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ARTICLE INFO ABSTRACT

Keywords: Background and aims: Genetic and epigenetic variations in the Sarcospan (SSPN) gene are associated with pa-
Ob_eSitY rameters of fat distribution (body mass index, waist-to-hip ratio), glucose homeostasis and adipocyte size in
Adipocytes human potentially by affecting adipogenesis. This study aims at clarifying the impact of SSPN on adipogenesis,
Adipose tissue . . . .
. ] particularly focusing on its promoter methylation.

Adipogenesis ) . 3 ‘s . .

Small interfering RNA Materials and methods: Immortalized murine epididymal preadipocytes were transfected with fluorescence-
CRISPR marked plasmids coding for DNMT3a, CRISPR/dCas9-Suntag and vectors carrying guide RNAs complementary

to the transcription start site region and differentiated to mature adipocytes. We performed siRNA-mediated Sspn
knockdown in epididymal preadipocytes, measured target DNA methylation using pyrosequencing and quanti-
fied transcriptional changes of Sspn and adipogenic genes by qPCR. Additionally, we correlated SSPN mRNA
values and clinical characteristics from a large human adipose tissue biobank (Leipzig Obesity Biobank).
Results: Epigenetic editing of the Sspn regulatory region in preadipocytes resulted in a significant increase (up to
35 %) in DNA promoter methylation throughout adipocyte differentiation but showed only minor effects on Sspn
expression and fat storage. Though siRNA knockdown could also not contribute to understand the role of Sspn in
a 2D adipogenesis model, large-scale correlation analyses still indicate the gene to be a key player in fat dis-
tribution and glucose homeostasis.

Conclusions: Although the epigenetic downregulation of Sspn showed only marginal effects on adipogenesis,
associations of SSPN expression in human adipose tissue with parameters of fat distribution and glucose ho-
meostasis make it a promising candidate for further studies addressing metabolic processes in adipose tissue.

DNA methylation

1. Introduction

As obesity and its comorbidities represent one of the major health
burdens in our current society, understanding why some individuals
seem to have a higher risk to be affected by metabolic disruptions than
others is a significant goal. Increased energy uptake based on high
caloric meals and reduced energy consumption due to an inactive life-
style together led to an energy imbalance which represents the main
driver of a massive adipose tissue expansion. Fat will either be stored
subcutaneously or in abdominal visceral regions, with the latter going

hand in hand with an increased risk for cardiometabolic and cardio-
vascular diseases (Hiuge-Shimizu et al., 2012; Neeland et al., 2012,
2013, 2015). Visceral obesity goes in line with an ectopic fat accumu-
lation nearby major organs such as the liver or pancreas, further trig-
gering dysregulated adipokine secretion, enhanced fatty acid release
and low-grade inflammation (Wajchenberg, 2000; Tchernof and
Despreés, 2013), which finally results in an increased risk to develop type
2 diabetes (Stefan, 2020). Besides a sedentary lifestyle, adipose tissue
distribution might to some extent be regulated by genetic pre-
dispositions and epigenetic mechanisms (Rohde et al., 2019). Among
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others, genome-wide association studies described a single nucleotide
polymorphism (SNP; rs718314) in an intergenic region between the
Sarcospan (SSPN) locus and the Inositol 1,4,5-Trisphosphate Receptor Type
2 (ITPR2) locus to be significantly associated with waist-to-hip ratio
(WHR) (Heid et al., 2010; Liu et al., 2013; Shungin et al., 2015).

SSPN was discovered particularly late (Crosbie et al.,, 1997) as a
member of the dystrophin glycoprotein complex (DGC), which performs
important functions in anchoring the extracellular matrix to the cyto-
skeleton (Marshall et al., 2012a). The transmembrane protein as small as
25 kDa is expressed ubiquitously, for instance in subcutaneous adipose
tissue (SAT), omental visceral adipose tissue (OVAT), aorta or nerve
(The Genotype, 2013), but is especially known for its effects in skeletal
muscle. Through a complex interplay with the other components of the
DGC at the cell membrane, SSPN contributes to normal muscle function
(Marshall et al., 2012b). Under conditions of muscular dystrophy, SSPN
overexpression is to a certain extent capable to “rescue” muscle function
by favorably influencing several pathways (Marshall et al., 2012a; Peter
et al., 2008; Marshall and Crosbie-Watson, 2013). The observation that
in human muscular dystrophy, muscle cells are partially replaced by
fibroblasts and adipocytes (Ceco and McNally, 2013) and its association
with WHR imply that SSPN might play a role in adipogenesis.

Voisin et al. revealed an association of the G allele at rs718314 with
SSPN promoter methylation at the CpG site ¢g02058108 (Voisin et al.,
2015), suggesting an underlying epigenetic regulation mechanism. This
was further supported by an epigenome-wide association analysis for
promoter methylation in adipose tissue, which showed SSPN to be the
candidate most significantly correlated with body mass index (BMI) in
SAT (Keller et al., 2017). Furthermore, SSPN promoter methylation
displayed significant negative relationships with parameters of fat dis-
tribution and glucose homeostasis such as waist circumference, WHR,
fasting plasma insulin (FPI) and HbAlc in SAT and free fatty acids in
OVAT (Keller et al., 2017). SSPN promoter methylation also differs be-
tween obese and non-obese individuals in OVAT (Keller et al., 2017),
correlates negatively with mRNA expression and is associated with the
maximum adipocyte size in SAT (Keller et al., 2018). Accordingly, Groh
et al. showed that white adipose tissue from mice, which lacked both the
DGC member p-sarcoglycan and Sspn display microscopic features of
lipodystrophy (Groh et al., 2009).

Collectively, these findings raise the question of whether hyper-
methylation of the SSPN DNA promoter at previously identified target
sites may suppress its mRNA expression, thereby impacting adipogenesis
and fat storage. To explore this hypothesis, we examined the association
between SSPN mRNA expression in adipose tissue and various metabolic
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traits. Additionally, we employed an in vitro epigenetic editing approach
using a CRISPR/dCas9 system in murine epididymal preadipocytes to
directly assess the functional consequences on adipocyte differentiation.

1.1. Study design and methods

The detailed study design is depicted in Fig. 1. Briefly, immortalized
murine preadipocytes underwent sequence-specific hypermethylation at
the SSPN promoter using an established CRISPR/dCas9 system (Pflueger
et al., 2018) including transfection followed by FACS sorting with a
triple positive (GFP, mCherry and BFP) fluorescence strategy. Triple
positive living cells were then expanded and differentiated into mature
adipocytes to investigate the functional effects on adipocyte differenti-
ation and fat storage.

1.1.1. Cell culture and maintenance

Immortalized epididymal murine preadipocytes, obtained by colla-
genase digestion of white adipose tissue with subsequent incubation
with a retroviral vector encoding the SV40T antigen and kindly provided
by Prof. Klein and Dr. Perwitz from Liibeck (Kovsan et al., 2009), at
passage 11 to 15 were cultured in Dulbecco’s Modified Eagle Medium
(DMEM, high glucose, high pyruvate, Gibco/Thermofisher Scientific;
Waltham, Massachusetts, USA) with 10 % Fetal Bovine Serum (FBS,
Gibco/Thermofisher Scientific) and 1 % Penicillin/Streptomycin (Gib-
co/Thermofisher Scientific) and kept at 37 °C and 5 % CO2.

1.1.2. Plasmid selection and preparation

Two previously described CpG regions in the human SSPN promoter
(Keller et al., 2018) were chosen and aligned to the mouse genome using
the UCSC epigenome browser BLAT tool (genome.ucsc.edu) (Kuhn et al.,
2013). Since the promoter has a slightly different structure in mouse
(Fig. 1A), one of these regions is hypermethylated (mean methylation at
99.34 %) in epididymal adipocytes and therefore presumably upstream
the promoter region. Thus, we chose the region in close proximity to the
transcription start site (chr6: 145934023-145934099) and designed two
guide RNAs (gRNAs) complementary to the target DNA region using the
CRISPOR Tool (http://crispor.tefor.net) (Concordet and Haeussler,
2018) based on the calculated specificity-, efficiency- and out-of-frame
score, avoiding low score values and thereby potential off-target ef-
fects in the mouse genome (see Fig. 1 and Supplemental Table 1).

Plasmids were chosen according to Pflueger et al. (2018) following
the dCas9-SunTag-DNMT3A protocol. This includes one plasmid con-
taining a single chain variable fragment antibody GCN4 fused to DNA
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Fig. 1. Graphical representation of the methods used. A) Position of the target region within the Sspn promoter and binding sites of the two guide RNAs. B) Schematic
display of the structure of the CRISPR/dCas9-DNMT3a construct for hypermethylation of the target sequence. Images were created using Biorender.com with the
inclusion of information from the UCSC genome browser (genome.ucsc.edu, accessed on June 8, 2023).
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methyltransferase =~ 3a  (DNMT3A-pEF1a-NLS-scFvGCN4-DNMT3a,
GFP-labeled), one plasmid coding for the dCas9-SunTag-construct
(pGK-dCas9-Suntag, BFP-labeled) and one plasmid containing an
empty gRNA scaffold driven by a U6 promoter (pEFla-mCherry-EMP-
TY-gRNA). All plasmids were gifts from the Ryan Lister lab (Pflueger
et al., 2018) and purchased via Addgene (Watertown, Massachusetts,
USA). A schematic depiction of the function of the individual elements
encoded by the plasmids used can be seen in Fig. 1B. In short, the gRNAs
lead the construct consisting of dCas9 and a chain of multiple DNMT3a
methylation enzymes to the target sequence, the binding of which in-
duces hypermethylation of the region.

The pEFla-mCherry-EMPTY-gRNA plasmid was used as a negative
control (without gRNA) and as a gRNA-delivering plasmid. To obtain
pEFla-mCherry-gRNA plasmids, single stranded gRNA oligonucleotides
were amplified to double stranded guide-oligos using Q5 High-Fidelity
DNA Polymerase (New England Biolabs; Ipswich, Massachusetts,
USA), cloned into the EMPTY-gRNA plasmid using the Gibson Assembly
Cloning kit (New England Biolabs) after linearization by Afl II (New
England Biolabs) restriction digestion.

1.1.3. Cell transfection

One million cells were transfected with 2.5 pg of each pEFla-
mCherry-gRNA plasmid, 5 pg of pEFla-NLS-scFvGCN4-DNMT3a and
5 pg of pGK-dCas9-Suntag-BFP using the NeonTM electroporation sys-
tem (Invitrogen/Thermofisher Scientific; Waltham, Massachusetts,
USA) at 1300 V for 20 ms two times (Sspn gRNAs). For the Plasmid
Control, cells were transfected equally, but the pEFla-mCherry-gRNA
plasmid was substituted by 5 pg of pEFla-mCherry-EMPTY-gRNA. We
further included an impulse control (Imp), where the same number of
cells was electroporated without addition of any plasmids as well as an
untreated control (UT) without electroporation.

24 h post transfection, Sspn gRNAs and Plasmid Control cells were
FACS sorted for triple positive cells containing mCherry, BFP and GFP
fluorescence signals, while Imp cells were FACS sorted for viable cells
only and UT cells were not sorted. Subsequently, they were cultured in
standard medium supplemented with 1 % Penicillin/Streptomycin
(Gibco/Thermofisher Scientific) for another one to four days to gain
enough cell material for differentiation.

1.1.4. Adipocyte differentiation

After FACS sorting, cells were seeded into either 12-well or 6-well
plates and cultured until confluence. Afterwards, cells were differenti-
ated as follows: 24 h after cells reached 100 % confluence (day zero), all
cells were placed in induction medium containing DMEM with 10 % FBS
supplemented with 20 nM insulin (Roche; Basel, Switzerland), 1 nM
triiodothyronine (T3, Sigma Aldrich/Merck; Taufkirchen, Germany), 2
pM/ml dexamethasone (Sigma Aldrich/Merck), 0,125 mM indometh-
acin (Sigma Aldrich/Merck) and 500 pM 3-Isobutyl-1-methylxanthine
(IBMX, Sigma Aldrich/Merck). On day two, medium was changed to
differentiation medium containing DMEM with 10 % FBS, 20 nM insulin
and 500 pM T3. On day four, cells went back on a standard medium
(DMEM with 10 % FBS) without other additives. Similarly, the experi-
ments were also carried out in inguinal preadipocytes (see Supple-
ments). Preadipocyte transfections and differentiations were replicated
three times.

1.2. DNA and RNA isolation

DNA was extracted on days zero, four and eight using the DNeasy
Blood & Tissue Kit (Qiagen; Venlo, Netherlands) following the manu-
facturer’s instructions. DNA concentrations were measured with the
NanoDrop 2000 spectral photometer (Thermofisher Scientific). RNA
was isolated simultaneously using the RNeasy Mini Kit (Qiagen) ac-
cording to the manufacturer’s guidelines and including a DNAse (Qia-
gen) digestion and quantified with the NanoDrop 2000 spectral
photometer.
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1.3. DNA methylation analysis

First, DNA samples were bisulfite converted using the EpiTect Fast
DNA Bisulfite Kit (Qiagen). Subsequent PCR was performed in dupli-
cates with self-designed primers flanking the sequence of interest
(Supplemental Table 1) for each sample, including non-template con-
trols. PCR products were controlled regarding purity and integrity using
agarose gel electrophoresis.

Finally, DNA methylation was quantified with the PyroMark Q24
pyrosequencing system including the PyroMark Gold Q24 Reagents
(Qiagen). Results were analyzed with the corresponding PyroMark Q24
software and methylation values of medium to poor quality were
excluded, leaving only measurements of high quality in the analysis.

1.4. mRNA expression analysis

For mRNA quantification 500 ng of each RNA sample were converted
into cDNA using the SuperScript III Reverse Transcription Kit (Invi-
trogen) according to the manufacturer’s instructions. Additionally,
RNAse H (Invitrogen) was added to the reactions to eliminate remaining
mRNA while cDNA is synthesized. Next, quantitative real time PCR
(qPCR) was performed with the QuantStudio 6 system (Thermofisher
Scientific) using the GoTaq Probe qPCR Master Mix (Promega) con-
taining the ROX dye as well as probes for Sspn (Mm00447794_m1),
CCAAT/enhancer-binding protein beta (Cebpb; Mm00843434 s1), Adipo-
nectin (Adipog; Mm00456425_m1), Peroxisome proliferator-activated re-
ceptor gamma (Pparg, Mm01184322 s1) as well as Glyceraldehyde-3-
phosphate (Gapdh; Mm99999915_g1) and Ribosomal protein lateral stalk
subunit PO (RplpO; MmO00725448_s1) (Thermofisher Scientific). Mea-
surements were performed in triplicates and non-template controls as
well as non-enzyme controls obtained from the reverse transcription
were carried along to exclude contaminations. Efficiencies were deter-
mined by use of a standard curve and an efficiency-based formula
(Pfaffl, 2001) was used to calculate an mRNA expression ratio relative to
RplpO as the reference gene in duplicates per plate and gene.

1.5. Fluorescence spectroscopy and fluorescence microscopy

To evaluate adipogenesis progression based on epigenetic modifi-
cations in the Sspn promoter, cells were seeded into 96-well plates for
each treatment and cell line, differentiated as described, and stained on
days zero, four, and eight with AdipoRed Assay reagent (Lonza; Basel,
Switzerland) to quantify lipid content and Hoechst 33342 (Thermofisher
Scientific) to mark nuclear structures with fluorescence signals
normalized to cell number using a Spark Multimode Microplate Reader
(Tecan Group; Mannedorf, Switzerland; AdipoRed: excitation 485 nm,
emission 535 nm; Hoechst 33342: excitation 361 nm, emission 486 nm).

In addition, cells for fluorescence microscopy were cultured on 12-
well plates and stained in the same way as for spectroscopy. Images of
the so treated cells were taken using the Carl Zeiss Axio Observer (Zeiss;
Oberkochen, Germany) to illustrate the proportion of nuclei and
increasing lipid content. Images of the cells were also repeatedly taken
under the brightfield microscope (Carl Zeiss Axio Vert.Al; Zeiss).

1.6. siRNA-induced Sspn knockdown

Epididymal cells were seeded onto 12-well plates 24 h prior to siRNA
delivery using serum-reduced medium (DMEM with 2 % FBS), as siRNA
uptake can be inhibited by bovine serum albumin.

For transfection, a 100 pM Accell™ siRNA (Dharmacon; Lafayette,
Colorado, USA) solution was prepared by dilution with the corre-
sponding siRNA buffer (Dharmacon), as specified by the manufacturer,
of which 120 pl were then added to each 12-well prepared with 12 ml
serum-reduced medium. No separate transfection reagent is required for
the Dharmacon Accell™-siRNA technology used. In addition to the Sspn-
targeting siRNA (Sspn knockdown), a positive control (PC) directed
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against Gapdh, a negative control (NC), which consists of four siRNA
components with no cellular target for excluding non-sequence-specific
effects, and an untreated control (UT) were also included.

After 72 h, all cells were resupplied with medium containing 10 %
FBS. After another 72 h (day zero) we started the differentiation of the
cells by adding induction medium (DMEM with 10 % FBS, insulin, T3,
dexamethasone, indomethacin and IBMX as described above). From day
four to eight, the cells were cultured in differentiation medium (DMEM
with 10 % FBS, insulin and T3 as described above). RNA extraction on
days zero, four and eight and gene expression measurements of Sspn,
Cebpb, Adipoq and Pparg as well as RplpO0 as the reference gene and Gapdh
for the evaluation of the NC results were performed as already described.

1.7. Human adipose tissue specific RNA sequencing

Human data were sourced from the cross-sectional cohort (CSC) of
the Leipzig Obesity Biobank (LOBB; https://www.helmholtz-munich.
de/en/hi-mag/cohort/leipzig-obesity-bio-bank-lobb). The CSC in-
cludes 1479 individuals, categorized as either normal/overweight (N =
31; 52 % women; age: 55.8 £+ 13.4 years; BMI: 25.7 + 2.7 kg/mz) or
people with obesity (N = 1448; 71 % women; age: 46.9 + 11.7 years;
BMI: 49.2 + 8.3 kg/m?). All participants gave written informed consent
before taking part in the study and were informed of the purpose, risks
and benefits of the biobank. The study was approved by the ethics
committee of the University of Leipzig (#159-12-21052012). For each
participant, paired human samples of OVAT and SAT were collected
between 2008 and 2018 during elective laparoscopic abdominal sur-
geries, as previously described (Mardinoglu et al., 2015; Langhardt
et al., 2018). Additionally, laboratory measurements of metabolic pa-
rameters and body composition were obtained, as detailed in earlier
studies (Bliiher, 2020; Kloting et al., 2010). The inclusion criteria for the
CSC comprised men and women over the age of 18 who underwent
elective abdominal surgery. Key exclusion criteria included chronic drug
or alcohol abuse, smoking within the 12 months prior to surgery, acute
inflammatory diseases, treatment with medications that directly affect
adipose tissue, end-stage malignancies, weight loss exceeding three
percent in the three months leading up to surgery, uncontrolled thyroid
disease, and Cushing’s disease.

To generate ribosomal RNA-depleted RNA sequencing data, we
employed the SMARTSseq protocol (Picelli et al., 2014; Song et al., 2018).
The libraries were sequenced as single-end reads on a Novaseq 6000
(Illumina, San Diego, CA, USA) at the Functional Genomics Center
Zurich, Switzerland, and analyzed according to the detailed procedure
as described elsewhere (Miiller et al., 2024).

The preprocessing steps were carried out as previously outlined. In
summary, adapter and quality-trimmed reads were aligned to the
human reference genome (assembly GRCh38.p13, GENCODE release
32), and gene-level expression quantification was performed using
Kallisto v0.48 (Bray et al., 2016). For samples with read counts
exceeding 20 million, we down-sampled them to 20 million reads using
the R package ezRun v3.14.1 (https://github.com/uzh/ezRun, accessed
on April 27, 2023). The data were normalized using a weighted trimmed
mean (TMM) of the log expression ratios and adjusted for age, sex, and
transcript integrity numbers (TINs).

1.8. Statistical analysis

Spearman’s correlation coefficient was employed to assess the rela-
tionship between SSPN expression and clinical variables, utilizing the
psych package (v2.4.6.26) in R (Revelle, 2007). Analyses were con-
ducted in R v4.3.1 (www.R-project.org). Apart from the RNA sequencing
data analysis, statistical analysis was conducted using GraphPad Prism
10. Methylation differences, variations in mRNA expression levels and in
fluorescence intensity from spectroscopic measurements between
treated cells and control cells were analyzed using a two-way ANOVA
with multiple comparisons and correction for multiple testing. This
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analysis incorporated time as a within-subject factor and treatment
group as a between-subject factor. P-values <0.05 were considered to be
significant.

2. Results

2.1. Correlation of SSPN human adipose tissue mRNA expression with
metabolic traits

We investigated the correlation between Sarcospan (SSPN) expres-
sion and various phenotypic characteristics to explore SSPN’s role in
lipid metabolism. These analyses were performed separately for visceral
and subcutaneous adipose tissues and were additionally stratified by
gender to account for potential sex-specific differences. In SAT, SSPN
expression showed a significant negative correlation with hip circum-
ference (r = —0.23,p < 5 x 1072, N = 123), HbAlc levels (r = —0.09, )
<1x107% N =790), fasting plasma glucose (FPG; r = —0.10,p < 1 x
10’3, N = 1327), and C-reactive protein (CRP; r = —0.10,p < 1 x 10’4,
N = 1435). There were also significant positive correlations with LDL (r
=0.09,p<1x102 N=2858) and HDL (r =0.08, p <5 x 1072, N =
921) cholesterol levels (Fig. 2). In visceral adipose tissue (VAT), SSPN
expression was positively correlated with waist circumference (r = 0.17,
p <1 x 1072, N = 244) and total body fat (r = 0.14,p=1 x 1074 N =
669, see Supplemental Table 2 for data on all analyzed characteristics).
However, after correction for multiple testing only the correlation with
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Fig. 2. Correlation analysis of SSPN mRNA expression with clinical variables in
the Leipzig Obesity Biobank (LOBB) cohort. Heat map shows Spearman corre-
lations between SSPN expression and phenotypic traits or blood parameters in
subcutaneous (SAT) and visceral (VAT) fat of males (M) and females (F) which
are unadjusted for multiple testing. Significance levels are indicated as * <0.05,
** <0.01, *** <0.001 respectively.
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FPG and CRP in SAT as well as the correlation with body fat in VAT
maintained. In addition, we observed tissue type-specific effect di-
rections for waist and hip measurements. However, findings provided
the rationale for more detailed investigations through in vitro
experiments.

2.2. Effect of increased DNA methylation on Sspn and adipogenic gene
expression

The DNA methylation status of four CpG sites within the Sspn pro-
moter was analyzed in CRISPR/dCas9-edited cells, referred to as Sspn
gRNAs, and compared to untreated controls (UT), and controls con-
taining an empty plasmid instead of gRNA, referred to as Plasmid
Controls.

The results indicated that methylation in the Sspn gRNAs cells was
significantly higher than in the Plasmid Controls at all measured time
points (all p < 0.005, Fig. 3A. Specifically, a substantial increase in
methylation of up to 35 % was observed at individual CpG sites in the
Sspn gRNAs group compared to Plasmid Controls. Importantly, the
increased methylation levels remained stable over the entire observation
period.

Although mRNA expression analysis revealed only marginal non-
significant differences of Sspn expression in Sspn gRNAs compared to
Plasmid Controls throughout differentiation (Fig. 3B), we observed a
trend towards reduced Sspn expression on days zero and four. In line,
mRNA analysis of adipogenic marker genes showed no continuous dif-
ferences between Plasmid Controls and Sspn gRNAs cells (Fig. 4).

Based on this, we replicated our editing experiment in inguinal
preadipocytes (see above), which further validated our findings of a
stable strong targeted promoter methylation increase with only a trend
towards reduced Sspn and no remarkable effect on adipogenic gene
transcription. The detailed results can be found in the supplements
(Supplemental Figs. 1-3).

2.3. Effect of increased DNA methylation on lipid content in adipocytes

Similar to the marginal effects on Sspn expression, Sspn gRNA treated
cells did not show a lower lipid accumulation compared to Plasmid
Controls throughout differentiation, although there was a clear increase
in lipid content from day zero to day eight (Fig. 3C).

Fluorescence microscopy images allow the assumption of a reduction
in lipid storage in Sspn gRNA treated cells compared to the controls over
the measurement period for epididymal adipocytes (Fig. 5). This was
also observable in inguinal adipocytes (see brightfield microscopy of day
seven in Supplemental Fig. 4).
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2.4. siRNA-induced Sspn knockdown

Based on these findings, we additionally evaluated the impact of Sspn
knockdown using siRNA on the expression of Sspn itself as well as on
Cebpb, Adipoq and Pparg in epididymal cells. While results demonstrated
a significant reduction of Sspn expression (all p < 1 x 10~%) in Sspn
knockdown cells compared to mock-transfected cells until day four of
differentiation (Fig. 6A), no significant differences in the expression of
adipogenesis markers (Cebpb, Adipoq, and Pparg) were found between
Sspn knockdown and NC at any time point (Fig. 6B-D).

3. Discussion

Based on the previously reported findings suggesting SSPN as a po-
tential candidate gene for BMI and fat distribution, we investigated its
role in adipogenesis, particularly focusing on changes in promoter
methylation. To this end, we employed both Sspn knockdown using
siRNA and CRISPR/dCas9-induced hypermethylation in a mouse cell
model, to explore whether the postulated influence of Sspn on adipo-
genesis was epigenetically mediated.

Using the aGCN4-coupled CRISPR/dCas9-SunTag-DNMT3a system,
we were able to achieve stable hypermethylation in murine pre-
adipocytes over several days, indicating that any conceivable gradual
degradation of the plasmids likely did not affect our experimental setup.
The resulting decrease in Sspn expression was recognizable as a trend but
did not reach statistical significance. Although editing of the target CpG
sites increased methylation levels significantly, it is possible that DNA
methylation editing in the area of our target sequence, even if we ascribe
it an involvement in the regulation of Sspn expression, cannot alone
influence mRNA levels. It is of note however, that even with minimal
differences in promoter methylation (1.72 + 1.3 % in SAT and 1.89 +
1.9 % in OVAT) in human samples, at the genomic position which cor-
responds to our murine target sequence, Keller et al. (2018) showed
significant correlations with WHR and body fat, suggesting that the level
of methylation achieved in the present study should be sufficient to elicit
detectable effects — yet findings based on human data cannot readily be
transferred to the animal model.

Overall, the assessment of adipogenesis through various methods did
not yield entirely consistent conclusions. While microscopy suggested an
editing effect on lipid storage, which was not confirmed by fluorescence
spectroscopy and expression of adipogenic genes, other authors were
able to show differences in gene expression of adipogenesis markers in
mouse adipose tissue between lipogenic state (caused by high-energy,
high-fat diet) and controls (Illesca et al., 2019, 2020). Because the ef-
fects seen in fluorescence microscopy could not be objectified by
quantification, we view these observations with caution.

Another factor that may have obscured the influence of Sspn on
adipogenesis is the possibility of off-target effects. Even though Pflueger
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Fig. 3. Analysis of in vitro Sspn promoter methylation, Sspn gene expression and fluorescence spectroscopy measurements. Bar plots show Sspn promoter methylation
levels (A), Sspn mRNA expression levels relative to the housekeeping gene RplpO (B) and intensity of fluorescence signal in AdipoRed/Hoechst stained cells (C) in
epididymal adipocytes. Data are shown for days zero (d0), four (d4) and eight (d8) of the differentiation in UT, Plasmid Controls and Sspn gRNAs with mean and SEM.
Analyzed using two-way ANOVA with correction for multiple testing. Significance levels are indicated as * <0.05, ** <0.01, *** <0.001 respectively. N = 3.
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Fig. 5. Fluorescence microscopy. Fluorescence images sections of epididymal adipocytes on days zero, four and eight of the differentiation. Blue: Nuclei stained with
Hoechst. Green: Lipids stained with AdipoRed. Scale bar = 50 pm. Images were arranged using Biorender.com.

et al. (2018) demonstrated that  the aGCN4-coupled
CRISPR/dCas9-SunTag-DNMT3a system induced negligible off-target
effects in HeLa cells, we cannot rule out that off-target methylation
may have limited the magnitude of the expected effect. The observation
that the differences between Plasmid Controls and Sspn gRNAs were not
as large as the differences between UT and Sspn gRNAs, for example, also
indicates that the presence of dCas9 or DNMT3a in the cell per se could
also have effects that are to be distinguished from the methylation ef-
fects at the Sspn promoter.

In a previous series of experiments with paired SAT and OVAT
samples, depot-specific correlations with metabolic traits have been
shown (Keller et al., 2018). As such, correlations between SSPN pro-
moter methylation and hip circumference, glucose measurements or
maximum adipocyte size were only reported in SAT (Keller et al., 2018).
Despite the loss of statistical significance after correction for multiple

testing, in our large-scale analysis of data from the LOBB we observed
that the direction of the correlation between the tissue types was
different for waist and hip, which supports the hypothesis that SSPN may
play a role in the regulation of lipid metabolism. The data suggest a
potential differential involvement of SSPN in various fat depots,
emphasizing the need to distinguish between subcutaneous and visceral
fat when evaluating SSPN’s functional significance. We performed the
CRISPR/dCas9-mediated hypermethylation in both epididymal pre-
adipocytes, which correspond to OVAT, and inguinal preadipocytes (see
Supplements), which correspond to SAT, to address eventual fat depot
specific effects. However, findings in epididymal and inguinal cells were
comparable in all our experiments.

In addition, neither the epigenetic editing nor the siRNA-knockdown
showed signs of lipodystrophy as previously described by Groh et al. in
B-sarcoglycan knockout mice lacking both Sspn and the sarcoglycans
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respectively. N = 3.

(Groh et al., 2009), at least as far as these can be assessed in a 2D cell
culture model. However, we are aware that future experiments have to
investigate the effects on protein levels, especially since public data
indicate that SSPN protein is upregulated during differentiation to
mature adipocytes (Zhong et al., 2025). It is therefore reasonable to
assume that the loss of a whole series of sarcoglycans has more
far-reaching consequences than just the downregulation of Sspn alone.
Nonetheless, the study by Groh et al. emphasizes the need for further
investigation of SSPN as an important player in adipose tissue. To better
understand the role of SSPN, a possible SSPN upregulation in adipose
tissue should also be considered.

Accordingly, it is necessary to keep in mind that SSPN is a trans-
membrane protein whose function is decisively determined by its
interaction with the extracellular matrix. It is therefore conceivable that
potential effects of SSPN editing may not be detectable in a 2D cell
culture model, which can only partially mimic the conditions in adipose
tissue. The absence of extracellular matrix between the individual adi-
pocytes as well as other cell types or tissue hormones, to name just a few
influencing factors, represent weaknesses of the 2D cell culture model. It
is quite possible that the SSPN protein could exert its full function only in
a 3D culture model or in an in vivo experiment, which might reveal
differences between SSPN edits and controls regarding adipocyte stor-
age. That the influence of SSPN on adipogenesis may be mediated by its
mode of action as a matrix protein is also supported by the finding of
Sotak et al. (2022) showing that the quantity of extracellular matrix
differs between obese and normal weight individuals. Interestingly, in
this study, lean individuals showed higher amounts and gene expression
of extracellular matrix components, whereas in the cohort of Keller
et al., the matrix protein SSPN was associated with adverse clinical

parameters connected with obesity (Keller et al., 2018).

Nevertheless, our correlation data from the human LOBB cohort
showed a clear association between SSPN gene expression and various
clinical features describing fat distribution. The fact that we could not
achieve direct effects on adipogenesis by epigenetic downregulation of
the Sspn promoter does not diminish the importance of SSPN as a
candidate gene for obesity research. Rather, the significant correlations
observed in both visceral and subcutaneous adipose tissue highlight the
potential to gain further insights into its effects on adipogenesis using an
optimized model that accounts for SSPN’s role as an extracellular matrix
component. This could ultimately support the development of in vivo
models and future applications in targeted, tissue-specific epigenetic
gene regulation in humans.

In summary, our study proved that targeted DNA methylation editing
of the Sspn promoter leads to a stable hypermethylation in adipocytes
but has only marginal effects on Sspn expression and adipogenesis.
However, large-scale phenotypic associations of depot-specific SSPN
expression with parameters of fat distribution and glucose homeostasis
still make it a promising candidate in adipose tissue biology.
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