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Introduction

The nuclear lamina is a meshwork of A- and B-type lamins at 
the nuclear envelope and contributes to the spatial organiza-
tion of chromatin and regulation of gene expression. Although 
lamins B1 and B2 are mostly restricted to the nuclear lamina at 
the nuclear periphery, lamin A/C (LMNA) is found both at the 
nuclear periphery and in the nuclear interior. There, LMNA can 
also interact with chromatin (Lund et al., 2013, 2015; Gesson 
et al., 2016), and in doing so, it is able to modulate somatic 
stem cell differentiation (Naetar and Foisner, 2009). Mutations 
throughout the LMNA gene cause various forms of laminopa-
thies, including partial lipodystrophies (Vigouroux et al., 2011). 
The heterozygous LMNA p.R482W mutation is the most fre-
quent mutation causing familial partial Dunnigan lipodystrophy 
(FPLD2; OMIM ID, 151660), characterized by a redistribution 
of adipose tissue, general muscle hypertrophy, and metabolic 
disorders (Decaudain et al., 2007; Vigouroux et al., 2011). How 
the hot spot LMNA p.R482W mutation causes FPLD2 proba-
bly involves a deregulation of signaling pathways (Le Dour et 
al., 2017), of nucleus and cell mechanosensitivity (Osmanagic- 
Myers et al., 2015), and of nuclear architecture (Vigouroux et 
al., 2001). Studies in mice, patient cells, and cultured preadipo-
cytes concur in that the mutation leads to adipogenic differenti-

ation defects (Boguslavsky et al., 2006; Oldenburg et al., 2014; 
Vadrot et al., 2015). Moreover, the R482W mutation impairs 
LMNA interaction with the adipogenic factor SRE BP1 (Vadrot 
et al., 2015) and with DNA in vitro (Stierlé et al., 2003). These 
findings are supported by recent work showing that although 
the majority of chromatin domains (so-called lamin- associated 
domains; LADs) interacting with LMNA are conserved be-
tween fibroblasts of healthy and FPLD2 patients, some are 
variable (Paulsen et al., 2017). These observations suggest a 
differential regulatory influence of WT and mutant LMNA on 
chromatin organization.

We have earlier identified fragile X–related protein 1 
(FXR1P), a promyogenic protein (Huot et al., 2005; van’t 
Padje et al., 2009; Davidovic et al., 2013), as a binding part-
ner of LMNA, whose association with LMNA is weakened 
by the LMNA(R482W) mutation (Oldenburg et al., 2014). 
Expression of the R482W mutation in human primary adi-
pose stem cells (ASCs) up-regulates FXR1P levels and elicits 
myogenic gene expression (Oldenburg et al., 2014). FXR1P 
up-regulation, however, does not result from an increase in 
FXR1 mRNA levels, suggesting a posttranscriptional or post-
translational deregulation.

Mutations in the Lamin A/C (LMNA) gene-encoding nuclear LMNA cause laminopathies, which include partial lipodys-
trophies associated with metabolic syndromes. The lipodystrophy-associated LMNA p.R482W mutation is known to 
impair adipogenic differentiation, but the mechanisms involved are unclear. We show in this study that the lamin A 
p.R482W hot spot mutation prevents adipogenic gene expression by epigenetically deregulating long-range enhancers 
of the anti-adipogenic MIR335 microRNA gene in human adipocyte progenitor cells. The R482W mutation results in a 
loss of function of differentiation-dependent lamin A binding to the MIR335 locus. This impairs H3K27 methylation and 
instead favors H3K27 acetylation on MIR335 enhancers. The lamin A mutation further promotes spatial clustering of 
MIR335 enhancer and promoter elements along with overexpression of the MIR355 gene after adipogenic induction. 
Our results link a laminopathy-causing lamin A mutation to an unsuspected deregulation of chromatin states and spatial 
conformation of an miRNA locus critical for adipose progenitor cell fate.
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One mechanism of FXR1 deregulation may involve 
miRNAs (Cheever et al., 2010). miRNAs are short, noncoding 
RNAs that commonly down-regulate target mRNAs through 
degradation or translational silencing after binding to the 3′ 
UTR. Interestingly, however, some miRNAs can stabilize 
mRNAs and promote translational activation (Vasudevan et 
al., 2007). Because single miRNAs often target multiple tran-
scripts, they can be involved in many normal and pathological 
processes including lipid metabolism (Fernández-Hernando 
et al., 2011), mesenchymal stem cell (MSC) differentiation 
(Tomé et al., 2011), and diseases including cancer (Small and 
Olson, 2011; Lujambio and Lowe, 2012).

Interestingly, miRNAs including miR-335 have been shown 
to be deregulated in muscle biopsies of patients with LMNA- 
linked muscle dystrophy (Sylvius et al., 2011). miR-335 is pro-
myogenic (Meyer et al., 2015), inhibits MSC differentiation 
into adipocytes and osteocytes (Tomé et al., 2011), and is in-
volved in mesendodermal and chondrogenic induction (Lin et 
al., 2014; Yang et al., 2014). This attests to a role of miR-335 
in the differentiation fate of MSCs. miR-335 is up-regulated in 
obese adipose tissue (Oger et al., 2014) and in senescent MSCs 
(Tomé et al., 2014). It is also implicated in adipose tissue inflam-
mation (Zhu et al., 2014) and in transcriptional deregulation in 
type-2 diabetes patients (Calimlioglu et al., 2015). Strikingly, all 
these features are hallmarks of FLPD2 (Vigouroux et al., 2011). 
Nevertheless, miR-335 has to date not been implicated in lipo-
dystrophic laminopathies. We show in this study that the lipo-
dystrophic LMNA p.R482W mutation prevents adipogenic gene 
expression via up-regulation of miR-335 in a process involving 
epigenetic and conformational alterations of the MIR335 locus.

Results

FXR1P level is deregulated via miR-335 in 
FPLD2 patient fibroblasts
Fibroblasts from FLPD2 patients with the LMNA p.R482W mu-
tation harbor elevated FXR1P protein levels with no significant 

variations in FXR1 transcripts compared with WT fibroblasts 
(Oldenburg et al., 2014). We now extend these observations 
to fibroblasts from additional FPLD2 patients with the same 
LMNA mutation (Figs. 1 A and S1 A). Treatment of WT fibro-
blasts with the proteasome inhibitor MG132 did not enhance 
FXR1P levels, but as expected, they elevated P53 levels (Fig. S1 
B), suggesting that elevated FXR1P in FPLD2 fibroblasts does 
not result from reduced protein degradation by the proteasome.

Rather, this could involve posttranscriptional processing 
of FXR1 transcripts by miRNAs (Cheever and Ceman, 2009). 
One miRNA up-regulated in LMNA-linked myodystrophy is 
the promyogenic miR-335 (Sylvius et al., 2011). miR-335 is 
also anti-adipogenic (Tomé et al., 2011) and predicted to tar-
get the 3′ UTR of FXR1 (Fig. S1 C). Given the lipodystrophy 
and muscle hypertrophy symptoms of FPLD2 patients, we 
examined miR-335 levels in control and FPLD2 fibroblasts. 
Strikingly, TaqMan reverse-transcription quantitative PCR 
(qPCR) revealed significant overall up-regulation of miR-335 
in FPLD2 fibroblast cultures (P = 0.002; ANO VA; Fig. 1 B). 
The MIR335 gene lies within intron 2 of the MEST gene on 
chromosome 7q21.11. MIR335 and MEST have been shown 
to be coregulated in cancer (Png et al., 2011; Hiramuki et al., 
2015) but not in cases of adipose tissue inflammation (Zhu et 
al., 2014). However, MEST mRNA levels remain low in con-
trol and FPLD2 fibroblasts (Fig. S1 D), indicating that MIR335 
and MEST are not coregulated under these conditions. The re-
pressed state of MEST was supported by high CpG methylation 
in the locus in both cell types (Fig. S1 E). Thus, MIR335 is 
up-regulated independently of expression of its host gene MEST 
in FPLD2 patient fibroblasts.

Up-regulation of both FXR1P and miR-335 in FPLD2 fi-
broblasts suggests that miR-335 positively influences FXR1P 
protein level in these cells. To test this, we transfected control 
and FPLD2 fibroblasts with a luciferase reporter cloned up-
stream of the 3′ UTR of the FXR1 mRNA and asked whether 
miR-335 was able to up-regulate luciferase expression. Indeed, 
luciferase activity was increased in FPLD2 cells in correlation 
with elevated miR-335 levels (P < 0.01; Fisher’s exact test; 

Figure 1. FXR1P protein level in FPLD2 patient fibroblasts is 
regulated by miR-335. (A) RT-qPCR analysis of FXR1 mRNA in 
control (CTL) and FPLD2 fibroblasts (patients 1–5; nsP > 0.01; 
ANO VA; means ± SD of a triplicate analysis). (B) RT-qPCR 
analysis of miR-335 levels in control and FPLD2 fibroblasts 
(*, P = 0.002; ANO VA; means ± SD of a triplicate analysis). 
(C) Luciferase activity from a reporter upstream of the FXR1 3′ 
UTR in control and FPLD2 fibroblasts treated with 0 or 500 nM 
335-i (*, P < 0.01; Fisher’s exact test; means ± SD of a tripli-
cate experiment). (D) miR-335 targets the 3′ UTR of the FXR1 
mRNA. A WT or mutated luciferase-FXR1 3′ UTR reporter was 
expressed in DT40 cells after DIC ER knockdown; the mutation 
was a deletion of the predicted miR-335 binding site at po-
sition −322 (Δ322). Luciferase activity was measured 24 h 
after introduction of 0 or 500 nM 335-m (*, P < 0.01; Fisher’s 
exact test; means ± SD of a triplicate experiment).
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Fig. 1 C). Cotransfection of a specific hairpin miR-335 inhib-
itor (335-i; 500 nM), however, significantly reduced luciferase 
activity (P < 0.01; Fisher’s exact test; Fig. 1 C), suggesting that 
miR-335 positively regulates FXR1 mRNA translation. Because 
some miRNAs can positively regulate their target mRNAs (Va-
sudevan et al., 2007; Cheever and Ceman, 2009), we then tested 
whether miR-335 was able to target FXR1 transcripts. To ab-
rogate any effect of endogenous miR-335 or of any miRNA 
that would target FXR1, we transfected the luciferase-FXR1 3′ 
UTR reporter construct in DT40 cells depleted of the RNA in-
terference machinery by inducible knockdown of DIC ER (Fig. 
S1 F; Fukagawa et al., 2004). This would enable the lucifer-
ase-FXR1 3′ UTR reporter to be regulated by an exogenously 
added miRNA. Cotransfection of a miR-335 mimic (335-m) 
oligonucleotide (5 µM) led to luciferase up-regulation, and de-
letion of the predicted miR-335 target site at position 322 in 
the FXR1 3′ UTR abolishes this up-regulation (P < 0.01; Fish-
er’s exact test; Fig. 1 D). Thus miR-335 was able to up-regu-
late the FXR1 mRNA by targeting its 3′ UTR. This implicates 
miR-335 in the up-regulation of FXR1P linked to expression of  
LMNA(R482W) in FPLD2 patient cells.

The LMNA(R482W) mutation up-regulates 
miR-335 levels in primary ASCs
We next assessed whether, as in fibroblasts, miR-335 was up- 
regulated in human ASCs expressing LMNA(R482W) (hereafter 
called ASCLMNA(R482W)). Expression of EGFP-LMNA(R482W) 
but not EGFP-LMNA WT or EGFP alone (Fig.  2  A) signifi-
cantly up-regulated miR-335 (P = 0.001; ANO VA; Fig. 2 B). 
This up-regulation was specific because it was blocked with 
500 nM 335-i (P < 0.001; Fisher’s exact test; Fig. 2 B). FXR1P 
was also up-regulated in ASCLMN AWT and ASCLMNA(R482W) in a 
manner sensitive to miR335 inhibition (P < 0.01; Fisher’s exact 
test; Figs. 2 A and S1 G). This directly implicates miR-335 in 
the up-regulation of FXR1P elicited by LMNA(R482W) not 
only in fibroblasts but also in ASCs. Because both miR-335 
and FXR1P have promyogenic properties, these results are 

consistent with the induction of myogenic gene and protein 
expression previously shown in ASCLMNA(R482W) (Oldenburg et 
al., 2014). These data also show the relevance of miR-335 and 
FXR1P overexpression to the muscle hypertrophy phenotype 
characteristic of FPLD2 patients (Decaudain et al., 2007).

Induction of adipogenic differentiation substantially de-
creased miR-335 levels in ASCLMNA(R482W) (P < 0.001; ANO VA;  
Fig. 2 C). miR-335 down-regulation also occurred in differen-
tiating ASCLMN AWT and control ASCEGFP (P < 0.001; ANO VA; 
Fig. 2 C), consistent with the anti-adipogenic property of miR-
335 (Tomé et al., 2011). Strikingly, however, in ASCLMNA(R482W), 
miR-335 remained higher than in controls at each stage of differ-
entiation, even after 9 d (§P < 0.001; ANO VA; Fig. 2 C). These 
miR-335 levels were similar to those of undifferentiated native 
ASCs, suggesting that they may be inhibitory to adipogenic 
differentiation. Interestingly, expression of the Emery-Dreifuss 
muscle dystrophy (EDMD)-causing LMNA(R453W) mutant 
in ASCs also elicited up-regulation of miR-335 in undifferen-
tiated cells; importantly, however, unlike R482W, the R453W 
mutation was compatible with a marked return of miR-335 to 
basal levels on day 9 of differentiation as in cells expressing 
WT LMNA (Fig. S2 A). Thus, among the LMNA constructs 
examined in this study, maintenance of elevated miR-335 lev-
els after adipogenic induction was specific for the lipodystro-
phic R482W mutation. Our results also suggest that elevated 
miR-335 levels in undifferentiated cells do not compromise ad-
ipose cell fate, but down-regulation of miR-335 is essential for 
differentiation to occur.

miR-335 inhibition rescues deficiencies 
in adipogenic gene expression elicited by 
LMNA(R482W) expression
We previously reported that expression of LMNA(R482W) 
in ASCs impairs adipogenic differentiation (Oldenburg et al., 
2014); we confirm this observation in this study by showing 
decreased expression of perilipin, a marker of lipid droplets, 
in in-cell Western assays (Fig. S2 B). Because ASCLMNA(R482W) 

Figure 2. Expression of LMNA(R482W) in ASCs up-reg-
ulates miR-335 expression. (A) Western blot analysis of 
EGFP-LMNA (anti-EGFP antibodies), endogenous LMNA, 
and FXR1P in ASCEGFP, ASCLMN AWT, and ASCLMNA(R482W). 
γ-Tubulin was used as a loading control. (B) Relative miR-
335 levels in native ASCs, ASCEGFP, ASCLMN AWT, and 
ASCLMNA(R482W) treated with 500 nM 335-i or a vehicle 
control (*, P = 0.001; ANO VA; **, P < 0.001; Fisher’s 
exact test; nsP > 0.05; post-ANO VA Fisher’s exact test; 
means ± SD of triplicate transfections and analyses).  
(C) Relative miR-335 levels in ASCEGFP, ASCLMN AWT, or  
ASCLMNA(R482W) differentiated for up to 9 d (*, P < 0.001; 
ANO VA; §P < 0.001; ANO VA for the same time points 
in ASCEGFP and ASCLMN AWT control cells; means ± SD of a 
triplicate differentiation).
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overexpresses miR-335, we determined whether restoring 
miR-335 to background levels would rescue adipogenic gene 
expression in these cells. Expression of LMNA(R482W) in 
ASCs impaired expression of adipocyte transcripts including 
PPA RG, CEB PA, FABP4, KLF5, and KLF15 (the latter two 
being PPA RG activators) after adipogenic induction (Fig. 3). 
LMNA WT also reduced expression of some of these tran-
scripts in line with other studies also reporting adverse effects 
of overexpressing WT LMNA (Favreau et al., 2004; Scaffidi 
and Misteli, 2008; Oldenburg et al., 2014; Vadrot et al., 2015; 
Lee et al., 2016). Moreover, 335-i abrogated miR-335 eleva-
tion invoked by LMNA(R482W) (P < 0.01; Fisher’s exact test; 
Fig. 2 B) and thus could be used in a rescue experiment. Strik-
ingly, we found that 335-i restored expression of all adipo-
genic transcripts inhibited in ASCLMNA(R482W) (day 3; P < 0.01; 
Fisher’s exact test; Fig. 3). CEP BA, CEP BD, FABP4, KLF5, 
or KLF15 are predicted targets of miR-335, making a direct 
effect of miR-335 on these transcripts unlikely. However, the 
3′ UTR of PPA RG is a predicted miR-335 target, so miR-335 
inhibition could affect expression of the PPARγ transcription 
factor and of its targets. In ASCLMN AWT, the effect of miR-335 
inhibition on transcripts that are also down-regulated is min-
imal (e.g., FABP4, CEB PA, KLF5, and KLF15); however, in 
these cells, mRNA levels do not significantly differ from those 
of control ASCEGFP treated with 335-i (Fig. 3). We conclude 
that miR-335 inhibition relieves the impairment of adipogenic 
gene expression elicited by the lipodystrophic LMNA(R482W) 
mutation. Thus, one mechanism by which the R482W mutation 
impairs adipogenic induction is by maintaining high levels of 
anti-adipogenic miR-335.

LMNA exerts a repressive role on 
the MIR335 locus during adipogenic 
differentiation
We next investigated the mechanisms by which LMNA could 
regulate MIR335 gene expression in ASCs. LMNA interacts with 
chromatin mostly in transcriptionally inactive regions, providing 
one potential level of gene regulation. The MEST gene, which 
hosts MIR335, is located ∼400 kb downstream of the nearest 
LMNA LAD previously mapped by us by chromatin immuno-
precipitation (ChIP) sequencing (ChIP-seq) of LMNA in ASCs 
(Fig. 4 A; Rønningen et al., 2015). Interestingly, however, this 
inter-LAD region is punctually associated with LMNA (Fig. 4 A, 
top and magnified sections). To determine whether this LMNA 
association might play a regulatory role on MIR335 gene activ-
ity, we first examined by ChIP-qPCR the binding of LMNA at 
four proximal sites >2 kb upstream of the MIR335 transcription 
start site (TSS) within MEST introns 1 and 2 at four stages 
of adipogenic differentiation (Fig. 4 A). This region was cho-
sen because binding of LMNA to promoters in ASCs has been 
shown to correlate with inactivity of their cognate genes (Lund 
et al., 2013). Consistent with ChIP-seq profiles, ChIP-qPCR 
showed low-level association of LMNA in the MIR335 proximal 
promoter region in undifferentiated ASCs, yet this association 
was slightly above those detected at a control nonlamin-bound 
site (Lam−) and in IgG ChIPs (Fig. 4 B). Thus, although the 
MEST/MIR335 locus was localized between two LMNA LADs, 
it appeared to punctually interact with low levels of LMNA in 
undifferentiated ASCs.

Adipogenic induction elicits a remodeling of the associ-
ation of LMNA with the MEST/MIR335 locus. Accordingly, 

Figure 3. miR-335 inhibition restores adipo-
genic gene expression inhibited in ASCs by the 
LMNA(R482W) mutation. RT-qPCR analysis of 
indicated transcripts in ASCs on day 0 (D0) 
and day 3 (D3) of adipogenic differentiation 
treated with vehicle (Veh) or 500 nM 335-i  
(*, P < 0.01; **, P < 0.001; Fisher’s exact 
tests; means ± SD of triplicate differentiations).
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we found a significant increase in LMNA association with 
the MIR335 promoter region as a whole (P < 0.001; ANO VA; 
Fig. 4 B, r1–r4) and in each region examined individually (P = 
0.002–0.018; ANO VA). This LMNA association anticorrelated 
with the down-regulation of miR-335 that followed adipogenic 
induction (see Fig. 2 C). In addition, knockdown of LMNA in 
ASCs led to miR-335 up-regulation (Fig. 4 C), suggesting a 
repressive role of LMNA on miR-335 expression. To examine 
this further, we used a machine learning approach to generate 

a Hidden Markov model of 15 chromatin states from recurrent 
combinations of seven chromatin marks previously mapped by 
ChIP-seq in ASCs and adipocytes (Fig. 4 D; Shah et al., 2014). 
These data show that the MEST/MIR335 locus is predominantly 
marked by polycomb-mediated H3K27me3 (chromatin states 8 
and 14; Fig. 4 E). After induction of differentiation, the locus re-
tained its repressive state, in line with the further down-regulation 
of miR-335. Thus, LMNA binding to the MEST/MIR335 locus 
in ASCs is linked to a repressive chromatin state at the locus.

Figure 4. Association of LMNA with the MEST/
MIR335 locus contributes to miR-335 repression 
after adipogenic induction. (A) Position of the 
MEST/MIR335 locus between two LMNA LADs 
in ASCs: LMNA enrichment (ChIP/input ratios) 
and corresponding LADs (red bars) were iden-
tified by LMNA ChIP-seq in ASCs in a previous 
study (Rønningen et al., 2015). The magnified 
portion shows LMNA enrichment in 10-kb bins 
on the MEST/MIR335 locus. The bottom panel 
shows the position of regions r1–r4 examined 
by ChIP in this study. (B) ChIP-qPCR analysis of 
LMNA on regions r1–r4 and control (Lam− and 
Lam+) sites in undifferentiated and differentiated 
(day 1–9) native ASCs; IgG control ChIPs are 
also shown (means ± SD of three biological rep-
licates; ANO VA p-values: r1, *, P = 0.007; r2,  
*, P = 0.002; r3, *, P = 0.018; r4, *, P = 0.010). 
(C) Knockdown of LMNA up-regulates miR-335 
in ASCs; top, Western blot of LMNA using anti- 
LMNA antibodies; bottom, miR-335 RT-qPCR in 
control and LMNA shRNA–treated cells exposed 
to a vehicle control or to 500 nM 335-i (mean of 
a duplicate analysis). (D) Chromatin state anal-
ysis of the MEST/MIR335 locus in ASCs. Emis-
sion parameters for a 15-chromatin-state Hidden 
Markov model learned from combinations of in-
dicated chromatin marks. Arrows point to chro-
matin states shown in the same color in panel 
E. (E) Genome browser view of chromatin states 
on the MEST/MIR335 locus in ASCs before (day 
0; D0) and after (day 3; D3) adipogenic induc-
tion. Numbers are color coded and correspond 
to chromatin state numbers in panel D.
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LMNA does not bind the MEST/MIR335 
locus in ASCs expressing the FPLD2-
causing LMNA(R482W) mutation
In light of these findings, we anticipated a differential LMNA 
association with the MIR335 promoter in ASCLMNA(R482W), in 
which miR-335 is up-regulated. Indeed, we detected by ChIP 
no LMNA association with the promoter region (r1 and r3 
sites) in undifferentiated ASCLMNA(R482W), whereas ASCLMN AWT 
showed moderate binding (Fig. 5 A, Undiff.). These differences 
were not caused by variations in total cellular LMNA levels, 
which were similar between cell types (Fig. 5 B). After 3 d of 
adipogenic induction, however, LMNA became markedly en-
riched on the MIR335 promoter in ASCLMN AWT, whereas it re-
mained near background in ASCLMNA(R482W) (P = 0.002–0.01; 
ANO VA; Fig. 5 A, Diff., and Fig. S2 C). Interestingly, in ASCs 
expressing the EDMD LMNA(R453W) mutation, LMNA bind-
ing to the MIR335 promoter also increased during adipogenic 
induction to the same extent as with WT LMNA (Fig. S2 C). We 
conclude that the FPLD2 LMNA(R482W) mutation prevents 
association of LMNA with the MIR335 locus upon adipogenic 
induction, whereas LMNA WT or R453W was not inhibitory. 
Given the correlation between LMNA binding to promoters and 
gene inactivity (Lund et al., 2013), these results are consistent 
with the high miR-335 levels in ASCLMNA(R482W) after induction 

of differentiation and with the return of these levels to baseline 
in cells expressing LMNA WT or R453W.

Because LMNA binding to the MIR335 locus is lower 
in ASCLMNA(R482W), we determined in a control experiment 
whether the R482W mutation would impair antibody binding, 
and thus pulldown efficiency, in ChIP assays. First, we found 
that LMNA similarly bound to a consensus LAD in both in 
undifferentiated and differentiated ASCEGFP, ASCLMN AWT, and 
ASCLMNA(R482W) (Fig. 5 A, Lam+) but not to a negative control 
site (Lam−). Next, we performed ChIP on LMNA from two 
normal and three LMNA p.R482W FPLD2 patient fibroblast 
cultures. These data revealed similar LMNA detection levels 
for a panel of genic and intergenic sites previously shown to be 
bound by LMNA in both cell types and differences at other sites 
predicted to show differential binding (Fig. S3 A; Paulsen et al., 
2017). Thus, weaker LMNA detection on the MIR335 locus in 
ASCLMNA(R482W) was not caused by lower antibody affinity for 
the mutant lamin in the ChIP assay. These data reinforce our 
conclusion that LMNA fails to associate with the MIR335 locus 
in differentiated ASCs expressing the FPLD2 LMNA(R482W) 
mutation in contrast with those expressing WT LMNA or the 
EDMD LMNA(R453W) mutant.

We next examined whether association of LMNA with 
MIR335 led to a repositioning of the locus in the nucleus with 

Figure 5. WT LMNA and LMNA(R482W) differentially associate with the MEST/MIR335 locus after adipogenic induction. (A) ChIP-qPCR analysis of 
LMNA in undifferentiated and differentiated ASCEGFP, ASCLMN AWT, and ASCLMNA(R482W) (means ± SD of biological triplicates; ANO VA p-values: r1 Undiff., 
*, P = 0.026; r1 Diff., *, P = 0.003; r3 Diff., *, P = 0.001; nsP > 0.1). (B) Western blot assessment of expression of LMNA WT and R482W in ASCs.  
(C) FISH analysis of the MEST/MIR335 locus (arrows) in native ASCs, ASCLMN AWT, and ASCLMNA(R482W) before and after 3 d of adipogenic induction. DNA 
was stained with DAPI. Bars, 5 µm. (D) ChIP-qPCR analysis of LMNB1 in ASCEGFP, ASCLMN AWT, and ASCLMNA(R482W) (nsANO VA p-values ∼1.000; means ± 
SD of triplicate ChIPs).
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respect to the nuclear periphery. FISH identified MEST/MIR335 
in the nuclear interior in native undifferentiated ASCs (Figs. 5 
C and S4). Differentiation elicited a global shift of the locus 
away from the nucleus center (P = 0.019; Fisher’s exact test), 
albeit with no repositioning at the nuclear periphery. Expression 
of LMNA WT also globally drew the locus away from the nu-
cleus center compared with native ASCs (P = 10−5), yet again 
without relocalizing the locus to the periphery; strikingly, this 
shift was not seen with LMNA(R482W) (P = 0.360; Fig. S4). 
These observations are consistent with the existence of an in-
tranuclear pool of LMNA not localized at the nuclear envelope 
(Lund et al., 2013, 2015; Gesson et al., 2016). Moreover, differ-
entiation tends to reposition the MEST/MIR335 locus in native 
ASCs or ASCLMN AWT but not in ASCLMNA(R482W); however, no 
differences in radial distributions were detectable between cell 
types (Figs. 5 C and S4). Corroborating the lack of association 
of MEST/MIR335 with the nuclear periphery, we found by ChIP 
that lamin B1, which localizes at the nuclear envelope, did not 
interact with the MIR335 promoter in cells expressing LMNA 
WT or R482W (Fig. 5 D).

Collectively, these findings suggest that expression of 
LMNA WT or R482W differentially reorganizes the genome. 
They suggest a dominant-negative effect of the R482W mutant 
on LMNA binding to the MEST/MIR335 locus and thereby 
on transcriptional repression of the anti-adipogenic miR-335 
after adipogenic induction.

LMNA(R482W) elicits H3K27 acetylation 
on predicted MIR335 enhancers after 
adipogenic induction
LMNA binding to promoters bears a repressive effect on gene 
expression (Lund et al., 2013). In addition, LMNA is required 
for proper compartmentalization of the Polycomb repressor 
complex PRC2 (Cesarini et al., 2015), which trimethylates 
H3K27. This raises the hypothesis that LMNA(R482W) may 
epigenetically modulate miR-335 expression. To test this, we as-
sessed by ChIP H3K27me3 and H3K27ac enrichment upstream 
of MIR335 in ASCLMN AWT and ASCLMNA(R482W) before and after 
adipogenic induction. We examined the four proximal promoter 
sites upstream of the MIR335 TSS (regions r1–r4; Table S1). 
We also searched for putative MIR335 short- and long-range 
enhancers: to this end, we combined chromatin state modeling 
data from ENC ODE ChIP-seq experiments showing enrichment 
in H3K4me1 and/or H3K27ac, histone modifications found on 
inactive and active enhancers, respectively (Fig. S5 A), with 
ENC ODE genome-wide chromosome conformation capture of 
Hi-C data (Rao et al., 2014). The Hi-C data reveal multiple pair-
wise interactions of these predicted enhancers with the MIR335 
promoter (Fig. S5, B–D), providing six MIR335-predicted dis-
tal enhancer sites (regions r6–r11; Fig. S5 D).

In undifferentiated ASCs, H3K27me3 enrichment was sim-
ilar across MIR335 promoter sites as a whole (r1–r4; P = 0.306; 
ANO VA) and across enhancer sites as a whole (r6–r11; P = 
0.169; ANO VA) regardless of expression of WT LMNA or LM-
NA(R482W) (Fig. 6 A). This suggests that differential MIR335 
expression in ASCLMNA(R482W) does not involve differential re-
pression of MIR335 by the PRC2 complex. H3K27ac patterns 
were also similar between ASCLMN AWT and ASCLMNA(R482W) across 
promoter sites as a whole (r1–r4; P = 0.200; ANO VA; Fig. 6 B). 
However, we found an impact of LMNA(R482W) on H3K27ac 
on distal sites as a whole (r6–r11; P = 0.001; ANO VA; Fig. 6 B); 
this was caused by the H3K27-acetylated state at two enhancer 

sites in particular, at −6.4 kb (r6) and −64.5 kb (r9) upstream 
of the MIR335 TSS in ASCLMNA(R482W) compared with controls 
(Fig. 6 B; P < 0.01; post-ANO VA t tests). H3K27 acetylation of 
these enhancers suggests that they are active and was consistent 
with stronger miR-335 expression in these cells.

Adipogenic induction elicits cell type– and site–specific  
changes in H3K27 methylation and acetylation concordant 
with higher miR-335 levels in ASCLMNA(R482W). We found 
global H3K27 acetylation specifically in ASCLMNA(R482W) on 
promoter sites (r1–r4; P = 0.002; ANO VA) and enhancer sites 
(r6–r11; P < 0.001; ANO VA; Fig. 6 B). In particular, we iden-
tified in differentiated cells five distal sites (r6–r9 and r11) 
with increased H3K27ac specifically in ASCLMNA(R482W) (P < 
0.05; post-ANO VA t tests; Fig. 6 B). Among these sites, three 
enhancers were acetylated after differentiation (r7, r8, and r11; 
§P < 0.01; Fisher’s exact tests compared with the same sites in 
undifferentiated cells; Fig. 6 B). This de novo acetylation was 
accompanied by H3K27 demethylation at two sites in ASCLM-

NA(R482W) compared with undifferentiated cells (r8 and r11; §P 
< 0.05; Fisher’s exact test; Fig. 6 A), resulting in an H3K27 
unmethylated locus in LMNALMNA(R482W) (P < 0.05; post- 
ANO VA t tests; Fig. 6 A). In contrast, a trend (albeit not sta-
tistically significant) toward increased H3K27me3 on MIR335 
proximal and distal regions in ASCLMN AWT after differentiation 
exacerbated cell type differences in H3K27me3, with specific 
enhancers being H3K27 trimethylated in ASCLMN AWT and ASC 
controls compared with LMNALMNA(R482W) (r6–r11; P < 0.01; 
post-ANO VA t tests; Fig.  6 A). Changes in H3K27me3 and 
H3K27ac between cell types were validated by their expected 
enrichment on a housekeeping gene (GAP DH) and on a non-
expressed myogenic gene (MYOG; Fig. S3 B).

Additionally, testing the specificity of H3K27 acetyl-
ation events for the R482W mutation, we also examined  
ASCLMNA(R453W). We found overall no significant differences 
in H3K27ac on MIR335 promoter and enhancer sites between 
ASCLMNA(R453W) and native ASCs regardless of differentiation 
status (Fig. S2 D). One noticeable difference, however, was 
that hyperacetylation of one enhancer (r6) in undifferentiated 
ASCLMNA(R453W) (Fig. S2 D), which was consistent with the 
overexpressed state of miR-335 in these cells (Fig. S2 A), was 
similar to ASCLMNA(R482W). We also observed lower H3K27ac 
on enhancers in differentiated ASCLMNA(R453W) compared with  
ASCLMNA(R482W) (P < 0.05; Fisher’s exact tests; Fig. S2 E, sites 
r6, r9, and r10), in line with normalized expression of miR-335 
in differentiated LMNA(R453W) mutants (Fig. S2 A).

We conclude that although MIR335 promoter and enhancer 
elements are similarly H3K27 methylated globally in undiffer-
entiated ASCs expressing WT LMNA or LMNA(R482W), two 
enhancers were already acetylated in the mutants. Differentia-
tion elicited H3K27 methylation of proximal and distal regula-
tory elements in cells expressing WT LMNA and in contrast, 
H3K27 acetylation in cells expressing the R482W mutation. 
Acetylation of one enhancer in particular (r6, ∼6.5 kb upstream 
of the MIR335 gene) specific to undifferentiated cells express-
ing R482W or R453W correlated with the overexpressed state 
of miR-335 in these cells; this suggests an important role of this 
enhancer element in the activity of the MIR335 gene.

LMNA(R482W) elicits a remodeling of 
MIR335 promoter–enhancer conformation
Acetylation of H3K27 on MIR335 enhancers detected in  
ASCLMNA(R482W) after adipogenic induction suggests interac-
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tions with the MIR335 promoter by chromatin looping (Zhang 
et al., 2013). We tested this hypothesis by two-color FISH using 
distinctly labeled promoter and enhancer probes. Probes were 
generated to cover the MIR335 gene and promoter as well as 
the distal enhancer element r11 located ∼200 kb upstream of 
MIR335. In both undifferentiated and differentiated ASCs that 
were either native or expressing WT LMNA, these promoter 
and enhancer elements displayed a relatively low incidence 
of colocalization on the majority of alleles (∼80%; Fig. 6, C 
and D). This was also seen in undifferentiated ASCLMNA(R482W), 
where we detected 30% probe overlap (Fig. 6, C and D). After 
induction of differentiation, however, this proportion markedly 
increased to 56% of alleles in the LMNA(R482W) mutants, re-
flecting interaction of a high proportion of MIR335 promoter 

and enhancer sites (Fig. 6, C and D). Importantly, these results 
support implications from the increase in H3K27 acetylation 
detected on MIR335 enhancers after adipogenic induction of 
ASCs expressing the lipodystrophic R482W mutation. They 
also strongly suggest a conformational change of the MEST/
MIR335 locus, which does not take place to the same extent in 
cells expressing WT LMNA.

Discussion

A pending question in our understanding of laminopathies is 
how phenotypes emerge in specific tissues of predominantly 
mesenchymal origin. Cellular defects contributing to the 

Figure 6. LMNA(R482W) elicits H3K27 acetylation of predicted MIR335 enhancers after induction of differentiation. (A and B) H3K27me3 (A) and 
H3K27ac (B) enrichment determined by ChIP-qPCR upstream of MIR335 in undifferentiated and differentiated (day 3) ASCs, ASCLMN AWT, and  
ASCLMNA(R482W) (means ± SD of duplicate transductions and differentiations, each analyzed by duplicate ChIP). Values for IgG ChIPs for all regions and cell 
types ranged from 0.02 to 0.24 and are not depicted. Statistics for A: one-way ANO VA on r1–r4 Undiff., P = 0.306; r6–r11 Undiff., P = 0.169; r1–r4 
Diff., P = 0.200; and r6–r11 Diff., P = 0.001. §P < 0.01, Fisher’s exact tests relative to the same undifferentiated cell type: *, P < 0.05; **, P < 0.01; 
post-ANO VA t tests. (B) One-way ANO VA on r1–r4 Undiff., P = 0.300; r6–r11 Undiff., P = 0.001; r1–r4 Diff., P = 0.002; and r6–r11 Diff., P < 0.001;  
§P < 0.01, Fisher’s exact tests relative to the same differentiated cell type; *, P < 0.05; **, P < 0.01; post-ANO VA t tests. (C) Dual-color FISH analysis of the 
MIR335 gene (red signals) and MIR335 enhancer regions r10 and r11 (green signals) in native ASCs, ASCLMN AWT, and ASCLMNA(R482W) before and after a 
3-d adipogenic induction. Representative views are shown. Bars: (main images) 5 µm; (insets) 0.5 µm. (D) Quantification of FISH observations (n = 44–64 
alleles analyzed in two independent FISH analyses; means ± SD; **, P = 0.0082; Fisher’s exact test).
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FPLD2 phenotype (Oldenburg et al., 2014; Osmanagic-Myers 
et al., 2015; Vadrot et al., 2015; Le Dour et al., 2017) are un-
derlined by a disorganization of the nuclear lamina (Vigouroux 
et al., 2001; Caron et al., 2007), which impacts spatial genome 
conformation through altered LMNA–chromatin interactions 
(Perovanovic et al., 2016; Paulsen et al., 2017). We now show 
a dominant-negative effect of the FPLD2-causing LMNA 
p.R482W mutation on chromatin organization and epigenetic 
states regulating expression of the anti-adipogenic microRNA 
miR-335 in human adipocyte progenitors.

Our findings have implications in the etiology of lipodys-
trophic laminopathies. Although our experimental model lacks 
the context of the whole organism and of the depot-specific 
phenotype, ASCs used in this study are relevant for investiga-
tions of molecular mechanisms of FPLD2 because they origi-
nate from gluteofemoral fat depots, which are lipoatrophic in 
patients. ASCs expressing LMNA(R482W) show adipogenesis 
impairment, myogenic gene induction (Oldenburg et al., 2014), 
and alterations in lamin–chromatin interactions consistent with 
predictions from 3D genome structures modeled from FPLD2 
patient cells (Paulsen et al., 2017). In addition, ASCLMNA(R482W) 
overexpresses miR-335, which is not only anti-adipogenic 
(Tomé et al., 2011) but is also implicated in metabolic disor-
ders (Fernández-Hernando et al., 2011) and in skeletal muscle 
development (Meyer et al., 2015). Moreover, we show that 
miR-335 positively regulates translation of the promyogenic 
factor FXR1P in these cells and in FPLD2 patient fibroblasts. 
These observations raise the hypothesis that miR-335 over-
expression may contribute to the lipoatrophic and myogenic 
phenotype of FPLD2 patients and implicate miR-335 in the 
pathophysiology of the disease.

We propose a model of how A-type lamins may modulate 
adipogenic differentiation via a regulation of epigenetic states 
and chromatin conformation at the MIR335 locus in adipocyte 
progenitors (Fig. 7). In undifferentiated cells, punctual WT 
LMNA binding to the locus coincides with basal MIR335 gene 
expression. The FPLD2-causing LMNA(R482W) mutation, 
however, prevents LMNA binding to MIR335, and acetylation 
of two enhancer elements prompts MIR335 overexpression 
(Fig. 7). Interestingly, MIR335 enhancer acetylation (but on one 

site only) also occurs with the EDMD-causing LMNA(R453W) 
mutation and coincides with overexpressed miR-335. This 
suggests that in undifferentiated ASCs, the acetylation state 
of a minimal set of MIR335 enhancers, rather than minimal 
LMNA association by itself, is important to regulate MIR335 
expression. Moreover, high miR-335 levels in undifferentiated 
ASCs do not per se compromise the efficiency of adipogenic 
induction. Rather, the dynamics of the epigenome and local 
chromatin rearrangement at the MIR335 locus are essential for 
MIR335 inactivation, keeping miR-335 levels low, and are crit-
ical for differentiation.

Indeed, after adipogenic induction, a network of LMNA 
forms around the locus in WT cells, where it presumably sta-
bilizes the PRC2 complex recruited to methylate H3K27. 
Transcriptional inhibition of MIR335 keeps miR-335 levels 
low, enabling adipogenesis (Fig. 7). The LMNA(R453W) mu-
tation does not impair LMNA association with MIR335, fa-
voring MIR335 repression and adipogenic differentiation. In 
sharp contrast, in the presence of the lipodystrophic R482W 
mutation, LMNA is unable to tether MIR335, impairing PRC2 
engagement and H3K27 methylation at the locus (Fig. 7). In-
stead, H3K27 acetylation detected across the MIR335 promoter 
and on multiple enhancers may be facilitated by the absence 
of LMNA, possibly by displacement of histone deacetylases 
reported to be enriched in the vicinity of LMNA (Demmerle 
et al., 2012). H3K27 hyperacetylation on multiple regulatory 
elements predicts promoter–enhancer interactions through the 
formation of chromatin loops as suggested by our FISH data. 
This conformation change is consistent with the overexpressed 
state miR-335 in LMNA(R482W) mutant ASCs and with sub-
sequent inhibition of adipogenic differentiation (Fig.  7). The 
absence of an LMNA network tethering the MIR335 locus may 
facilitate these promoter–enhancer interactions because of in-
creased chromatin mobility in a less constrained environment 
(Bronshtein et al., 2015).

This local effect on chromatin conformation is likely part 
of a large-scale reorganization of the lamina–chromatin interac-
tion network as we have modeled from 3D genome structures 
in FPLD2 patient cells (Paulsen et al., 2017). This may entail 
weaker interactions of the mutated R482W residue on the surface 

Figure 7. Model of differential LMNA association and epigenetic 
regulation of miR-335 in ASCs expressing WT LMNA or the lipo-
dystrophic LMNA(R482W) mutation. In WT ASCs, LMNA binding 
to the MIR335 locus after induction of adipogenic differentiation 
coincides with enhanced H3K27 trimethylation and transcriptional 
repression of MIR335. In cells expressing the lipodystrophy-causing 
LMNA(R482W) hot-spot mutation, MIR335 is overexpressed, in 
line with H3K27 acetylation of promoter and enhancer sites. Lack 
of LMNA binding after induction of differentiation of the mutant 
ASCs enables H3K27 acetylation on several enhancer sites. This 
favors a looping of these enhancers onto the MIR335 promoter, 
as shown in this study by FISH, enabling a persistence of MIR335 
transcription. Overexpression of miR-335 prevents differentiation of 
adipocyte progenitors into adipocytes, which is consistent with the 
lipoatrophy phenotype of FPLD2 patients (bottom; lipid droplets and 
the nucleus are represented by yellow and brown spheroids in the 
adipocyte, respectively).
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of the immunoglobulin fold of LMNA, with DNA and nucleo-
somes, as shown in vitro (Stierlé et al., 2003; Duband-Goulet et 
al., 2011). Alternatively, accumulation of immature pre-LMNA 
at the nuclear envelope reported in adipose tissue of FPLD2 
patients (Caron et al., 2007) may sequester of a pool of intra-
nuclear LMNA away from genes it would otherwise associate 
with and regulate (Naetar et al., 2008; Naetar and Foisner, 2009; 
Lund et al., 2013; Rønningen et al., 2015; Gesson et al., 2016).

Our findings raise the issue of how broad the implications 
of disrupting the LMNA network on Polycomb-mediated gene 
repression might be. A-type lamins constrain chromatin (Bron-
shtein et al., 2015) and are essential for proper PRC2 targeting 
(Cesarini et al., 2015), and thus deregulation of H3K27 meth-
ylation or acetylation may widely impact enhancer–promoter 
interactions. Deregulation of PRC2 targeting may also directly 
alter adipogenic gene expression. Adipogenesis is impaired by 
Wnt signaling (Rosen and MacDougald, 2006), which is under 
transcriptional control of PRC2 repressing a subset of Wnt 
genes in the mouse (Wang et al., 2010; Hemming et al., 2014; Yi 
et al., 2016). Defective Polycomb-mediated repression of WNT 
genes in gluteofemoral adipocyte progenitors with the LMNA 
p.R482W mutation may hamper differentiation in the context of 
lipodystrophic laminopathies.

Alterations in spatial chromatin organization as an im-
portant disease-causing factor are becoming increasingly evi-
dent. Physical disruption of topologically associated domains, 
the building blocks of chromatin (Gibcus and Dekker, 2013), by 
point mutations, chromosomal deletions, or inversions has been 
causatively linked to developmental disorders (Lupiáñez et al., 
2016). Together with the role of A-type lamins in constraining 
chromatin and in regulating local and large-scale genome con-
formation, our findings provide evidence for perturbations in 
3D genome organization as a significant causing factor of tissue 
type–specific disorders that characterize laminopathies.

Materials and methods

Cells, transfections, and reagents
Skin fibroblasts were purchased from Lonza (CTL 1; CC-2512) or were 
from a healthy donor (CTL 2) and FPLD2 patients with the LMNA 
p.R482W mutation (Decaudain et al., 2007). All fibroblasts were 
cultured in DMEM/F12 containing 10% fetal calf serum and were 
used at passages 4–7 (Oldenburg et al., 2014). FPLD2 patient fibro-
blasts were provided by C. Vigouroux (Hôpital Saint Antoine, Paris, 
France) and studies were approved by the Institutional Review Board 
of Hôpital Saint Antoine.

ASCs previously isolated from gluteofemoral fat obtained by 
liposuction (approval by the Regional Committee for Research Eth-
ics for Southern Norway; Boquest et al., 2005) were cultured under 
proliferative conditions in DMEM/F12 (17.5 mM glucose) with 10% 
fetal calf serum, 10 ng/ml epidermal growth factor, and 20 ng/ml basic 
fibroblast growth factor. Upon confluence and after growth factor re-
moval for 48 h, cells were differentiated into adipocytes with a cocktail 
of 0.5 µM 1-methyl-3 isobutyl xanthine, 1 µM dexamethasone, 10 µg/
ml insulin, and 200 µM indomethacin for the indicated time periods 
up to 9 d. ASCs were transduced using lentiviruses to express EGFP, 
EGFP-LMNA WT, or EGFP-LMNA(R482W) as described previously 
(Oldenburg et al., 2014). In brief, ASCs were transduced and cultured 
with 1.5 mg/ml puromycin for 8 d to select expressing cells and main-
tained in culture with 0.1 mg/ml puromycin. EGFP-LMNA (WT or 
mutant) expression was induced with 1 mg/ml doxycycline.

DT40 Dicer Eta 8–25 060414 cells were a gift from T. Fuk-
agawa (National Institute of Genetics, Mishima, Japan). Transfections 
of 335-i (500 nM) or 335-m (500 nM) were done by nucleofection 
(Lonza) using H2O as vehicle. The MG132 proteasome inhibitor 
was purchased from VWR.

RT-PCR
Total mRNA was isolated using an RNeasy kit (QIA GEN), and 1 µg 
RNA was used for cDNA synthesis (Bio-Rad Laboratories). RT-qPCR 
was done using IQ SYBR green (Bio-Rad Laboratories) and GAP DH 
as reference gene. PCR conditions were 95°C for 3 min and 40 cycles 
of 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s (Oldenburg et al., 
2014). miRNAs were isolated using the mirVANA miRNA isolation kit 
(Invitrogen), and miR-335 was quantified by TaqMan assays using the 
U6 RNA as reference. RT-PCR primers are listed in Table S2.

Immunoblotting
Proteins were resolved by 10% SDS-PAGE, transferred onto Immo-
bilon-FL membranes (EMD Millipore), and blocked with Odyssey 
blocking buffer (LI-COR Biosciences). Immunoblotting was done 
using antibodies to LMNA (mouse; sc-7292; LI-COR Biosciences), 
EGFP (mouse; clones 7.1 and 13.1; Roche), FXR1P (goat; sc-10554; 
Santa Cruz Biotechnology, Inc.), P53 (mouse; sc-126; Santa Cruz Bio-
technology, Inc.), DIC ER (rabbit; sc-30226; Santa Cruz Biotechnology, 
Inc.), and γ-tubulin (mouse; T5326; Sigma-Aldrich). Densitometry 
analysis was done using ImageJ (v.1.48; National Institutes of Health).

In-cell Western blotting
ASCs were cultured to confluence in 24-well plates and induced to 
differentiate into adipocytes as described in the Cells, transfections, 
and reagents section. Cells were fixed in 3.7% formaldehyde in PBS 
for 20 min at room temperature and washed 5× in 0.1% Triton X-100/
PBS. Cells were blocked with Odyssey blocking buffer for 1 h, incu-
bated overnight with antiperilipin antibody (rabbit; 2 µg/ml diluted in 
Odyssey blocking buffer; D418; Cell Signaling Technology) at 4°C, 
washed 5× with 0.1% Tween-20/PBS, and incubated for 1 h at room 
temperature with secondary antibody (IRDye800-conjugated donkey 
anti–rabbit; 1:800) and 5 µM DRAQ5 as DNA stain, in Odyssey block-
ing buffer/0.2% Tween-20. Cells were washed 5× in 0.1% Tween-20/
PBS, and the plate was imaged on the Odyssey scanner. Efficiency of 
adipogenic induction was determined by the ratio of perilipin/Draq5 
signal in duplicate experiments.

ChIP
ChIP of LMNA (antibody to LMNA; 10 µg; mouse; sc-7292; Santa 
Cruz Biotechnology, Inc.), LMNB1 (10 µg; rabbit; ab16048; Abcam), 
H3K27me3 (2.5 µg; rabbit; C15410069; Diagenode), H3K27ac (2.5 µg; 
rabbit; C15410174; Diagenode), and relevant control ChIPs (mouse or 
rabbit IgG; 2.5 µg) were done in two to five replicates from 2 × 106 
cells per ChIP (Rønningen et al., 2015). Cells were cross-linked with 
1% formaldehyde for 10 min, lysed for 10 min in ChIP lysis buffer (1% 
SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 7.5, proteinase inhibitors, and 
1 mM PMSF) and sonicated 4× for 10 min in a Bioruptor (Diagenode) to 
generate 200–500-bp DNA fragments. After sedimentation at 10,000 g 
for 10 min, the supernatant was collected and diluted 10× in RIPA buffer 
(140 mM NaCl, 10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 
1% triton X-100, 0.1% SDS, 0.1% sodium deoxycholate, 1 mM PMSF, 
and protease inhibitors); this constituted the input chromatin fraction. 
Chromatin was incubated overnight at 4°C with a relevant primary an-
tibody coupled to magnetic DynaBeads Protein A/G (Invitrogen). After 
magnetic isolation, ChIP samples were washed 4× in ice-cold RIPA 
buffer. Cross-links were reversed, and DNA was eluted for 6 h at 68°C in 
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50 mM NaCl, 20 mM Tris-HCl, pH 7.5, 5 mM EDTA, 1% SDS, and 50 
ng/µl proteinase K. DNA was purified and dissolved in H2O. ChIP DNA 
was used as template for qPCR. PCR was done using SYBR green (Bio-
Rad Laboratories) with 95°C for 3 min and 40 cycles of 95°C for 30 s, 
60°C for 30 s, and 72°C for 30 s, using ChIP primers listed in Table S1.

Luciferase assay
The LightSwitch FXR1 3′ UTR luciferase reporter was from Switch-
Gear Genomics. The FXR1 3′ UTR was deleted of the miR-335 target 
sequence at position −322 by site-directed mutagenesis using primers 5′-
TGG GTG GGG TGG GAT CCC TAA TTA GCT GCT TTT GTT ACAT-3′  
and 5′-ATG TAA CAA AAG CAG CTA ATT AGG GAT CCC ACC CCA CC 
CA-3′. DT40 cells knocked down of DIC ER for 96 h (Fukagawa et al., 
2004) were cotransfected by nucleofection using 20 µg luciferase re-
porter and 5 µM hsa–335-m. After 24 h, luciferin was added, and lumi-
nescence was measured using an IVIS Spectrum µCT camera and the 
LivingImage v.431 software (PerkinElmer). Luminescence from trans-
fected fibroblasts was assayed with the LightSwitch Luciferase Assay 
kit (Active Motif) and measured by Fluostar optima (BMG LAB TECH).

Bisulfite sequencing
Genomic DNA was purified and bisulfite treated using MethylEasy 
(Human Genetic Signatures). Converted DNA was amplified by PCR 
using primers designed with MethPrimer (Li and Dahiya, 2002) to in-
clude 6 CpGs in the MIR335 promoter (forward, 5′-TTT TTG TTT TTT 
TTA TAG GAT GAGG-3′, and reverse, 5′-ACA AAT TAA AAT CTC AAT 
CCC TACC-3′; position of amplicon relative to MIR335 TSS: nucleo-
tides −761 to −389 [nucleotides 130, 135, 191–130, 135, and 564 on 
chromosome 7; hg19]). PCR conditions were 95°C for 10 min and 35 
cycles of 95°C for 1 min, 58°C for 2 min, and 72°C for 2 min followed 
by 10 min at 72°C. PCR products were cloned into Escherichia coli, 
and 10 clones were sequenced. The percentage of each methylated CpG 
across all sequenced clones was compared between donors using Fish-
er’s exact tests and two-tailed p-values; no significant difference was 
found between cell types.

FISH
Cells were incubated in hypotonic buffer (0.25% KCl and 0.5% tri-
sodium citrate) for 10 min, fixed in ice-cold methanol/acetic acid 
(3:1), and dropped on slides. A fosmid probe covering the MIR335/
MEST gene (reference WI2-3174J24; BacPac Resource Center) was 
labeled with digoxigenin-11-dUTP (Roche), and a fosmid probe 
covering the MIR335 enhancer region r11 (Chromosome 7, position 
129,854,050–129,895,632; reference WI2-2199E12; BacPac Re-
source Center) was labeled with Biotin-16-dUTP (Roche). Per slide, 
80 ng of each probe was mixed with 8 µg human Cot-1 DNA and 
10 µg salmon sperm DNA and precipitated. The DNA pellet was 
dissolved in 16 µl hybridization mix (50% deionized formamide, 2× 
SSC, 1% Tween-20, and 10% dextran sulfate) at room temperature 
for 1 h. Slides were RNase treated and washed twice in 2× SSC, de-
hydrated in 70%, 90%, and 100% ethanol, and air dried. Slides were 
denatured for 1 min and 20 s in 70°C 70% deionized formamide/2× 
SSC, pH 7.5, dehydrated in ice-cold 70%, 90%, and 100% ethanol, 
and air dried. Probes were denatured for 5 min at 70°C and prean-
nealed for 15 min at 37°C.  15  µl of probe was applied onto cover-
slips (22 × 22 mm), which were then mounted on a slide. Slides were 
hybridized overnight at 37°C and washed in 2× SSC (45°C for 4 × 3 
min) and in 0.1× SSC (60°C for 4 × 3 min). Slides were blocked in 
5% skim milk in 4× SSC for 5 min at 37°C and incubated at 37°C 
for 30–60 min with anti-digoxigenin (mouse; 0.4 µg/ml in blocking 
buffer; Roche). Slides were washed in 4× SSC/0.1% Tween-20 for 
3 × 2 min and incubated with anti–mouse Alexa Fluor 594 (rabbit; 

2.5 µg/ml in blocking buffer; Jackson ImmunoResearch Laborato-
ries, Inc.) and Avidin Alexa Fluor 488 (1.7 µg/ml in blocking buffer; 
Invitrogen). Slides were washed and further incubated with anti– 
rabbit Alexa Fluor 594 (donkey; 2.5 µg/ml in blocking buffer; Jack-
son ImmunoResearch Laboratories, Inc.) and biotinylated anti–avidin 
D conjugate (goat; 1.0 µg/ml in blocking buffer; Vector Laborato-
ries). Slides were washed, incubated with Avidin Alexa Fluor 488 
(1.7 µg/ml; Invitrogen), washed, and mounted with 0.2 µg/ml DAPI 
in fluorescent mounting medium (Dako).

FISH images were acquired on an IX81 microscope (Olym-
pus) fitted with epifluorescence, a 100× 1.4 NA objective mounted 
on a piezo drive, and a DeltaVision personalDV (Applied Precision, 
Ltd.) imaging station. Quantification of FISH probe distance to the nu-
clear periphery was done using ImageJ and with DAPI staining as a 
marker to the nucleus edge.

Chromatin states and identification of putative MIR335 enhancers
ChIP-seq data for H3K4me1, H3K4me2, H3K4me3, H3K27ac, 
H3K27me3, H3K36me3, CCC TC-binding factor, and LMNA in undif-
ferentiated and differentiated ASCs were from previous studies (Mik-
kelsen et al., 2010; Rønningen et al., 2015). Peak calls and the machine 
learning algorithm ChromHMM (Ernst and Kellis, 2012) were used 
to identify chromatin states from the called peaks (Shah et al., 2014). 
Options were selected to learn a 15-state model using the Baum–Welch 
training algorithm (Miklós and Meyer, 2005).

To identify MIR335 enhancers, H3K4me1/2/3, H3K27ac, 
H3K27me3, and H3K36me3 enrichment profiles in ASCs (Mikkelsen 
et al., 2010) as well as GM12878, HMEC, HUV EC, IMR90, K562, 
and NHEK (ENC ODE Project Consortium, 2012) were modeled using 
ChromHMM to generate a four-chromatin-state model binned at 1 kb 
resolution. Chromatin state 1 was selected as an enhancer state, and 
enhancer states <1 kb apart were merged (Shah et al., 2014). The re-
sulting predicted enhancer sites were used as potential sites of inter-
action with the MIR335 promoter (defined as −4 to +1 kb around the 
MIR335 TSS) with an arbitrary maximum distance of ±2 megabases 
(to avoid long-distance interactions) and a minimum distance of 8 
kb from the MIR335 promoter (to avoid counting self-ligating mate 
pairs). We then used genome-wide chromosome conformation to cap-
ture Hi-C data for GM12878, HMEC, HUV EC, IMR90, K562, and 
NHEK cells mapped at 1 kb resolution (Rao et al., 2014) to identify 
promoter–enhancer interactions. Using the MIR335 promoter and puta-
tive enhancers as anchors for each promoter–enhancer pair, numbers of 
Hi-C interactions were counted, and the top six pairs with the highest 
numbers of counts were used to define the amplicons (r6–r11) analyzed 
by ChIP-qPCR in this study.

Data viewing
Browser views of gene tracks, ChIP-seq data, and chromatin states 
shown in Figs. 4 (A and D) and S5 (B–D) were prepared using 
the Integrated Genomics Viewer (Robinson et al., 2011). Genes 
were from Illumina iGenomes gene annotation with the UCSC 
genome browser for hg19.

Statistical analysis
For all experiments, numbers of replicates are indicated. Compari-
sons of miR-335 or mRNA levels or ChIP enrichment values between 
multiple samples were done using one-way ANO VA, and p-values are 
reported. Pairwise comparisons of samples after ANO VA were done 
using post-ANO VA t tests. Other pairwise comparisons were done 
using Fisher’s exact tests, and p-values are reported. Units of values 
reported, numbers of replicates and statistical tests, and p-values are 
indicated in figure legends.
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Online supplemental material
Fig. S1 shows FXR1P levels in FPLD2 patient cells and ASCs under 
different conditions as well as MEST mRNA levels and DNA meth-
ylation patterns. Fig. S2 shows data pertaining to ASCs express-
ing the EDMD LMNA(R453W) mutation. Fig. S3 shows control 
ChIP-qPCRs of LMNA in control and FPLD2 fibroblasts as well as 
ChIP-qPCRs of H3K27me3 and H3K27ac in ASCs. Fig. S4 shows 
distances of FISH probes to the nuclear periphery. Fig. S5 shows the 
approach used to identify MIR335 enhancers putatively interacting 
with the MIR335 promoter. Tables S1 and S2 list ChIP-qPCR and RT-
qPCR primers, respectively.
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