of mouse preadipocytes
has been studied extensively using the 3T3-L1 cell model.
In this well-established system, the pre-adipocytes are
grown to confluence and allowed to undergo growth
arrest, after which point an adipogenic cocktail is applied
to initiate differentiation. During the adipogenic pro-
gram, PPARg expression is upregulated approximately
24 to 48 h post induction.27 In this context the overex-
pression of both wild-type and R482W mutant lamin A
are reported to have a similar inhibitory effects on adipo-
cyte differentiation.28 We performed RNA-Seq analysis
at 36 h post induction of 3T3-L1 pre-adipocytes to inves-
tigate the effects of R482W mutant and wild-type lamin
A on gene expression profiles at this initial phase of ter-
minal differentiation. Among the genes that were altered
in response to lamin A we identified an increase in Inte-
gral membrane protein 2 A (ITM2A) expression in both
wild type and R482W mutant transfected cells.

Itm2a was first identified as a novel marker for
chondro-osteogenesis in a cDNA library screen gen-
erated from mouse mandibular condyle explant cul-
tures.29 This type II membrane protein belongs to a
family of integral membrane proteins that includes
ITM2B and ITM2C, all of which are part of a BRI-
CHOS superfamily. ITM2 proteins are composed of
4 defined regions; a hydrophobic, linker, extracellular
BRICHOS and the intracellular C-terminal domains.
There is a high degree of conservation between the
ITM2 proteins as well as between mammalian
homologues.30
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Although the exact function of Itm2a is unclear, sev-
eral studies have described a regulatory role in chondro-
genic and myogenic differentiation, as well as thymocyte
development.31-33 Itm2a expression is low in early
C3H10T1/2 cell chondrogenesis and then strongly upre-
gulated as the cells progress through the differentiation
program. Ectopic Itm2a overexpression is seen to inhibit
the chondrogenic differentiation of this cell line. In addi-
tion, Itm2a is differentially expressed between ASCs and
mesenchymal stem cells (MSCs) with distinct chondro-
genic potentials; ASCs have a reduced capacity to differ-
entiate into chondrocytes when compared with MSCs,
and display higher endogenous levels of Itm2a.31,34

Itm2a has been identified as a PAX3, GATA3 and
PKA CREB target in diverse systems.32,33,35 In the
C2C12 myoblast cell line, endogenous Itm2a expression
is increased during cell differentiation and overexpres-
sion leads to enhanced myotube formation. Itm2a
expression is detected at sites of myogenesis in mice and
PAX3 mutant embryos display reduced Itm2a.32,36 Itm2a
was described as a GATA3 target in mouse thymocytes
and reported to be downregulated in GATA3 knockout
thymocytes when compared with control.33 Recently a
novel role for ITM2A has been reported in autophagy. It
is described as a PKA-CREB signaling target, and when
overexpressed appears to interfere with autophagic flux,
leading to the accumulation of autophagosomes and a
block in the formation of autolysosomes. ITM2A silenc-
ing was also seen to obstruct autophagy, with the forma-
tion of large agglomerations within the cell.35 These
reports highlight the importance of Itm2a in the differ-
entiation of several cell types, however the exact molecu-
lar function of the protein remains to be described.
Itm2a knockout mice have been produced independently
by 2 different groups32,33 neither of which have reported
a specific altered phenotype.

Here, we explore the relationship between Itm2a, adi-
pogenesis and inhibition of adipogenesis by lamin A.

Results

Lamin A overexpression inhibits 3T3-L1
adipogenesis and increases Itm2a expression

Exogenous expression of human lamin A (WT and
R482W mutant) has previously been shown to inhibit in
vitro differentiation of mouse 3T3-L1 preadipocytes.28

To investigate the effects of lamin A on the transcrip-
tional profile of these cells during the early stages of ter-
minal differentiation we stably transfected 3T3-L1
preadipocytes with human LMNA overexpression con-
structs (pCDNA3-LMNA-WT and pCDNA3-LMNA-
R482W) and induced the cells to differentiate. At 36 h

post application of the induction cocktail a single RNA-
Seq analysis was performed. Altered expression of over
200 genes was detected in comparison to control and
analysis of these data sets identified 76 common tran-
scripts, affected by both WT and R482W mutant lamin
A (Supplemental Table 1). Interestingly, overexpression
of 2 of the top 3 upregulated genes, Ptprq and Wnt6,
have previously been shown to reduced adipocyte differ-
entiation37,38 while a role for Itm2a in adipogenesis has
not previously been reported.

Our RNA-Seq data indicates a 16 and 8-fold increase
in Itm2a expression in response to WT lamin A and
R482Wmutant respectively. To confirm the effects of lamin
A on Itm2a expression we stably transfected 3T3-L1 preadi-
pocytes with human pCMV(PB)-Flag-LMNA-WT and
pCMV(PB)-Flag-LMNA-R482W using a piggyBac trans-
posable system.65,66 These preadipocytes were then induced
to differentiate, adipogenesis was assessed at day 8 through
Oil Red O staining of intracellular lipid droplets (Fig. 1A)
and lamin A overexpression was assessed at themRNA level
using quantitative real-time PCR (qPCR) and at the protein
level by western blotting (Fig. 1B, C). Cells transfected with
EV control differentiated well, while cells expressing both
WT and R482Wmutant lamin A accumulated significantly
less lipid droplets, confirmed by Oil Red O quantification
(Fig. 1A).

Previously, several reports have shown that lamin A
overexpression reduces PPARg2 expression in adipogen-
esis; overexpression of WT and mutant lamin A in 3T3-
L1 cells28 and in MSCs39 produced this effect while
reduction of PPARg2 expression was also observed
when lamin A overexpression was driven from an adi-
pose specific promoter in transgenic mice.40 To deter-
mine the effects of lamin A on specific adipogenic
markers, PPARg2 and CEBPa expression was measured
at day 4 in differentiating 3T3-L1 cells expressing WT or
R482W mutant lamin A and the expression of both
markers was reduced in these cells in comparison with
the control (Fig. 1D, F). Immunoblot analysis of PPARg
at day 4 of differentiation revealed the presence of 3
PPARg isoforms of »60, »55 and »45 kDa respectively
(Fig. 1E). The 2 larger isoforms PPARg2 and PPARg1,
are produced through the use of alternative promoters
and have differential abilities to promote adipogenesis.41

PPARg2 has an additional 28 N-terminal amino acids
and is exclusively expressed in adipose tissue, where it
functions as a master regulator of adipogenesis.41-43 A
number of studies have identified a smaller PPARg iso-
form, known as gORF4, which does not contain the
ligand-binding domain of PPARg1 and 2 and displays
dominant negative activity toward PPARg41,44. It is
likely, although not confirmed, that the 45kDA protein
detected here is the described previously gORF4.
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Figure 1. LMNA inhibits differentiation of 3T3-L1 cells and increases Itm2a mRNA expression. 3T3-L1 preadipocytes were stably trans-
fected with pCMV(PB)-Flag-LMNA-WT, pCMV(PB)-Flag-LMNA-R482W or empty vector (EV) control pCMV(PB) and induced to differentiate
into adipocytes. (A) Adipogenesis was assessed at day 8 post induction; cells were stained for lipid droplet accumulation with Oil Red O.
Oil Red O quantification was performed using ImageJ and expressed as Oil red O absorbance units (ORO a.u.). (B) Total RNA was isolated
at day ¡2 of differentiation from the stably transfected 3T3-L1 preadipocytes and LMNA expression measured by qPCR using primers
specific for human LMNA. (C) Immunoblot analysis of flag-LMNA WT and R482W mutant at day ¡2. (D, F) Total RNA was isolated at day
4 post induction and the expression of PPARg and CEBPa was analyzed by qPCR. (E) Immunoblot analysis of PPARg at day 4 post induc-
tion. (G) Itm2a expression was analyzed at day ¡2 by qPCR. Student’s t-test (2-tailed, assuming equal variance) was used to calculate
statistical significance compared with empty vector control cells, indicated as follows: � D P < 0.05;�� D P < 0.01; ��� D
P < 0.001.
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Interestingly, ectopic expression of WT and R482W
mutant lamin A appears not only to reduce PPARg2 as
expected, but also gORF4, while having little to no effect
on PPARg1 (Fig. 1E).

Having confirmed lamin A overexpression and the
resulting inhibition of adipogenic differentiation, Itm2a
expression levels were assessed in the stably transfected
3T3-L1 preadipocytes. Both WT and R482W mutant
lamin A increased endogenous Itm2a expression levels
(Fig. 1G).

Endogenous Itm2a expression and promoter
activity in 3T3-L1 differentiation

Itm2a expression has previously been characterized in
chondrogenic and myogenic differentiation where it is
upregulated at distinct stages of each of the respective
differentiation programmes.31,32 Microarray analysis of
gene expression in 3T3-L1 differentiation has reported
relatively low levels of Itm2a expression throughout dif-
ferentiation with little variation observed across the adi-
pogenic program.45 We profiled Itm2a expression during
3T3-L1 differentiation and similar to the microarray
data described previously we observed relatively low
expression of Itm2a, however we did detect a significant
downregulation of gene expression at day 2 (Fig. 2A),
approximately 48 h post application of the induction
cocktail. This reduction in Itm2a expression was consis-
tently observed at this specific stage of cell differentia-
tion. Expression levels invariably reverted back to pre-
induction levels by 96 h. Consistent with these results,
our RNA-Seq data indicates that endogenous Itm2a is
likely to be present at a very low level in 3T3-L1 cells, as
FPKM values were approximately 3600 fold lower than
GAPDH.

The in-vitro differentiation of 3T3-L1 preadipocytes
involves the growth of these cells to confluence (day-2)
where they undergo growth arrest. Induction of differen-
tiation (day 0) is triggered by the application of an induc-
tion cocktail that activates insulin growth factor
(Insulin), cAMP (IBMX) and glucocorticoid (dexameth-
asone) signaling pathways. Approximately 16 to 20 h
post induction, the cells re-enter the cell cycle and
undergo mitotic clonal expansion (MCE), after which
point they exit the cell cycle and terminally differentiate.
The adipogenic transcription factors CEBPa and PPARg
are upregulated post MCE and drive the adipogenic
program.27,46

Figure 2A shows this characteristic induction of
PPARg expression in 3T3-L1 differentiation alongside
the observed downregulation of Itm2a at day 2. It is
unclear whether Itm2a is downregulated before or after
PPARg transcriptional activation, however the data does

suggest that Itm2a expression is reduced in response to
the addition of the induction cocktail (MDI) containing
IBMX (M), dexamethasone (D) and Insulin (I).

To explore the relationship between these induc-
tion components and the observed reduction in Itm2a
expression we constructed a series of piggyBac trans-
posable luciferase reporter plasmids containing frag-
ments of the mouse Itm2a promoter (2 kb and
0.5 kb) (Fig. 2B) and analyzed their activity in
response to full (MDI) and sub-maximal (DI or D)
induction cocktail. 3T3-L1 pre-adipocytes were stably
transfected with the luciferase constructs, grown to
confluence, and induced to differentiate. Oil-Red-O
staining at day 8 showed reduced adiposity of cells
treated with the sub-maximal induction cocktail (DI
or D). Luciferase activity was measured at day 1
(24 h) and 2 (48 h) post induction of differentiation.
Cells stably transfected with the 2 kb or 0.5 kb
reporter construct displayed reduced luciferase activ-
ity in response to the full induction mix (MDI) in
comparison with partial induction mixes DI or D
(Fig. 2C, D) indicating that full induction of adipo-
genesis is associated with reduction of Itm2a pro-
moter activity in the early stages of differentiation.

The luciferase data indicates that the M (IBMX) com-
ponent of the MDI is critical for the observed reduction
in Itm2a promoter activity. Forskolin like IBMX is
known to raise cellular cAMP levels and activate the
cAMP-PKA-CREB signaling pathway in adipogenesis
and these 2 agents lead to similar levels of 3T3-L1 and
MEF cell differentiation when used in an adipogenic
induction cocktail.47,48 However, in contrast to the situa-
tion in adipogenesis it has been reported that forskolin
mediated PKA-CREB activation leads to increased
human Itm2a promoter activity through a conserved
CRE site in transfected HEK293 cells.35 This indicates
that regulation of the Itm2a promoter differs in different
cell contexts with CREB signaling resulting in Itm2a
downregulation during 3T3-L1 cell differentiation vs.
upregulation in HEK293 cells.

The effect of lamin A on the Itm2a promoter

In an attempt to investigate the effects of LMNA expres-
sion on the Itm2a promoter we performed a series of
transient co-transfections in both 3T3-L1 and 3T3-NIH
cells. However, in all instances lamin A overexpression
affected the expression of luciferase from the internal
transfection control preventing data normalization. This
phenomenon was observed with all 3 constitutive pro-
moters commonly used in standard control luciferase
constructs (CMV, SV40 and HSV-TK promoters).

ADIPOCYTE 263



To circumvent this issue, we generated lamin A/Itm2a
reporter stable 3T3-L1 lines using a 2-step transfection
and selection approach; 3T3-L1 preadipocytes were
stably transfected with the Itm2a reporter construct
(G418 selection) and subsequently stably transfected
with lamin A overexpression constructs (puromycin
selection). However, results with these dual cell lines
were highly variable and inconsistent and consequently
this approach was not pursued.

Itm2a overexpression inhibits 3T3-L1 differentiation

To investigate the role of Itm2a in adipogenesis we stably
transfected 3T3-L1 preadipocytes with a piggyBac trans-
posable Itm2a overexpression construct (pMSCV(PB)
Itm2a) or empty vector control (pMSCV(PB)) and
induced the cells to differentiate. Oil Red O staining at
day 8 showed that 3T3-L1 differentiation was inhibited
to a moderate but significant degree in the Itm2a

expressing cells in comparison to EV control (Fig. 3A).
QPCR analysis of Itm2a expression at various time
points in these differentiating cells confirmed mainte-
nance of Itm2a overexpression throughout adipogenesis
(Fig. 3B).

PPARg appeared to be unaltered by increased Itm2a
expression; qPCR analysis showed no significant differ-
ence in PPARg expression throughout differentiation in
comparison to EV control (Fig. 3C) and PPARg protein
isoforms were equally unaffected (Fig. 3D, E). CEBPa
expression was also assessed through qPCR analysis, and
although small variations were observed, overall no sig-
nificant differences between Itm2a overexpressing cells
and EV control were observed (data not shown).

Detection of ectopically expressed Itm2a protein in
3T3-L1 cells was attempted using both a Flag antibody
and a commercially available Itm2a antibody, but was
unsuccessful. The reason for our inability to detect Itm2a
in the transfected 3T3-L1 cells was unclear. Similar

Figure 2. Endogenous Itm2a expression and promoter activity during 3T3-L1 differentiation (A) 3T3-L1 preadipocytes were grown to
confluence (day-2) and 2 d later induction media was applied (day 0). A further 2 d later cells were supplemented with fresh media con-
taining insulin (day 2). Following this, fresh media was applied every 2 d until day 8. Adipogenesis was assessed at day 8 by staining
with Oil Red O. Total RNA was isolated at the indicated time points during 3T3-L1 differentiation. Itm2a and PPARg expression was ana-
lyzed by qPCR. Transcript expression at the various time points is shown relative to expression at day 0. A Student’s t-test (2-tailed,
assuming equal variance) was used to calculate statistical significance at day 2 in comparison to transcript levels at day 0. (B) Schematic
depiction of Itm2a promoter luciferase constructs bearing a 2 kb or 0.5 kb promoter fragment cloned upstream of Gaussia luciferase in
pGluc(PB) basic vector. The distance (¡1915 and ¡340) from the transcriptional start site (TSS) and previously predicted GATA and CRE
binding sites are shown. (C, D) Luciferase activity (secreted) in 3T3-L1 cells stably transfected with pGluc(PB)ITM2A/2 kb and pGluc(PB)
ITM2A/0.5 kb at day 1 and 2 of differentiation. Cells were induced to differentiate using full differentiation media (MDI– methylisobutyl-
xanthine, dexamethasone and insulin), sub-maximal media (DI– dexamethasone and insulin) or D (dexamethasone) as indicated.
Adipogenesis was assessed at day 8 by staining with Oil Red O. Luciferase activity is normalized to the pGluc(PB)basic empty vector con-
trol. Student’s t-test (2-tailed, assuming equal variance) was used to calculate statistical significance compared with MDI induced cells,
indicated as follows: � D P < 0.05;�� D P < 0.01; ��� D P < 0.001.
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results were reported in a previous study by Boeuf et al.,
2009, where they were unable to detect a tagged version
of ectopically expressed Itm2a protein in the bipotential
C3H10T1/2 cell line. Boeuf et al., 2009 were equally
unsuccessful in detecting endogenous Itm2a in this cell
line, despite using commercial antibodies and 4 different
anti-sera raised against 2 distinct Itm2a epitopes.

The mechanism underlying the difficulty in overex-
pressing Itm2a to high levels in 3T3-L1 cells is unclear.
In the experiment described, the overall levels of Itm2a
overexpression in 3T3-L1 cells were approximately
8-fold higher than control. We attempted to boost over-
expression of Itm2a to a higher level by placing the gene
under the control of a strong CMV promoter to see if
adipogenesis could be inhibited further by higher Itm2a
expression levels and to facilitate Itm2a protein detec-
tion. However, expression levels of Itm2a under the
CMV promoter (pCMV(PB)Itm2a), were similar to the
levels observed with the MSCV promoter. In compari-
son, lamin A overexpression driven from the same CMV
promoter is approximately 5000–10000-fold higher than
control transfected cells, as measured by qPCR (Fig. 1B).

Knockdown of Itm2a enhances 3T3-L1 adipogenesis

The role of endogenous Itm2a in 3T3-L1 cell differen-
tiation was explored by silencing Itm2a expression.
3T3-L1 preadipocytes were stably transfected with a

piggyBac transposable Itm2a shRNA knockdown con-
struct, pRFP(PB).shItm2a or scramble control pRFP
(PB).shControl and induced to differentiate. Knock-
down of endogenous Itm2a appeared to enhance adi-
pogenesis in comparison to control cells (Fig. 4A).
The stably transfected cells were induced to differenti-
ate using full induction media MDI, sub-maximal
media DI or D alone. Enhanced adipogenesis was
observed in response to the full MDI induction media
while a significant difference was not observed with
DI or D alone (Fig. 4A). QPCR analysis of Itm2a
expression confirmed the knockdown of endogenous
Itm2a at various time points across differentiation
(Fig. 4B). A similar stimulatory effect on adipogenesis
was observed with 3 (shItm2a-1, ¡2 and ¡3) out of
4 different shItm2a constructs assayed when com-
pared with the scramble control (data not shown).

Similar to the difficulty encountered with detection of
ectopically expressed Itm2a, detection of the endogenous
Itm2a protein in 3T3-L1 cells using the commercial
Itm2a antibody was unsuccessful despite repeated efforts.
In contrast, Itm2a overexpression was detectible in trans-
fected 3T3-NIH mouse fibroblasts. Thus, validation
of shRNA mediated Itm2a knockdown at the protein
level was performed in these cells. 3T3-NIH
cells were transfected with pCMV.ITM2A and either
pRFP(PB).shITM2A or scramble control pRFP(PB).
shControl. Itm2a protein knockdown was analyzed by

Figure 3. Itm2a overexpression in 3T3-L1 differentiation. 3T3-L1 preadipocytes were stably transfected with pMSCV(PB)-Itm2a or empty
vector control pMSCV(PB) plasmid and induced to differentiate into adipocytes. (A) Adipogenesis was assessed at day 8 post induction
by staining with Oil Red O and quantification was performed using ImageJ and expressed as Oil red O absorbance units (ORO a.u.). (B,C)
qPCR analysis of Itm2a and PPARg expression during differentiation of stably transfected 3T3-L1 cells. (D) Immunoblot analysis of PPARg
at day 4 post induction. (E) Quantification of PPARg protein relative to b-actin, with mean and standard deviations determined by densi-
tometry from 2 biologic replicates. A Student’s t-test (2-tailed, assuming equal variance) was used to calculate statistical significance
compared with empty vector control cells, indicated as follows: � D P < 0.05; �� D P < 0.01; ��� D P < 0.001.
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immunoblot with Itm2a and Flag antibodies (Fig. 4C)
and several Itm2a protein species were detected.

To date, there is a limited amount of data published
on the murine Itm2a protein. The predicted molecular
weight of the 263 amino acid protein is 30kDa,29 how-
ever immunoblot detection has previously reported a
45kDa protein in mouse brain tissue and 2 protein spe-
cies of 45kDa and 43kDa in the EL4 T lymphocyte cell
line.49,50 An N-linked glycosylation site is predicted at
amino acid 166,29 and protein de-glycosylation in the
EL4 T lymphocytes was seen to convert the 45kDa and

43kDa proteins to a smaller 39kDa protein.50 Proteolytic
processing of the Itm2a related protein ITM2B (human)
has been characterized in HEK293TR cells, and several
cleavage events identified. Firstly, a propeptide is released
from the C-terminal of the protein through furin-medi-
ated cleavage, followed by shedding of the extracellular
BRICHOS domain via ADAM10 processing. Finally, the
residual N-terminal fragment undergoes intramembrane
proteolysis by a signal peptide peptidase-like 2 (SPPL2)
protease, to produce an intracellular domain.51,52

As protein structure is highly conserved within the ITM2

Figure 4. shRNA mediated knockdown of Itm2a enhances 3T3-L1 differentiation and increases PPARg protein. 3T3-L1 preadipocytes
were stably transfected with pRFP(PB).shItm2a or scramble control pRFP(PB).shControl and induced to differentiate using full induction
media MDI (methylisobutylxanthine, dexamethasone and insulin), sub-maximal media DI (dexamethasone and insulin) or D (dexametha-
sone) as indicated. (A) Adipogenesis was assessed at day 8 post induction by staining with Oil Red O; quantification was performed
using ImageJ and expressed as Oil Red O absorbance units (ORO a.u.). (B, D) qPCR analysis of Itm2a, PPARg and CEBPa and immunoblot
analysis of PPARg (E,F) expression during differentiation of 3T3-L1 cells stably transfected with pRFP(PB).shItm2a or scramble control
pRFP(PB). (C) Immunoblot analysis of ITM2A knockdown in 3T3-NIH cells dual transfected with pCMV.Itm2a and pRFP(PB).shItm2a or
pRFP(PB).sh.Control. (G) Quantification of PPARg protein isoforms relative to b-actin, with mean and standard deviations determined by
densitometry from 2 biologic replicates. Statistical significance compared with scramble control cells indicated as follows:
� D P < 0.05; �� D P < 0.01; ��� D P < 0.001.
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family,30 it is likely that Itm2a is also processed in a simi-
lar fashion.

In our analysis, several protein species were detected
when Itm2a was overexpressed in 3T3-NIH cells. A
90kDa protein was detected using both Itm2a and FLAG
antibodies (Fig. 4C) and its expression was inhibited by
shItm2a. Although much larger than the predicted Itm2a
size, it could represent a heavily glycosylated form of the
protein, or a dimer. We consistently detected a 20kDa
protein, which was eliminated by shItm2a expression.
This protein could potentially represent an Itm2a N-ter-
minal fraction produced by cleavage similar to that
described for ITM2B.51 Itm2a is Flag-tagged at the C-ter-
minal and in support of our cleavage theory, the Flag
antibody was unable to detect the 20kDa protein. A
40 kDa protein was also detected using the FLAG anti-
body which was partially knocked down by the shItm2a.
Finally, the Itm2a antibody was seen to bind a 20kDa
protein in the cell culture media, which could potentially
represent the cleaved and secreted BRICHOS domain
(data not shown).

PPARg and CEBPa expression in transfected cells
was analyzed by qPCR during differentiation. No
alterations were observed in the expression of either
transcription factor in response to Itm2a knockdown
(Fig. 4D). Surprisingly, when PPARg protein levels
were measured in these cells, an increase in all 3
PPARg isoforms was observed at day 2 and 4 of dif-
ferentiation in comparison with control cells (Fig. 4E,
F). Increased PPARg1 protein was also observed at
day 0 (Fig. 4E, F) before induction of the adipose spe-
cific PPARg2 isoform. Densitometry performed across
biologic replicates (Fig. 4G) confirmed a significant
increase in PPARg1 and PPARg2 protein isoforms,
while elevated gORF4 was less consistent. The obser-
vation that there was no difference in PPARg mRNA
expression between shItm2a and shControl trans-
fected cells indicates that Itm2a knockdown is likely
to influence PPARg protein stability. An increase in
PPARg2 protein stability during adipogenic differenti-
ation would be expected to promote adipogenesis and
could account for the observed increase of lipid drop-
let accumulation in cells transfected with shItm2a.

Itm2a knockdown rescues lamin A inhibition
of adipogenesis in 3T3-L1 differentiation

The observation that lamin A increases Itm2a expression
and knockdown of Itm2a enhances adipogenesis led us
to consider whether Itm2a knockdown could ameliorate
lamin A inhibition of adipogenesis. To investigate this
idea, we generated a series of 6 dual constructs that
contained either LMNA WT, LMNA R482W or empty

vector (EV) with shItm2a or shControl. The constructs
created were pCMV(PB)-Flag-LMNA-WT.shItm2a,
pCMV(PB)-Flag-LMNA-WT.shControl, pCMV(PB)-
Flag-LMNA-R482W.shItm2a, pCMV(PB)-Flag-LMNA-
R482W.shControl, pCMV(PB).shItm2a and pCMV(PB).
shControl. 3T3-L1 preadipocytes were stably transfected
with these constructs and induced to differentiate.
Figure 5A shows that Itm2a knockdown rescued inhibi-
tion of adipogenesis mediated by both WT lamin A and
R482W mutant. Moreover, Itm2a knockdown in the
lamin A expressing 3T3-L1 cells enhanced adipogenesis
to the same extent as Itm2a knockdown enhanced adipo-
genesis in the EV control cells. Lamin A overexpression
was assessed at the mRNA and protein levels (Fig. 5B,
C). Interestingly, increased amounts of lamin A protein
were observed when Itm2a expression was reduced
(Fig. 5C), lending support to the notion that Itm2a
knockdown somehow influences protein stability in 3T3-
L1 cells.

As previously mentioned Itm2a knockdown does not
appear to alter PPARg expression in comparison to
shControl (Fig. 4D). Figure 5D reiterates this, with
Itm2a knockdown having no effect on PPARg mRNA
levels at day 4 of differentiation when cells were stably
transfected with pCMV(PB).shItm2a or pCMV(PB).
shControl. Itm2a knockdown was however able to rescue
the lamin A mediated reduction of PPARg mRNA, and
restore it to EV control expression levels. PPARg was
assessed at the protein level and as previously observed
lamin A (WT and R482W) overexpression was seen to
reduce PPARg2 while Itm2a knockdown increased the
protein levels of all 3 PPARg isoforms (Fig. 5E). This sig-
nificant increase in PPARg2 protein, presumably medi-
ated by increased stability, is most likely the driving
force behind the enhanced adipogenesis observed in
shItm2a transfected cells. The increase in PPARg2 pro-
tein arising from Itm2a knockdown is able to enhance
adipogenesis despite the lamin A mediated reduction
in PPARg transcription and expression. Thus, Itm2a
knockdown not only rescues but also overrides lamin A
inhibition of adipogenesis.

Itm2a expression in lamin A wild type and KO MEFs

To further elucidate the relationship between lamin A
and Itm2a we investigated the endogenous levels of
Itm2a expression in wild type and lamin A knockout
mouse embryonic fibroblasts (MEFs). Previously gener-
ated LMNA ¡/¡ MEFS were grown as described and
lamin A knockout was confirmed at the protein level in
these cells (Fig. 6A). Measurement of Itm2a expression
in the lamin A knockout MEFs showed that Itm2a was
significantly reduced in these cells in comparison with
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wild type MEFs (Fig. 6B), supporting the theory that
lamin A increases or modulates Itm2a expression in
some way. These results are in keeping with our findings.
Furthermore and consistent with our finding that Itm2a
knock down enhances adipogenesis, lamin A knockout
MEFs differentiate into adipocytes more readily than
their WT counterparts.28

Discussion

While significant advances have been made in under-
standing the pathophysiology of FPLD2, the molecular
etiology of the disease remains to be confirmed. Previous
reports have described pleiotropic effects of lamin A on
gene regulation and interaction of lamin A with multiple

Figure 5. shRNA mediated knockdown of Itm2a rescues LMNA inhibition of 3T3-L1 differentiation. 3T3-L1 preadipocytes were stably
transfected with pCMV(PB)-Flag-LMNA-WT.shItm2a, pCMV(PB)-Flag-LMNA-WT.shControl, pCMV(PB)-Flag-LMNA-R482W.shItm2a, pCMV
(PB)-Flag-LMNA-R482W.shControl or empty vector control pCMV(PB).shItm2a and pCMV(PB).shControl dual constructs. The cells were
induced to differentiate. (A) Adipogenesis was assessed at day 8 post induction by staining with Oil Red O; quantification was performed
using ImageJ and expressed as Oil red O absorbance units (ORO a.u.). (B) Total RNA was isolated at day ¡2 of differentiation from the
stably transfected 3T3-L1 preadipocytes and LMNA expression measured by qPCR using primers specific for human LMNA. (C) Immuno-
blot analysis of flag-LMNA WT and R482W mutant at day ¡2. (D) Total RNA was isolated at day 4 post induction and the expression of
PPARg was analyzed by qPCR. (E) Immunoblot analysis of PPARg at day 4 post induction. Student’s t-tests (2-tailed, assuming equal var-
iance) were used to calculate statistical significance compared with empty vector control cells, indicated as follows:
� D P < 0.05; �� D P < 0.01; ��� D P < 0.001.
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proteins. Both of these aspects are altered by mutations
in the LMNA gene.17-20 In the case of FPLD2, there is a
clear impact of lamin A mutations on adipogenesis and
several studies have proposed altered lamin-SREBP1
interactions as the driving force of the disease pheno-
type.17-19,53 Boguslavsky et al. (2006) originally reported
that overexpression of both WT and R482W mutant
lamin A inhibit 3T3-L1 differentiation. The fact that
overexpression of wild-type as well as mutant lamin A
has an effect on adipogenic conversion led to the sugges-
tion that mutations responsible for FPLD2 may confer a
‘gain of function’ and result in higher binding affinity to
a target. They suggest that overexpression of a wild-type
lamin A may lead to ‘gain of function’ phenotype not
because of an increased binding affinity to a target but
due to increased number of molecules with a normal
binding affinity competing for it. Here, we investigated
the effect of lamin A in the early stages of adipogenesis,
and our RNA-Seq data indicates that overexpression of

both WT and R482W mutant lamin A cause altered
expression of 76 genes in common, consistent in part
with the proposal of Boguslavsky et al. (2006). Our anal-
ysis indicated that Itm2a regulation is altered by lamin A
overexpression and led us to explore the relationship
between Itm2a expression and adipogenesis as well as
the modulatory relationship between lamin A and Itm2a
within this context.

Itm2a in adipogenesis

Characterization of Itm2a activity during 3T3-L1 differ-
entiation identified a distinct expression profile for this
gene in adipogenesis and showed that endogenous Itm2a
is transiently downregulated in early cell differentiation.
This transient downregulation has not been reported
previously even though global gene expression has been
profiled during 3T3-L1 adipogenesis.45 Our work here
indicates that Itm2a is a lowly expressed gene/protein in
3T3-L1 cells and that it’s expression is only altered for a
specific period, around day 2 of adipogenesis. Investiga-
tion of cells stably transfected with a 2 kb or 0.5 kb
Itm2a promoter reporter construct confirmed that Itm2a
promoter activity is reduced in 3T3-L1 cells when adipo-
genesis is fully induced using MDI, while a reduction
in promoter activity is not observed under limiting
induction conditions with DI or D alone (Fig. 2C, D).
Thus, full induction of adipogenesis is associated with
reduced Itm2a promoter activity in the early stages of
differentiation.

Investigation of the role of Itm2a in adipogenesis
showed that ectopic expression of Itm2a moderately but
significantly inhibited the differentiation of 3T3-L1 cells.
However, the mechanism of this inhibition is unclear as
there were no obvious effects on the mRNA or protein
levels of the key adipogenic transcription factors PPARg
and CEBPa in Itm2a over-expressing cells. Knockdown
of endogenous Itm2a had the opposite effect to overex-
pression and enhanced adipogenesis in comparison to
control cells. Similar to Itm2a overexpression, knock-
down of Itm2a did not effect PPARg and CEBPa mRNA
levels. In contrast, a significant increase in PPARg1 and
PPARg2 protein isoforms was observed and although
not significant, a similar trend was observed for the
gORF4 isoform (Fig. 4D, E). These observations suggest
that Itm2a knockdown enhances PPARg protein stabil-
ity. Such an enhancement could explain the effect of
Itm2a knockdown on adipogenesis as an increase in
PPARg2 protein stability would be expected to promote
adipogenesis.

While the mechanisms underlying enhanced PPARg
protein stability in Itm2a knock down cells are unclear,
altered regulation of autophagy during cell differentiation

Figure 6. Itm2a expression is downregulated in LMNA KO MEFs.
(A) Total RNA was isolated from LMNA wild type (C/C) and
knockout (¡/¡) MEFs and the expression of Itm2a was analyzed
by qPCR. (B) Immunoblot analysis of mouse LMNA in wildtype
and KO MEFs. Student’s t-test (2-tailed, assuming equal variance)
was used to calculate statistical significance compared with
LMNA wildtype control cells, indicated as follows: � D P < 0.05;
�� D P < 0.01; ��� D P < 0.001.
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may be involved as a) autophagy is known to be upregu-
lated during the early phase (day 0 to 4) of 3T3-L1 adi-
pogenic differentiation,54,55 and autophagic degradation
of adipogenic inhibitors is considered necessary for cell
differentiation,56 b) inhibition of autophagy by genetic or
chemical means inhibits 3T3-L1 and MEF cell differenti-
ation into mature adipocytes,57,58 c) autophagy activation
is likely to stabilize PPARg2 in 3T3-L1 differentiation
through the repression of proteasome-dependent
PPARg2 degredation,55 d) Itm2a is reported to regulate
autophagic flux by interacting with specific v-ATPases,
the proton pumps that mediate lysosome acidifica-
tion,35,59 and c) ITM2A overexpression is seen to inter-
fere with autophagic flux in a similar way to BafA1, an
autophagy inhibitor that blocks the formation of mature
autolysosomes.35

Lamin A and Itm2a

Consistent with previous reports,28,40 we observed that over-
expression of WT and R482W mutant lamin A have an
inhibitory effect on 3T3-L1 differentiation. Here we show
that endogenous Itm2a expression is upregulated during
adipogenesis in WT lamin A and R482W mutant cells
(Fig. 1G), suggesting that lamin A mediated altered regula-
tion of Itm2amay play a role in lamin A inhibition of adipo-
genesis. In agreement with this, we detected significantly
lower levels of endogenous Itm2a expression in LMNA
knockout vs. normal MEFs (Fig. 6B). Taken together, these
data indicate that lamin A has a regulatory role in the con-
trol of Itm2a expression.

We attempted to determine if WT lamin A or mutant
directly affected the expression of Itm2a using the 2 kb and
0.5 kb Itm2a promoter reporter constructs. However, data
normalization proved problematic as transient lamin A
overexpression had significant effects on the expression of
firefly luciferase from all 3 constitutive promoters com-
monly used for normalization purposes in promoter
reporter assays. This is not surprising given that lamin A is
implicated in many different aspects of genome biology
through extensive interactions with chromatin (Dechat
et al., 2008) and with proteins of the nuclear lamina (Men-
dez lopez and Worman 2012). Efforts to circumvent this
issue by using a 2-step stable transfection approach to gener-
ate lamin A/Itm2a reporter stable 3T3-L1 lines were also
problematic as results were highly variable and thus it was
not possible to demonstrate a direct effect of lamin A on the
Itm2a promoter reporter constructs during differentiation.
Alternative approaches will be required to determine the
precise mechanism by which lamin A influences Itm2a
expression.

Overall the data suggests that lamin A overexpression is
likely to inhibit adipogenesis through a combination of

mechanisms. In addition to previous work showing that
lamin A alters SREBP1 and FXR1P function in adipogene-
sis,19,20 and reduces PPARg expression,28 our work demon-
strates an effect on Itm2a expression that is likely to have a
functional effect on adipogenesis in 3T3-L1 preadipocytes.

It is not clear how lamin A alters Itm2a expression in
this context. One plausible mechanism stems from the
report by Lund et al., (2013) where they identified 4000
genes that disengage from lamin A during human ASC
differentiation. Perusal of their data set shows that
ITM2A is part of this gene set and suggests that lamin A
disengagement from ITM2A may facilitate its transient
downregulation in cell differentiation.

Lamin A and Autophagy

The observation that knockdown of Itm2a enhances adi-
pogenesis prompted us to explore whether lamin A inhi-
bition of adipogenesis could be rescued by knocking
down Itm2a expression. Interestingly the lamin A inhibi-
tion was completely rescued by this approach (Fig. 5 A).
Moreover, the rescue was effective despite the observation
that the Itm2a knockdown enhanced the stability of lamin
A. A likely explanation for this is that the increased stabil-
ity of PPARg in the Itm2a knockdown cells drives adipo-
genesis forward and its effects are dominant over the
inhibitory effects of the increased lamin A.

The relationship between ITM2A and autophagy along
with the demonstration that Itm2a knockdown can sup-
press lamin A inhibition of adipogenesis suggests a poten-
tial role for autophagy modulation in the treatment of
lamin associated lipodystrophies. A recent study has
described autophagy dysregulation in the LMNA H222P
driven cardiomyopathy, where increased AKT-mTORC1
signaling is observed in human patients.60 Treatment of
LMNA H222P/H222P mice with the mTOR inhibitor tem-
sirolimus was seen to reactivate autophagy and lead to
improved cardiac function in these mice.60 In addition, the
treatment of Hutchinson-Gilford Progeria Syndrome
(HGPS – premature aging laminopathy) patient primary
fibroblasts with the mTOR inhibitor rapamycin, was seen
to improve the disease phenotype and slow senescence of
these cells by stimulating autophagy.61 Thus, taken together
our findings suggest that exploration of therapies that reac-
tivate autophagy are warranted for treatment of FPLD2.

Materials and methods

Cell culture and transfections

3T3-L1 preadipocytes were from Zen-Bio. LMNA WT
and KO MEF cells were kindly provided by Colin Stew-
art. 3T3 NIH and mouse embryonic fibroblasts (MEFs)
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were maintained in standard growth medium; Dulbec-
co’s modified Eagle’s medium with 10% fetal bovine
serum (Gibco – South American origin), 2 mM L-gluta-
mine and 100 U/ml penicillin, 100 mg/ml streptomycin,
at 37�C in a 5% CO2 incubator. For differentiation, 3T3-
L1 cells were grown to confluence in standard growth
medium (day ¡2). Two days post confluence (day 0)
cells were induced with 0.5 mM 3-Isobutyl-1-methylxan-
thine, 10 mg/ml insulin and 1 mM dexamethasone
(MDI), 10 mg/ml insulin and 1 mM dexamethasone (DI)
or just 1 mM dexamethasone (D). Two days later (day 2)
fresh medium containing 10 mg/ml insulin was applied.
Fresh standard medium was applied every 2 d after that
until day 8 when cells were fixed and stained with Oil
Red O. Briefly, cells were washed with phosphate buffer
saline (PBS) and fixed with 10% formaldehyde solution
(Sigma-Aldrich) in PBS for 15–30 minutes at 37�C. Cells
were washed with water and a working Oil Red O solu-
tion (0.5% in isopropanol – diluted 3:2 with ddH20,
Sigma-Aldrich) applied overnight. Oil Red O quantifica-
tion was performed using ImageJ as described previ-
ously62 and expressed as Oil red O absorbance units
(ORO a.u.). For all stable transfections, 3T3-L1 cells
were grown to 50–70% confluency in 60 mm dishes and
co-transfected with overexpression/shRNA/reporter con-
structs and piggyBac transposase using Lipofectamine
2000 transfection reagent (Invitrogen), according to the
manufacturer’s instructions. Between 24 and 48 h post
transfection selection antibiotics were applied (800 mg/ml
G418 or 0.75–1.5 ug/ml puromycin, Sigma Aldrich) and
cells were selected for 1–2 weeks. 3T3 NIH transient
transfections were performed with TurboFect in vitro
transfection reagent (Thermo Scientific), according to the
manufacturer’s instructions. 48 h post transfection the
cells were lysed and Itm2a protein analyzed by
immunoblot.

RNA-Seq

3T3-L1 cells were grown in DMEM supplemented with
10% fetal bovine serum (FBS) at 5% CO2 and 37�C. For
transfection, cells were grown to 70% confluency and
transfected with the overexpression vector pcDNA3.1
bearing the LMNA mutant (R482W) or wild type gene or
with an empty vector control using Lipofectamine 2000
(Invitrogen). After 24 hrs post transfection, G418 was
applied (800 mg/ml G418) for approximately 2 weeks to
select for stable transfectants. For differentiation, 3T3-L1
cells were grown to confluence in standard growth
medium (day ¡2). Two days post confluence (day 0) cells
were induced to differentiate in fresh medium containing
0.5 mM 3-Isobutyl-1-methylxanthine (IBMX), 1 mM
dexamethasone (D) and 10 mg/ml insulin (I). 36 hrs post-

induction total RNA was isolated. For RNA seq analysis a
DNase-treated RNA (3 mg) sample of the mutant, wild-
type and control RNA preparations were used to prepare
RNA-sequencing libraries with the TruSeq RNA Sample
Prep kit for RNA-sequencing. Libraries were prepared
according to the Illumina protocol (Illumina Part
#15008136 Rev. A) and sequenced on an Illumina GAII
sequencer (Trinity Genome Sequencing Laboratory, Insti-
tute of Molecular Medicine, Trinity College Dublin,
Ireland). The workflow to prepare the libraries consisted
of purification and fragmentation of the mRNA, first
strand cDNA synthesis, second strand cDNA synthesis,
repair of fragmented ends into blunt ends, adenylate 30
ends, ligation of adapters, PCR amplification and library
validation. 60 bp paired end reads were obtained from an
Illumina GAII in FASTQ format. Sequence ends were fil-
ter by quality after processing using the FASTQ quality
trimmer from the FASTX toolkit (http://hannonlab.cshl.
edu/fastx_toolkit/). Sequence reads were aligned to the
mouse reference genome (mm9) using Tophat.63

FPKM values were analyzed for differentially expressed
genes using the Cufflinks package and annotations from
UCSC.64

With respect to the expression levels of the constructs,
analysis of unmatched RNA-Seq reads not aligning to
the mouse genome and aligning to the human LMNA
gene was performed for first and second pair-end reads
and normalized to total unmatched reads per sample
and indicated that the expression level of WT LMNA
was approximately 3.25 fold higher than the R482W
mutant LMNA (615 vs 190 reads respectively).

PiggyBac transposable constructs

PiggyBac transposable constructs were generated as fol-
lows; piggyBac (PB) terminal repeats (TR) were ampli-
fied from pCyL50 and cloned into the overexpression
vectors pIRES2-EGFP (Clontech), and pMSCVpuro
(Clontech) and the knockdown vector (pRFP-C-RS
(Origene) such that they flanked the promoter/MSC and
mammalian antibiotic resistance markers. The 50PBTR
was amplified using the forward primer (FP)
50GGTACCTCGCGCGACTTGGTTTGC30, and the
reverse primer (RP) 50GCTAGCCAACAAGCTCGTC
ATCGC30. The 30PBTR was amplified using 50TTAA
TTAACGAGAGCATAATATTGATAT30 as a FP 50GAG
CTCGGTATTCACGACAGCAGG30 an a RP. Gibson
assembly cloning was used to insert the TR into each
construct, and the primers described above contained
additional ‘overlap’ sequence of approximately 15bp at
the 50 end, to complement each vector respectively and
facilitate the assembly cloning. The 50PBTR was inserted
into the AseI site of pIRES2-EGFP, the NdeI sites of
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pMSCVpuro and the EcoR1 site of pRFP-C-RS, while the
30PBTR was inserted into the BsaI site of pIRES2-EGFP,
the PciI sites of pMSCVpuro and the PciI site of pRFP-C-
RS. In addition, piggyBaC-terminal repeats were cloned
into the pGlucBasic (NEB) secreted luciferase backbone in
the manner described above. The 50PBTR was inserted
into the AaT II site and the 30PBTR was inserted into the
BstZ17I site to produce pGluc(PB)basic. A human LMNA
(WT and R482W mutant) cDNA plasmid was kindly pro-
vided by Howard J Worman. LMNA was amplified from
this plasmid and inserted into the XhoI and EcoRI sites of
pIRES(PB)-EGFP. For clarity, we will refer to these con-
structs as pCMV(PB)-Flag-LMNA-WT and pCMV(PB)-
Flag-LMNA-R482W. Itm2a mouse cDNA was purchased
from Origene (MR203468), amplified and inserted into
the XhoI and EcoRI sites of pMSCV(PB)puro, to generate
a fusion protein with a 107aa C-terminal addition that
included a Myc-DDK tag and produce pMSCV(PB)-
Itm2a. The Itm2a cDNA was also amplified and cloned
into the EcoR1 and BamHI sites of pIRES(PB)-EGFP with
a separate 69aa C-terminal addition also including a Myc-
DDK tag to produced pCMV(PB)Itm2a. Itm2a shRNAs
were purchased from origene (TF501127 – shRNA
sequences in Table 1) in the pRFP-C-RS vector and piggy-
BaC-terminal repeats were cloned into each shRNA plas-
mid and a scramble control (TR30015) plasmid as
described above. Six dual constructs were generated as fol-
lows; the U6 promoter and shItm2a/shControl (TR30015
scramble) were amplified from the original pRFP-C-RS
backbone and inserted into the AflII site of pIRES(PB)-
EGFP empty vector and the described previously pCMV
(PB)-Flag-LMNA-WT and pCMV(PB)-Flag-LMNA-
R482W to produce dual LMNA overexpression/ITM2A
knockdown constructs and the relevant controls. The con-
structs were named as follows; pCMV(PB)-Flag-LMNA-
WT.shItm2a, pCMV(PB)-Flag-LMNA-WT.shControl,
pCMV(PB)-Flag-LMNA-R482W.shItm2a, pCMV(PB)-
Flag-LMNA-R482W.shControl or empty vector control
pCMV(PB).shItm2a and pCMV(PB).shControl. Itm2a
promoter fragments (2 kb and 0.5 kb) were amplified
from mouse genomic DNA and inserted into the EcoRI
and HindIII sites of pGluc(PB)basic. The PB transposon
pCyL50 construct and mPB mouse codon optimized pig-
gyBac transposase used in all stable transfections were
obtained from the Wellcome Trust Sanger Institute.65,66

All amplified PBTR, genes and promoter segments were
verified by sequencing. Primer sequences are listed in
Table 1.

Immunoblotting

Cell lysates were prepared as follows: 3T3-L1,3T3 NIH or
MEF cells were washed with PBS and scraped into lysis

buffer (2% SDS, 62.5 mM Tris-HCL; pH 6.8, 10% glyc-
erol, 0.01% bromophenol blue, 41.6 mM DTT). Lysates
were sonicated for approx. 10 seconds and centrifuged at
16,000 x g for 20 mins at 4�C. For SDS-PAGE, lysates
were boiled for 5 minutes and cooled on ice before being
separated on 8–12% polyacrylamide gels. Samples were
transferred to nitrocellulose membranes (Amersham
Protran 0.2 mm NC) and protein transfer was confirmed
by Ponceau staining. Membranes were blocked for 1 hr
at room temperature and immunoblotted with primary
antibodies at 4�C overnight, as recommended by anti-
body manufacturers. Membranes were then incubated
with HRP-conjugated secondary antibody (1:2000 dilu-
tion, 5% milk – Amersham ECL IgG, HRP-linked whole
ab, GE Healthcare Life Sciences), for 1 hr at room tem-
perature and visualized with SuperSignal West Pico/
Femto Chemiluminescent Substrate. Primary antibodies:
ectopic lamin A overexpression was detected with mono-
clonal ANTI-FLAG antibody (Clone M2 – F1804, Sigma
Aldrich) and endogenous lamin A was detected with a
lamin A/C polyclonal Rabbit antibody (#2032 Cell Sig-
naling). Itm2a overexpression was detected with The

Table 1. primers used to amplify piggyBac transposon terminal
repeats 50PBTR and 30PBTR, for cloning into pIRES2-EGFP,
pMSCVpuro, pRFP-C-RS, pGlucBasic.

Primer name Gibson primer sequence

50PBTR.pIRES2-EGFP50 cgccatgcattagttatGGTACCTCGCGCGACTTG
50PBTR.pIRES2-EGFP30 cccgtaattgattactatGCTAGCCAACAAGCTCGTC
30PBTR.pIRES2-EGFP50 cgccatgcattagttatTTAATTAACGAGAGCATAATATTG

ATAT
30PBTR.pIRES2-EGFP30 cccgtaattgattactatGAGCTCGGTATTCACGAC
50PBTR.pMSCVpuro50 tactgagagtgcaccaGGTACCTCGCGCGACTTG
50PBTR.pMSCVpuro30 ggtatttcacaccgcaGCTAGCCAACAAGCTCGTC
30PBTR.pMSCVpuro50 gataacgcaggaaagaaTTAATTAACGAGAGCATAATAT

TGATATC
30PBTR.pMSCVpuro30 gctggccttttgctcaGAGCTCGGTATTCACGAC
50PBTR.pRFPCRS50 ccggccggatcggtgGGTACCTCGCGCGACTTG
50PBTR.pRFPCRS30 gtctttccactggggGCTAGCCAACAAGCTCGTC
30PBTR.pRFPCRS50 cactggccaattggttTTAATTAACGAGAGCATAATATTG

ATAT
30PBTR.pRFPCRS30 cgcggctacaattgttGAGCTCGGTATTCACGAC
50PBTR.pGlucbasic50 agtgccacctgacgtGGTACCTCGCGCGACTTG
50PBTR.pGlucbasic30 ccgatccgtcgacgtGCTAGCCAACAAGCTCGTC
30PBTR.pGlucbasic50 gtatcttatcatgtctgtaTTAATTAACGAGAGCATAATATT

GATAT
30PBTR.pGlucbasic30 ctagaggtcgacggtaGAGCTCGGTATTCACGAC
U6.shRNA.F caaactcatcaatgtatcAATTCCCCAGTGGAAAGAC
U6.shRNA.R cgcttacaatttacgccCTGACACACATTCCACAG
pGluc.Itm2a.2kb.F gatcgggagatcttggTACTTTTCTGAATAATACAATGTG

GACTTC
pGluc.Itm2a.1.5kb.F gatcgggagatcttggACATCCTGCTTCTAAGGTCC
pGluc.Itm2a.1kb.F gatcgggagatcttggACACCAGCATCTGGTTATATTG
pGluc.Itm2a.0.5kb.F gatcgggagatcttggGTTGCAGAACTCAGAAACC
pGluc.Itm2aprom.R ccgagctcggtaccaGGTGAATCTTCGGGCTGC
pIRES2-EGFP.LMNA.F ctaccggactcagatcATCGAATTAATACGACTCATTATAG
pIRES2-EGFP.LMNA.R taccgtcgactgcagCATGATGCTGCAGTTCTG
pMSCVpuro.Itm2a.F gccggaattagatctcAATTCGTCGACTGGATCC
pMSCVpuro.Itm2a.R tcccctacccggtagTAAACCTTATCGTCGTCATC
shItm2a.1 CGTGCCATTGACAAATGCTGGAAGATTAG
shItm2a.2 TGTTGGTGGAGCCTGCATTTACAAGTACT
shItm2a.3 GGCGGCAATTATTCACGACTTTGAGAAGG
shItm2a.4 GATGTAGAGGCGCTCGTCAGTCGCACTGT
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DYKDDDDK tag Antibody (mAB, Mouse, A00187 –
GenScript) and an ITM2A Rabbit Polyclonal Antibody
(14407–1-AP, Proteintech). Endogenous PPARg was
detected with a PPARg Rabbit mAB (81D8, #2443 Cell
Signaling). b-actin and a-tubulin were detected with the
mouse Monoclonal Anti-b-Actin (AC-15) antibody
(A5441, Sigma Aldrich) and the mouse Monoclonal
Ant-a-tubulin (B-5–1–2) antibody (T6074, Sigma
Aldrich), respectively.

Real-time qPCR

Total RNA was isolated from 3T3-L1 and MEF cell bio-
logic triplicates using Trizol reagent, and 1–2 mg of RNA
was reverse transcribed to cDNA with the Tetro cDNA
synthesis kit (Bioline) according to the manufacturer’s
instructions. Quantitative qPCR was performed using IDT
PrimeTime qPCR probe-based assays, and HOT FIREPol
Probe qPCR Mix Plus (ROX) (Solis Biodyne) on the
AB7300 Real-Time PCR cycler. All IDT Probe/primer
assays were validated with a custom IDT gblock titration.
Expression of each gene was normalized to NoNo expres-
sion and relative mRNA expression was calculated using
the 2(-Delta Delta C(T)) method. IDT PrimeTime qPCR
probe-based predesigned assay IDs are listed in Table 2.

Luciferase reporter assay

3T3-L1 cells were stably transfected (as described above)
and seeded in triplicate for each differentiation treatment
(MDI/DI/D) in 12 well plates. Cells were grown to con-
fluence, and induced to differentiate as described above.
Small aliquots of media were taken at 24 hr intervals
post media changes and stored at – 20�C until assayed
for luciferase activity. Samples (10 ml) were assayed for
Gaussia secreted luciferase activity with 1.43 mMCoelen-
terazine (NanoLight Technology) substrate in PBS on the
Veritas Microplate Luminometer (Turner Biosystems) as
described previously.67 The luciferase activity directed by
each ITM2A promoter fragment was normalized to that
of the pGluc(PB)basic empty vector construct to account
for the weak promoter activity of the piggyBac transpos-
able arms in the vector backbone.66 Adipogenesis was
assessed at day 8 of differentiation when cells were fixed
and stained with Oil Red O as described above.

Statistical analysis

Student’s t-tests (2-tailed, assuming equal variance) were
used to calculate statistical significance, indicated as fol-
lows: � D P < 0.05;�� D P < 0.01; ��� D P < 0.001.

Abbreviations

ASC Adipocyte Stem Cells
CREB cAMP response element-binding protein
CEBPa CCAAT/enhancer binding protein a

cAMP Cyclic adenosine monophosphate
FXR1P fragile X-related protein 1
FPLD2 Dunnigan-type familial partial lipodystrophy
ITM2A Integral membrane protein 2
IBMX 3-Isobutyl-1-methylxanthine
MSCs Mesenchymal Stem Cells
MEFs Mouse Embryonic Fibroblasts
MCE mitotic clonal expansion
PPARg peroxisome proliferator-activated receptor g
PB piggyBac
qPCR Quantitative real-time PCR
SREBP1 sterol response element binding protein 1
SPPL2 signal peptide peptidase-like 2
TR terminal repeats
WT wild type

Disclosure of potential conflicts of interest

The authors declare no conflict of interest.

Funding

This research was funded by the Higher Education Authority
(HEA) of Ireland under the Program for Research in Third
Level Institutions (PRTLI) through the Molecular Cell Biology
Ph.D program (SJD) and by Molecular Medicine Ireland
through the Clinician Scientist Structured Training Program
(JR) and by the Irish Health Research Board.

ORCID

Patrick B. F. O’Connor http://orcid.org/0000-0003-1085-
2795
Pavel V. Baranov http://orcid.org/0000-0001-9017-0270

References

[1] Dechat T, Adam SA, Taimen P, Shimi T, Goldman RD.
Nuclear lamins. Cold Spring Harb Perspect Biol. 2010;2:
a000547. doi:10.1101/cshperspect.a000547. PMID:20826548

[2] Camozzi D, Capanni C, Cenni V, Mattioli E,
Columbaro M, Squarzoni S, Lattanzi G. Diverse
lamin-dependent mechanisms interact to control
chromatin dynamics. Focus on laminopathies.
Nucleus. 2014;5:427-40. PMID:25482195

Table 2. Assay IDs of IDT PrimeTime qPCR probe-based prede-
signed assays used in quantitative qPCR analysis.

Gene Assay ID

NoNo Mm.PT.58.16299938
LMNA Hs.PT.58.39267032
Itm2a Mm.PT.58.11424567
CEBPa Mm.PT.58.30061639.g
PPARg Mm.PT.56a.31161924

ADIPOCYTE 273

http://orcid.org/0000-0003-1085-2795
http://orcid.org/0000-0003-1085-2795
http://orcid.org/0000-0001-9017-0270
https://doi.org/20826548
https://doi.org/25482195


[3] Worman HJ. Nuclear lamins and laminopathies. J
Pathol. 2012;226:316-25. doi:10.1002/path.2999.
PMID:21953297

[4] Dechat T, Pfleghaar K, Sengupta K, Shimi T, Shumaker
DK, Solimando L, Goldman RD. Nuclear lamins: major
factors in the structural organization and function of the
nucleus and chromatin. Genes Dev. 2008;22:832-53.
doi:10.1101/gad.1652708. PMID:18381888

[5] Worman HJ, Courvalin J-C. The nuclear lamina and
inherited disease. Trends Cell Biol. 2002;12:591-8.
doi:10.1016/S0962-8924(02)02401-7. PMID:12495848

[6] Gu�enantin AC, Briand N, Bidault G, Afonso P, B�er�eziat
V, Vatier C, Lascols O, Caron-Debarle M, Capeau J, Vig-
ouroux C. Nuclear envelope-related lipodystrophies.
Semin Cell Dev Biol. 2014;29:148-57. doi:10.1016/j.
semcdb.2013.12.015. PMID:24384368

[7] Robbins AL, Savage DB. The genetics of lipid storage and
human lipodystrophies. Trends Mol Med. 2015;21:433-8.
doi:10.1016/j.molmed.2015.04.004. PMID:25979754

[8] Cao H, Hegele RA. Nuclear lamin A/C R482Q mutation
in canadian kindreds with Dunnigan-type familial partial
lipodystrophy. Hum Mol Genet. 2000;9:109-12.
doi:10.1093/hmg/9.1.109. PMID:10587585

[9] Speckman RA, Garg A, Du F, Bennett L, Veile R, Arioglu
E, Taylor SI, Lovett M, Bowcock AM. Mutational and
haplotype analyses of families with familial partial lipo-
dystrophy (Dunnigan variety) reveal recurrent missense
mutations in the globular C-terminal domain of lamin
A/C. Am J Hum Genet. 2000;66:1192-8. doi:10.1086/
302836. PMID:10739751

[10] Shackleton S, Lloyd DJ, Jackson SN, Evans R, Niermeijer
MF, Singh BM, Schmidt H, Brabant G, Kumar S,
Durrington PN, et al. LMNA, encoding lamin A/C, is
mutated in partial lipodystrophy. Nat Genet.
2000;24:153-6. doi:10.1038/72807. PMID:10655060

[11] Krimm I, Ostlund C, Gilquin B, Couprie J, Hossenlopp P,
Mornon J-P, Bonne G, Courvalin J-C, Worman HJ,
Zinn-Justin S. The Ig-like structure of the C-terminal
domain of lamin A/C, mutated in muscular dystrophies,
cardiomyopathy, and partial lipodystrophy. Structure.
2002;10:811-23. doi:10.1016/S0969-2126(02)00777-3.
PMID:12057196

[12] Dhe-Paganon S, Werner ED, Chi Y-I, Shoelson SE.
Structure of the Globular Tail of Nuclear Lamin. J
Biol Chem. 2002;277:17381-4. doi:10.1074/jbc.
C200038200. PMID:11901143

[13] Bidault G, Vatier C, Capeau J, Vigouroux C, B�er�eziat
V. LMNA-linked lipodystrophies: from altered fat
distribution to cellular alterations. Biochem Soc
Trans. 2011;39:1752-7. doi:10.1042/BST20110675.
PMID:22103520

[14] Rosen ED, MacDougald OA. Adipocyte differentiation
from the inside out. Nat Rev Mol Cell Biol. 2006;7:885-
96. doi:10.1038/nrm2066. PMID:17139329

[15] Cristancho AG, Lazar MA. Forming functional fat: a
growing understanding of adipocyte differentiation. Nat
Rev Mol Cell Biol. 2011;12:722-34. doi:10.1038/nrm3198.
PMID:21952300

[16] Lund E, Oldenburg AR, Delbarre E, Freberg CT, Duband-
Goulet I, Eskeland R, Buendia B, Collas P. Lamin A/C-pro-
moter interactions specify chromatin state-dependent

transcription outcomes. Genome Res. 2013;23:1580-9.
doi:10.1101/gr.159400.113. PMID:23861385

[17] Lloyd DJ, Trembath RC, Shackleton S. A novel interac-
tion between lamin A and SREBP1: implications for par-
tial lipodystrophy and other laminopathies. Hum Mol
Genet. 2002;11:769-77. doi:10.1093/hmg/11.7.769.
PMID:11929849

[18] Duband-Goulet I, Woerner S, Gasparini S, Attanda W,
Kond�e E, Tellier-Leb�egue C, Craescu CT, Gombault A,
Roussel P, Vadrot N, et al. Subcellular localization of
SREBP1 depends on its interaction with the C-terminal
region of wild-type and disease related A-type lamins.
Exp Cell Res. 2011;317:2800-13. doi:10.1016/j.
yexcr.2011.09.012. PMID:21993218

[19] Vadrot N, Duband-Goulet I, Cabet E, Attanda W,
Barateau A, Vicart P, Gerbal F, Briand N, Vigouroux
C, Oldenburg AR, et al. The p.R482W substitution in
A-type lamins deregulates SREBP1 activity in Dunni-
gan-type familial partial lipodystrophy. Hum Mol
Genet. 2015;24:2096-109. doi:10.1093/hmg/ddu728.
PMID:25524705

[20] Oldenburg AR, Delbarre E, Thiede B, Vigouroux C, Col-
las P. Deregulation of Fragile X-related protein 1 by the
lipodystrophic lamin A p.R482 Wmutation elicits a myo-
genic gene expression program in preadipocytes. Hum
Mol Genet. 2014;23:1151-62. doi:10.1093/hmg/ddt509.
PMID:24108105

[21] Le Lay S, Lefr�ere I, Trautwein C, Dugail I, Krief S.
Insulin and sterol-regulatory element-binding protein-
1 c (SREBP-1 C) regulation of gene expression in
3T3-L1 adipocytes. Identification of CCAAT/
enhancer-binding protein beta as an SREBP-1 C tar-
get. J Biol Chem. 2002;277:35625-34. doi:10.1074/jbc.
M203913200. PMID:12048207

[22] Capanni C, Mattioli E, Columbaro M, Lucarelli E, Par-
naik VK, Novelli G, Wehnert M, Cenni V, Maraldi NM,
Squarzoni S, et al. Altered pre-lamin A processing is a
common mechanism leading to lipodystrophy. Hum Mol
Genet. 2005;14:1489-502. doi:10.1093/hmg/ddi158.
PMID:15843404

[23] Maraldi NM, Capanni C, Lattanzi G, Camozzi D, Fac-
chini A, Manzoli FA. SREBP1 interaction with prela-
min A forms: A pathogenic mechanism for
lipodystrophic laminopathies. Adv Enzyme Regul.
2008;48:209-23. doi:10.1016/j.advenzreg.2007.11.003.
PMID:18155670

[24] Tu Y, S�anchez-Iglesias S, Ara�ujo-Vilar D, Fong LG,
Young SG. LMNA missense mutations causing familial
partial lipodystrophy do not lead to an accumulation of
prelamin A. Nucleus. 2016;7:512-21. doi:10.1080/
19491034.2016.1242542. PMID:27841971

[25] Agostini M, Schoenmakers E, Mitchell C, Szatmari I, Sav-
age D, Smith A, Rajanayagam O, Semple R, Luan J, Bath
L, et al. Non-DNA binding, dominant-negative, human
PPARgamma mutations cause lipodystrophic insulin
resistance. Cell Metab. 2006;4:303-11. doi:10.1016/j.
cmet.2006.09.003. PMID:17011503

[26] Huang-Doran I, Sleigh A, Rochford JJ, O’Rahilly S, Sav-
age DB. Lipodystrophy: metabolic insights from a rare
disorder. J Endocrinol. 2010;207:245-55. doi:10.1677/
JOE-10-0272. PMID:20870709

274 S. J. DAVIES ET AL.

https://doi.org/10.1002/path.2999
https://doi.org/21953297
https://doi.org/18381888
https://doi.org/12495848
https://doi.org/10.1016/j.semcdb.2013.12.015
https://doi.org/24384368
https://doi.org/25979754
https://doi.org/10587585
https://doi.org/10.1086/302836
https://doi.org/10739751
https://doi.org/10655060
https://doi.org/10.1016/S0969-2126(02)00777-3
https://doi.org/12057196
https://doi.org/10.1074/jbc.C200038200
https://doi.org/11901143
https://doi.org/10.1042/BST20110675
https://doi.org/22103520
https://doi.org/17139329
https://doi.org/10.1038/nrm3198
https://doi.org/21952300
https://doi.org/23861385
https://doi.org/10.1093/hmg/11.7.769
https://doi.org/11929849
https://doi.org/10.1016/j.yexcr.2011.09.012
https://doi.org/21993218
https://doi.org/10.1093/hmg/ddu728
https://doi.org/25524705
https://doi.org/10.1093/hmg/ddt509
https://doi.org/24108105
https://doi.org/10.1074/jbc.M203913200
https://doi.org/12048207
https://doi.org/10.1093/hmg/ddi158
https://doi.org/15843404
https://doi.org/10.1016/j.advenzreg.2007.11.003
https://doi.org/18155670
https://doi.org/10.1080/19491034.2016.1242542
https://doi.org/27841971
https://doi.org/10.1016/j.cmet.2006.09.003
https://doi.org/17011503
https://doi.org/10.1677/JOE-10-0272
https://doi.org/20870709


[27] Tang QQ, Lane MD. Adipogenesis: from stem cell to adi-
pocyte. Annu Rev Biochem. 2012;81:715-36. doi:10.1146/
annurev-biochem-052110-115718. PMID:22463691

[28] Boguslavsky RL, Stewart CL, Worman HJ. Nuclear lamin
A inhibits adipocyte differentiation: implications for
Dunnigan-type familial partial lipodystrophy. Hum Mol
Genet. 2006;15:653-63. doi:10.1093/hmg/ddi480.
PMID:16415042

[29] Deleersnijder W, Hong G, Cortvrindt R, Poirier C,
Tylzanowski P, Pittois K, Van Marck E, Merregaert J.
Isolation of markers for chondro-osteogenic differenti-
ation using cDNA library subtraction. Molecular
cloning and characterization of a gene belonging to a
novel multigene family of integral membrane proteins.
J Biol Chem. 1996;271:19475-82. doi:10.1074/
jbc.271.32.19475. PMID:8702637

[30] Hedlund J, Johansson J, Persson B. BRICHOS – a super-
family of multidomain proteins with diverse functions.
BMC Res Notes. 2009;2:180. doi:10.1186/1756-0500-2-
180. PMID:19747390

[31] Boeuf S, B€orger M, Hennig T, Winter A, Kasten P,
Richter W. Enhanced ITM2 A expression inhibits chon-
drogenic differentiation of mesenchymal stem cells. Dif-
ferentiation;78:108-15. doi:10.1016/j.diff.2009.05.007.
PMID:19541402

[32] Lagha M, Mayeuf-Louchart A, Chang T, Montarras D,
Rocancourt D, Zalc A, Kormish J, Zaret KS, Bucking-
ham ME, Relaix F. Itm2a is a Pax3 target gene,
expressed at sites of skeletal muscle formation in vivo.
PLoS One. 2013;8:e63143. doi:10.1371/journal.
pone.0063143. PMID:23650549

[33] Tai T-S, Pai S-Y, Ho I-C. Itm2a, a target gene of GATA-
3, plays a minimal role in regulating the development
and function of T cells. PLoS One. 2014;9:e96535.
doi:10.1371/journal.pone.0096535. PMID:24831988

[34] Van den Plas D, Merregaert J. Constitutive overex-
pression of the integral membrane protein Itm2 A
enhances myogenic differentiation of C2C12 cells.
Cell Biol Int. 2004;28:199-207. doi:10.1016/j.
cellbi.2003.11.019. PMID:14984746

[35] Namkoong S, Lee K Il, Lee JI, Park R, Lee E-J, Jang
I-S, Park J. The integral membrane protein ITM2 A,
a transcriptional target of PKA-CREB, regulates
autophagic flux via interaction with the vacuolar
ATPase. Autophagy. 2015;11:756-68. doi:10.1080/
15548627.2015.1034412. PMID:25951193

[36] Van den Plas D, Merregaert J. In vitro studies on Itm2a
reveal its involvement in early stages of the chondrogenic
differentiation pathway. Biol cell. 2004;96:463-70.
doi:10.1016/j.biolcel.2004.04.007. PMID:15325075

[37] Jung H, KimWK, Kim DH, Cho YS, Kim SJ, Park SG, Park
BC, Lim HM, Bae K-H, Lee SC. Involvement of PTP-RQ in
differentiation during adipogenesis of human mesenchymal
stem cells. Biochem Biophys Res Commun. 2009;383:252-7.
doi:10.1016/j.bbrc.2009.04.001. PMID:19351528

[38] Cawthorn WP, Bree AJ, Yao Y, Du B, Hemati N, Marti-
nez-Santiba~nez G, MacDougald OA. Wnt6, Wnt10 a and
Wnt10b inhibit adipogenesis and stimulate osteoblasto-
genesis through a b-catenin-dependent mechanism.
Bone. 2012;50:477-89. doi:10.1016/j.bone.2011.08.010.
PMID:21872687

[39] Bermeo S, Vidal C, Zhou H, Duque G. Lamin A/C Acts
as an Essential Factor in Mesenchymal Stem Cell Differ-
entiation Through the Regulation of the Dynamics of the
Wnt/b-Catenin Pathway. J Cell Biochem. 2015;116:2344-
53. doi:10.1002/jcb.25185. PMID:25846419

[40] Wojtanik KM, Edgemon K, Viswanadha S, Lindsey B,
Haluzik M, Chen W, Poy G, Reitman M, Londos C. The
role of LMNA in adipose: a novel mouse model of lipo-
dystrophy based on the Dunnigan-type familial partial
lipodystrophy mutation. J Lipid Res. 2009;50:1068-79.
doi:10.1194/jlr.M800491-JLR200. PMID:19201734

[41] Aprile M, Ambrosio MR, D’Esposito V, Beguinot F,
Formisano P, Costa V, Ciccodicola A. PPARG in
Human Adipogenesis: Differential Contribution of
Canonical Transcripts and Dominant Negative Iso-
forms. PPAR Res. 2014;2014:537865. doi:10.1155/
2014/537865. PMID:24790595

[42] Ahmadian M, Suh JM, Hah N, Liddle C, Atkins AR,
Downes M, Evans RM. PPARg signaling and metabo-
lism: the good, the bad and the future. Nat Med.
2013;19:557-66. doi:10.1038/nm.3159. PMID:23652116

[43] Rosen ED, Spiegelman BM. PPARgamma: a nuclear
regulator of metabolism, differentiation, and cell
growth. J Biol Chem. 2001;276:37731-4. doi:10.1074/
jbc.R100034200. PMID:11459852

[44] Sabatino L, Casamassimi A, Peluso G, Barone MV, Capa-
ccio D, Migliore C, Bonelli P, Pedicini A, Febbraro A,
Ciccodicola A, et al. A novel peroxisome proliferator-
activated receptor gamma isoform with dominant nega-
tive activity generated by alternative splicing. J Biol
Chem. 2005;280:26517-25. doi:10.1074/jbc.M502716200.
PMID:15857827

[45] Mikkelsen TS, Xu Z, Zhang X, Wang L, Gimble JM,
Lander ES, Rosen ED. Comparative epigenomic analysis
of murine and human adipogenesis. Cell. 2010;143:156-
69. doi:10.1016/j.cell.2010.09.006. PMID:20887899

[46] Lane MD, Tang QQ, Jiang MS. Role of the CCAAT
enhancer binding proteins (C/EBPs) in adipocyte differ-
entiation. Biochem Biophys Res Commun. 1999;266:677-
83. doi:10.1006/bbrc.1999.1885. PMID:10603305

[47] Petersen RK, Madsen L, Pedersen LM, Hallenborg P,
Hagland H, Viste K, Døskeland SO, Kristiansen K. Cyclic
AMP (cAMP)-mediated stimulation of adipocyte differ-
entiation requires the synergistic action of Epac- and
cAMP-dependent protein kinase-dependent processes.
Mol Cell Biol. 2008;28:3804-16. doi:10.1128/MCB.00709-
07. PMID:18391018

[48] Yang D-C, Tsay H-J, Lin S-Y, Chiou S-H, Li M-J, Chang
T-J, Hung S-C. cAMP/PKA regulates osteogenesis, adi-
pogenesis and ratio of RANKL/OPG mRNA expression
in mesenchymal stem cells by suppressing leptin. PLoS
One. 2008;3:e1540. doi:10.1371/journal.pone.0001540.
PMID:18253488

[49] Mitsui S, Osako Y, Yuri K. Mental retardation-related
protease, motopsin (prss12), binds to the BRICHOS
domain of the integral membrane protein 2 a. Cell
Biol Int. 2014;38:117-23. doi:10.1002/cbin.10164.
PMID:23955961

[50] Kirchner J, Bevan MJ. ITM2 A is induced during thymo-
cyte selection and T cell activation and causes downregu-
lation of CD8 when overexpressed in CD4(C)CD8(C)

ADIPOCYTE 275

https://doi.org/10.1146/annurev-biochem-052110-115718
https://doi.org/22463691
https://doi.org/10.1093/hmg/ddi480
https://doi.org/16415042
https://doi.org/10.1074/jbc.271.32.19475
https://doi.org/8702637
https://doi.org/10.1186/1756-0500-2-180
https://doi.org/19747390
https://doi.org/10.1016/j.diff.2009.05.007
https://doi.org/19541402
https://doi.org/10.1371/journal.pone.0063143
https://doi.org/23650549
https://doi.org/24831988
https://doi.org/10.1016/j.cellbi.2003.11.019
https://doi.org/14984746
https://doi.org/10.1080/15548627.2015.1034412
https://doi.org/25951193
https://doi.org/15325075
https://doi.org/19351528
https://doi.org/10.1016/j.bone.2011.08.010
https://doi.org/21872687
https://doi.org/25846419
https://doi.org/19201734
https://doi.org/10.1155/2014/537865
https://doi.org/24790595
https://doi.org/23652116
https://doi.org/10.1074/jbc.R100034200
https://doi.org/11459852
https://doi.org/10.1074/jbc.M502716200
https://doi.org/15857827
https://doi.org/20887899
https://doi.org/10603305
https://doi.org/10.1128/MCB.00709-07
https://doi.org/18391018
https://doi.org/10.1371/journal.pone.0001540
https://doi.org/18253488
https://doi.org/10.1002/cbin.10164
https://doi.org/23955961


double positive thymocytes. J Exp Med. 1999;190:217-28.
doi:10.1084/jem.190.2.217. PMID:10432285

[51] Martin L, Fluhrer R, Reiss K, Kremmer E, Saftig P,
Haass C. Regulated intramembrane proteolysis of Bri2
(Itm2b) by ADAM10 and SPPL2 a/SPPL2b. J Biol
Chem. 2008;283:1644-52. doi:10.1074/jbc.M706661200.
PMID:17965014

[52] Marcora MS, Fern�andez-Gamba AC, Avenda~no LA,
Rotondaro C, Podhajcer OL, Vidal R, Morelli L, Ceriani
MF, Casta~no EM. Amyloid peptides ABri and ADan
show differential neurotoxicity in transgenic Drosophila
models of familial British and Danish dementia. Mol
Neurodegener. 2014;9:5. doi:10.1186/1750-1326-9-5.
PMID:24405716

[53] Capanni C, Mattioli E, Columbaro M, Lucarelli E,
Parnaik VK, Novelli G, Wehnert M, Cenni V, Maraldi
NM, Squarzoni S, et al. Altered pre-lamin A process-
ing is a common mechanism leading to lipodystrophy.
Hum Mol Genet. 2005;14:1489-502. doi:10.1093/hmg/
ddi158. PMID:15843404

[54] Skop V, Cahova M, Dankova H, Papackova Z, Pale-
nickova E, Svoboda P, Zidkova J, Kazdova L. Auto-
phagy inhibition in early but not in later stages
prevents 3T3-L1 differentiation: Effect on mitochon-
drial remodeling. Differentiation. 2014;87:220-9.
doi:10.1016/j.diff.2014.06.002. PMID:25041706

[55] Zhang C, He Y, Okutsu M, Ong LC, Jin Y, Zheng L,
Chow P, Yu S, Zhang M, Yan Z. Autophagy is
involved in adipogenic differentiation by repressesing
proteasome-dependent PPARg2 degradation. Am J
Physiol Endocrinol Metab. 2013;305:E530-9.
doi:10.1152/ajpendo.00640.2012. PMID:23800883

[56] Guo L, Huang J-X, Liu Y, Li X, Zhou S-R, Qian S-W, Liu
Y, Zhu H, Huang H-Y, Dang Y-J, et al. Transactivation
of Atg4b by C/EBPb promotes autophagy to facilitate
adipogenesis. Mol Cell Biol. 2013;33:3180-90.
doi:10.1128/MCB.00193-13. PMID:23754749

[57] Baerga R, Zhang Y, Chen P-H, Goldman S, Jin S. Targeted
deletion of autophagy-related 5 (atg5) impairs adipogenesis
in a cellular model and in mice. Autophagy. 2009;5:1118-
30. doi:10.4161/auto.5.8.9991. PMID:19844159

[58] Singh R, Xiang Y, Wang Y, Baikati K, Cuervo AM, Luu
YK, Tang Y, Pessin JE, Schwartz GJ, Czaja MJ. Auto-
phagy regulates adipose mass and differentiation in mice.
J Clin Invest. 2009;119:3329-39. PMID:19855132

[59] Forgac M. Vacuolar ATPases: rotary proton pumps in
physiology and pathophysiology. Nat Rev Mol Cell Biol.
2007;8:917-29. doi:10.1038/nrm2272. PMID:17912264

[60] Choi JC, Worman HJ. Reactivation of autophagy amelio-
rates LMNA cardiomyopathy. Autophagy. 2013;9:110-1.
doi:10.4161/auto.22403. PMID:23044536

[61] Cao K, Graziotto JJ, Blair CD, Mazzulli JR, Erdos MR,
Krainc D, Collins FS. Rapamycin Reverses Cellular Phe-
notypes and Enhances Mutant Protein Clearance in
Hutchinson-Gilford Progeria Syndrome Cells. Sci Transl
Med. 2011;3:89ra58. doi:10.1126/scitranslmed.3002346.

[62] Mehlem A, Hagberg CE, Muhl L, Eriksson U, Falkevall A.
Imaging of neutral lipids by oil red O for analyzing the met-
abolic status in health and disease. Nat Protoc. 2013;8:1149-
54. doi:10.1038/nprot.2013.055. PMID:23702831

[63] Trapnell C, Pachter L, Salzberg SL. TopHat: discovering
splice junctions with RNA-Seq. Bioinformatics.
2009;25:1105-11. doi:10.1093/bioinformatics/btp120.
PMID:19289445

[64] Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan
G, van Baren MJ, Salzberg SL, Wold BJ, Pachter L. Tran-
script assembly and quantification by RNA-Seq reveals
unannotated transcripts and isoform switching during
cell differentiation. Nat Biotechnol. 2010;28:511-5.
doi:10.1038/nbt.1621. PMID:20436464

[65] Wang W, Lin C, Lu D, Ning Z, Cox T, Melvin D, Wang
X, Bradley A, Liu P. Chromosomal transposition of Pig-
gyBac in mouse embryonic stem cells. Proc Natl Acad Sci
U S A. 2008;105:9290-5. doi:10.1073/pnas.0801017105.
PMID:18579772

[66] Cadi~nanos J, Bradley A. Generation of an inducible and
optimized piggyBac transposon system. Nucleic Acids Res.
2007;35:e87. doi:10.1093/nar/gkm446. PMID:17576687

[67] Barriscale KA, O’Sullivan SA, McCarthy T V. A single
secreted luciferase-based gene reporter assay. Anal Bio-
chem. 2014;453:44-9. doi:10.1016/j.ab.2014.02.019.
PMID:24583246

276 S. J. DAVIES ET AL.

https://doi.org/10432285
https://doi.org/10.1074/jbc.M706661200
https://doi.org/17965014
https://doi.org/10.1186/1750-1326-9-5
https://doi.org/24405716
https://doi.org/10.1093/hmg/ddi158
https://doi.org/15843404
https://doi.org/25041706
https://doi.org/23800883
https://doi.org/23754749
https://doi.org/19844159
https://doi.org/19855132
https://doi.org/17912264
https://doi.org/23044536
https://doi.org/10.1126/scitranslmed.3002346
https://doi.org/23702831
https://doi.org/10.1093/bioinformatics/btp120
https://doi.org/19289445
https://doi.org/20436464
https://doi.org/10.1073/pnas.0801017105
https://doi.org/18579772
https://doi.org/17576687
https://doi.org/10.1016/j.ab.2014.02.019
https://doi.org/24583246

	Abstract
	Introduction
	Results
	Lamin A overexpression inhibits 3T3-L1 adipogenesis and increases Itm2a expression
	Endogenous Itm2a expression and promoter activity in 3T3-L1 differentiation
	The effect of lamin A on the Itm2a promoter
	Itm2a overexpression inhibits 3T3-L1 differentiation
	Knockdown of Itm2a enhances 3T3-L1 adipogenesis
	Itm2a knockdown rescues lamin A inhibition of adipogenesis in 3T3-L1 differentiation
	Itm2a expression in lamin A wild type and KO MEFs

	Discussion
	Itm2a in adipogenesis
	Lamin A and Itm2a
	Lamin A and Autophagy

	Materials and methods
	Cell culture and transfections
	RNA-Seq
	PiggyBac transposable constructs
	Immunoblotting
	Real-time qPCR
	Luciferase reporter assay
	Statistical analysis

	Abbreviations
	Disclosure of potential conflicts of interest
	Funding
	References

