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S-adenosyl-homocysteine-hydrolase (AHCY) plays an important role in the methionine cycle regulating Received 15 June 2023

cellular methylation levels. AHCY has been reported to influence proliferation and differentiation Revised 20 October 2023
processes in different cell types, e.g. in cancer cells and mouse embryonic stem cells. In the development Accepted 27 November

of adipose tissue, both the proliferation and differentiation of adipocyte progenitor cells (APCs) are 2023

important processes, which in the context of obesity are often dysregulated. To assess whether AHCY KEYWORDS

might also be involved in cell proliferation and differentiation of APCs, we investigated the effect of AHCY; adipocyte progenitor
reduced AHCY activity on human and mouse APCs in vitro. We show that the inhibition of AHCY using cells; adipogenesis; adipose
adenosine dialdehyde (AdOx) and the knockdown of AHCY using gene-specific siRNAs reduced APC tissue; obesity
proliferation and number. Inhibition of AHCY further reduced APC differentiation into mature adipocytes

and the expression of adipogenic differentiation markers. Global DNA methylation profiling in human

APCs revealed that inhibition of AHCY is associated with alterations in CpG methylation levels of genes

involved in fat cell differentiation and pathways related to cellular growth. Our findings suggest that

AHCY is necessary for the maintenance of APC proliferation and differentiation and inhibition of AHCY

alters DNA methylation processes leading to a dysregulation of the expression of genes involved in the

regulation of these processes.
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Introduction

The S-adenosyl-homocysteine-hydrolase (AHCY) is
a highly conserved and ubiquitously expressed enzyme
involved in the methionine cycle [1,2]. It catalyzes the
hydrolysis of s-adenosyl-homocysteine (SAH) to adeno-
sine and homocysteine and thereby eliminates a strong
inhibitor of methyltransferases and cellular methylation
processes [3,4]. In recent years, AHCY has become of
increasing interest as a potential drug target in cancer
research due to its role in processes related to cellular
growth [5,6]. It has been reported that the depletion of
AHCY has an inhibitory effect on the proliferation and
mobility of breast cancer cells by interfering with the
mitogen-activated protein (MEK)/extracellular signal-
regulated kinase (ERK) pathway and causing cell cycle
arrest [7]. Similarly, inhibition of AHCY in hepatic carci-
noma cells in vitro resulted in DNA damage and attenua-
tion of cell proliferation [5]. Furthermore, AHCY has
been shown to be critical for the pluripotency of mouse
embryonic stem cells by interfering with both prolifera-
tion and differentiation processes [8].

In addition to cancer formation and growth, the
development of several other diseases, as for example
obesity, is also characterized by alterations in prolifera-
tion and differentiation processes [9,10]. Interestingly,
genomic methylation changes due to knockdown or
overexpression of AHCY in HeLa cells are associated
with the up or downregulation of genes involved in
metabolic pathways, such as the peroxisome prolifera-
tor-activated receptor (PPAR) pathway [11], which
includes PPARG, the master regulator of adipocyte
differentiation [12]. One recent study also suggested
that a long non-coding RNA, presumably involved in
the modulation of AHCY, alters cellular methylation
patterns and affects regulation of adipogenesis in por-
cine preadipocytes [13].

Furthermore, AHCY has indirectly been linked to
adipogenesis by for example showing that alterations
in SAH and s-adenosylmethionine (SAM) levels affect
adipocyte lipolysis and the expression of adipocyte
differentiation factors such as PPARG and CCAAT/
enhancer-binding protein alpha (CEBPA) in murine
cells [14,15]. Additionally, it has been reported that
elevated levels of SAH alter basic metabolic processes
in adipocytes, such as glucose uptake and lipolysis and
that these findings are paralleled by changes in
methylation [16]. In contrast to this, we have recently
shown that the overexpression of AHCY does not
influence PPARG expression and differentiation of
Simpson-Golabi-Behmel Syndrome (SGBS) preadipo-
cytes [17].

Independent of AHCY function, a link between adi-
pogenesis and DNA and/or histone methylation of
adipocyte progenitor cells (APCs) has been proposed
by several previous studies [18]. For example, one
recent study demonstrated that different stages of
human APC differentiation are characterized by speci-
fic alterations in genomic DNA methylation patterns
[19]. However, the mechanistic basis for this is not
completely understood.

In conclusion, although there is evidence for
a potential role of AHCY in pathogenic processes
related to the development of obesity, this has not
been sufficiently addressed in adipose tissue. Based on
the existing results, it is tempting to speculate that there
may be a link between the activity of AHCY, changes in
cellular methylation and processes related to adipogen-
esis, such as proliferation and differentiation of APCs.
Therefore, the aim of this study was to analyse the
effect of direct inhibition of AHCY on APC prolifera-
tion and differentiation using adenosine dialdehyde
(AdOx), a potent inhibitor of AHCY [20,21].

Results

AHCY inhibition impedes proliferation of adipocyte
progenitor cells (APCs)

In our approach to investigate the relevance of AHCY
for APC function, we first examined the effect of
a reduced activity and expression of AHCY on prolif-
eration and viability of SGBS preadipocytes, which are
an established and commonly used model to study APC
function in vitro [22]. SGBS cells are derived from
a patient with clinical signs of Simpson-Golabi-
Behmel-Syndrome (SGBS), a rare genetic disorder asso-
ciated with prenatal and postnatal overgrowth [22].
However, the underlying genetic defect has not been
identified so far. In vitro, SGBS cells are known to have
an increased and prolonged capacity, for more than 50
population doublings, to proliferate and differentiate
into mature adipocytes compared to primary APCs
[22,23]. We inhibited AHCY by treating the cells with
AdOx and by downregulating AHCY expression using
gene-specific small interfering (si)RNAs. The inhibitory
effect of AdOx and AHCY knockdown on the activity
of AHCY in SGBS cells was confirmed by an enzyme
activity assay, while reduced expression of AHCY after
siRNA mediated knockdown was confirmed by quanti-
tative real-time polymerase chain reaction (q-PCR)
(Figure la,f). The effect on cellular proliferation and
viability was then assessed by three independent meth-
ods: by counting of cell nuclei after staining with
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Figure 1. AHCY inhibition and knockdown in SGBS cells impedes cell proliferation. (a) Confirmation of decreased AHCY activity after
treatment with 2.5 uM adenosine dialdehyde (AdOx) compared to control treated cells (Ctr). (b) Hoechst staining of the cell nuclei and
counting of number of cells on day 2, 4, 6, 8 after seeding shows a reduced number of cells after inhibition or knockdown of AHCY
(representative pictures on day 4, scale bar = 1000 pm). Statistical differences were calculated using a two-way ANOVA test followed by Holm-
Sidak’s multiple comparison test. (c) WST-1 assay results after four days of proliferation show that inhibition of AHCY using AdOx decreases
number of viable cells. (d) LDH-Cytotoxicity assay was conducted on day 4 and shows low cell cytotoxicity (<10%) and does not differ
between target cells (AdOx) and control cells (Ctr) (data shown as % of positive control (P.C.)). Statistical differences were calculated using
a one-way ANOVA followed by Tukey’s multiple comparison test. () Inhibition of AHCY leads to reduced expression of proliferation markers
CCND1 and PCNA. (f) Confirmation of AHCY knockdown using a gene specific siRNA (siAHCY) compared to non-target control siRNA (siCtr).
Additional confirmation of decreased AHCY activity after knockdown of AHCY in one representative experiment with three technical
replicates. (g) Cell number is reduced after knockdown of AHCY as indicated by Hoechst staining and cell counting on day 2, 4, 6, 8
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Hoechst dye and doubling time calculation, by water
soluble tetrazolium (WST)-1 assay measurements and
by gene expression measurements. Counting of
Hoechst-stained cell nuclei at different time points
over the course of 8 days showed a reduced number
of cells after treatment with AdOx or knockdown of
AHCY when compared to control cells (Figure 1b,g),
indicating an effect of AHCY inhibition on cell prolif-
eration. Furthermore, calculation of doubling time
showed a tendency towards increased doubling time
after treatment with AdOx (77.8 £ 13.8 h compared to
Ctr 49.2 £ 5.5 h, p=10.0754) or AHCY knockdown (56.9
+89h compared to siCtr 43.3+6.6h, p=0.0786).
These results were confirmed by results of WST-1
assay measurements on day 4 (Figure 1c,h), indicating
a significant reduction in cell number after AHCY
inhibition and a similar trend after AHCY knockdown
(p=0.0541). In an independent approach to assess cell
proliferation we measured the expression of two pro-
liferation marker genes on day 1 of the proliferation
process. SGBS cells treated with AdOx showed
a significantly reduced expression of Cyclin D1
(CCND1) while the expression of proliferating cell
nuclear antigen (PCNA) showed a tendency to be
reduced compared to control cells (p=0.0742;
Figure le). To exclude the hypothesis that the described
effects on cell proliferation and viability were merely
due to decreased cell viability and increased cell death,
we performed a lactate dehydrogenase (LDH)-
cytotoxicity assay on day 4 (Figure 1d,I). Results
showed that cell cytotoxicity is comparably low
(<10%) in all samples and that there is no significant
difference in cell viability between cells undergoing
AHCY inhibition and control cells.

To further validate the relevance of the results obtained
in SGBS cells, we next assessed the effect of AHCY inhibi-
tion in primary APCs derived from human and mouse as
two additional APC models (Figure 2). Since both AHCY
inhibition by AdOx and siRNA-mediated knockdown of
AHCY showed comparable effects on cell growth in SGBS
cells (Figure 1), we restricted the analyses to AdOx treat-
ment only. We confirmed that AdOx treatment led to
efficient inhibition of AHCY activity in both human and
mouse primary APCs (Figure 2a,f) and was associated
with a reduction in cell proliferation as indicated by

a reduced number of Hoechst-stained nuclei in micro-
scopic images at different time points over the course of 8
days (Figure 2b,g). This was associated with a tendency of
increased doubling time in human primary APCs (115.4
+9.2h compared to Ctr 65.3 £ 13.3 h, p =0.0122), which
was less pronounced in mouse primary APCs (43.6 £ 7.5
h compared to Ctr 39.0 + 6.6 h, p = 0.1188). Furthermore,
WST-1 measurements showed a reduced signal after inhi-
bition with AdOx on day 4 of proliferation in human
primary APCs (Figure 2¢,h), although the expression of
the proliferation markers CCNDI1 and PCNA did not
show significant changes on day 1 of proliferation
(Figure 2e). Moreover, there were no significant differ-
ences in the amount of LDH in the cellular supernatant as
a proxy for cytotoxicity and cell death (Figure 2d,i), indi-
cating that the observed effects were due to a reduced
proliferation rate after inhibition of AHCY.

Taken together, we provide evidence that inhibition
of AHCY reduced the proliferation of SGBS, human
and mouse primary APCs and that these effects were
not due to an increase in cell death.

AHCY inhibition decreases adipogenic
differentiation capacity of APCs

We next assessed whether AHCY might be involved in
adipocyte differentiation of SGBS cells. For this, we inhib-
ited AHCY using AdOx treatment during adipogenic
induction and adipocyte differentiation for 10 days and
subsequently estimated adipocyte formation and lipid
accumulation using Nile Red/Hoechst double staining
and counting of differentiated adipocytes or Oil Red
O staining in combination with absorbance measure-
ment. Both methods showed that adipocyte differentia-
tion is significantly reduced after inhibition of AHCY as
indicated by a significant decrease in the percentage of
differentiated adipocytes (Figure 3a,b) and a lower total
amount of intracellular lipids (Figure 3b). In an indepen-
dent approach to evaluate the differentiation of APCs we
measured the expression of the adipogenic differentiation
markers peroxisome proliferator-activated receptor y
(PPARG), the master regulator of adipogenesis [24], and
fatty acid binding protein 4 (FABP4) [25], hormone-
sensitive lipase (LIPE) [26] and perilipin 1 (PLIN1) [27].
As expected, on day 10 of adipocyte differentiation, the

(representative pictures on day 4, scale bar = 1000 um). Statistical differences were calculated using a two-way ANOVA test. (h) WST-1 assay
measurement on day 4 indicates that AHCY knockdown decreases cell number. (i) After knockdown of AHCY LDH-cytotoxicity assay shows no
significant differences between siAHCY and siCtr cells (data shown as % of positive control (P.C.)). Statistical differences were calculated using
a one-way ANOVA test. Unless stated otherwise, statistical differences were calculated using Student’s t-test. Results were considered
statistically significant when p < 0.05 and are indicated above bar plots. Data are mean + SEM from n = 3 independent experiments with 2-3

technical replicates each, unless stated otherwise.
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Figure 2. AHCY inhibition in human and mouse primary APCs impedes cell proliferation. (a) Confirmation of decreased AHCY
activity in human primary APCs after treatment with 2.5 uM adenosine dialdehyde (AdOx) as compared to control treated cells
(Ctr). (b) Inhibition of AHCY reduces number of cells as indicated by counting of Hoechst-stained cell nuclei on day 2, 4, 6, 8 of
proliferation (c) WST-1 assay measurements on day 4 indicate that AHCY inhibition leads to decreased cell viability. (d) Cell
cytotoxicity is low (<10%) in target cells (AdOx) and control cells (Ctr) as indicated by results from LDH-Cytotoxicity Assay
from day 4 (data shown as % of positive control (P.C.)). Statistical differences were calculated using a one-way ANOVA followed by
Tukey's multiple comparison test. (e) Expression of the proliferation markers CCNDT and PCNA on day 1 of proliferation in human
primary APCs shows no significant differences after inhibition of AHCY. (f) After treatment with 5puM AdOx AHCY activity is
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expression of all four genes was significantly decreased
after inhibition of AHCY compared to control cells
(Figure 3c). As an additional control, we measured the
expression of SH2B Adaptor Protein 1 (SH2BI), a gene
described to be unaffected by adipocyte differentiation
[28] and did not see a significant difference between target
cells treated with AdOx and control cells (Figure 3c). To
confirm these results, a siRNA-knockdown of AHCY
(Figure 3d) in SGBS cells was performed showing
a similar tendency towards reduced adipocyte differentia-
tion, although the effect appeared to be less pronounced
compared to the effects after daily treatment with AdOx
(Figure 3e,f). For reasons of comparability, SGBS cells and
human primary APCs were both differentiated in human
primary APC medium supplemented with foetal calf
serum (FCS). As shown in Suppl. Fig. S1, similar results
were obtained using a well-established, serum-free SGBS
differentiation medium as previously described [23].

To support our results on the role of AHCY for
adipocyte differentiation, we additionally investigated
the effect of AHCY inhibition on in vitro adipogenesis
of primary APCs obtained from human (Figure 4a-c)
and mouse (Figure 4d-f) using the same readouts as
described for SGBS cells. Confirming the results from
SGBS cells, both the percentage of differentiated cells
and the total amount of incorporated lipids was signif-
icantly reduced after AdOx-mediated inhibition of
AHCY compared to control cells (Figure 4b,e). These
observations were mirrored by the reduced expression
of the adipogenic differentiation markers PPARG,
FABP4, LIPE and PLINI, while expression of the con-
trol gene SH2B1 was not significantly altered between
AdOx treated cells and control cells (Figure 4c,f).

In summary, we provide evidence that the inhibition of
AHCY significantly reduces adipocyte differentiation in
all examined APC models, of human and mouse origin.

AHCY inhibition leads to alterations in DNA
methylation and expression of genes related to cell
growth and adipocyte differentiation in APCs

AHCY is known to be involved in cellular methylation
processes, e.g. of DNA or histones [11,29]. In previous
studies, it has been shown that aberrant activity or
expression of AHCY are associated with changes in
genomic methylation which ultimately leads to

alterations in gene expression [11]. To address the
question whether methylation processes might be
involved in the observed effects on APC proliferation
and/or differentiation, we analysed the DNA methyla-
tion levels in SGBS cells and human primary APCs
treated with AdOx compared to untreated cells using
the Infinium MethylationEPIC BeadChip. We first cal-
culated the difference in methylation levels for the
737,467 detectable CpG sites between AdOx-treated
and control cells for each of the analysed cell models
separately. Overall, we identified 388,985 CpG sites
regulated in the same direction in both APC models
(165,337 downregulated and 223,648 up-regulated). To
narrow down the number of differentially methylated
CpG sites, we prioritized the top and bottom 4000 CpG
sites according to difference in methylation level, leav-
ing us with 8000 CpG sites per cell line. By merging the
lists of identified CpG sites from both cell lines, we
identified 307 CpG sites regulated in the same direc-
tion, corresponding to 225 genes (Suppl. Table S1).
Gene ontology (GO) overrepresentation analysis of
the respective genes revealed that the pathway with
the highest enrichment was fat cell differentiation,
followed by several processes related to growth and
development (Table 1). This suggests that
a dysregulation of genes implicated in these pathways
might potentially underlie the observed effects of
AHCY inhibition on adipocyte differentiation and
proliferation of APCs. To test this hypothesis, we
selected enriched genes identified in GO overrepresen-
tation analyses and associated with fat cell differentia-
tion (ASXL2, BNIP3, CCDC3, NR4A1, RNASEL, WIFI,
WWTRI1, ZADH2, STK4) and/or cellular growth pro-
cesses (STK4, CDKL3, NRPI1, NTRK3, PPARA;
Table 1) and measured their expression in the SGBS
and human primary APCs samples from our previous
methylation analyses. Expression analyses showed that
four of the analysed genes, i.e. CCDC3, NR4A1, WIFI
and NTRK3, were not or only very weakly expressed,
while all other genes showed a detectable and compar-
able expression level in untreated SGBS and human
primary APCs (Figure 5). Moreover, inhibition of
AHCY using AdOx treatment resulted in a similar
effect in both cell models with BNIP3, WWTRI,
STK4 and PPARA being downregulated and only
ZADH?2 being upregulated, though with borderline

significantly reduced in mouse primary APCs. (g) Reduced cell count of Hoechst-stained cell nuclei on day 2, 4, 6, 8 after inhibition
with AdOx (representative pictures on day 4, scale bar = 1000 um). Statistical differences were calculated using a two-way ANOVA
test. (h) Inhibition of AHCY leads to significantly reduced WST-1 signal in mouse primary APCs, indicating a reduced number of
cells. (i) LDH-Cytotoxicity assay shows no significant difference between AdOx and Ctr-treated cells on day 4 (data shown as % of
positive control (P.C.)). Statistical differences were calculated using a one-way ANOVA test. Unless stated otherwise, statistical
differences were calculated using Student’s t-test. Results were considered statistically significant when p < 0.05 and are indicated
above bar plots. Data is mean = SEM from n = 2-3 independent experiments with 2-3 technical replicates each.
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Figure 3. AHCY inhibition and knockdown reduces adipocyte differentiation capacity in SGBS cells. (a) Representative pictures after
Nile Red/Hoechst (scale bar =200 uM) and Oil Red O (scale bar =500 uM) staining of cells on day 10 of differentiation indicate
reduced differentiation rate in AdOx treated cells, as compared to control cells (Ctr) (representative area of picture enlarged in upper
right corner). (b) Evaluation of Nile Red/Hoechst double staining and Qil Red O absorbance measurement on day 10 confirm that
number of differentiated cells and overall differentiation capacity of SGBS cells treated with AdOx is reduced. (c) Inhibition of AHCY
leads to decreased expression of adipogenic differentiation markers PPARG, FABP4, LIPE and PLINTwhile there is no significant
difference in the expression of reference gene SH2B1. (d) Confirmation of AHCY knockdown on day 0 and 10 of the differentiation
process in SGBS cells treated with AHCY-specific siRNA (siAHCY) compared to a non-target control siRNA (siCtr) by g-PCR analysis. (e)
AHCY knockdown results in slightly reduced differentiation capacity as indicated by representative pictures after Nile Red/Hoechst
(scale bar =200 uM) and Oil Red O (scale bar =500 pM) staining of cells on day 10. (f) Percentage of differentiated cells after AHCY
knockdown is significantly reduced whereas Oil Red O measurement shows a moderate tendency towards a reduced differentiation
rate of SIAHCY cells. Unless stated otherwise, statistical differences were calculated using Student’s t-test. Results were considered
statistically significant when p < 0.05 and are indicated above bar plots. Data are presented in bar plots with mean + SEM from n=
3-4 independent experiments with 2-3 technical replicates each.

significance. This was also the case for the rather  identified a dysregulation of several genes involved in
slight downregulation of STK4 (Figure 5). Taken  adipocyte differentiation and/or cell growth and might
together, global methylation analyses in combination  potentially explain the observed effects on APC pro-
with expression analyses after AHCY inhibition liferation and differentiation.
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Figure 4. Reduced differentiation capacity in human and mouse primary APCs after inhibition of AHCY. (a) Nile Red/Hoechst double
staining and Oil Red O staining on day 10 show that differentiation of human primary APCs is lower after inhibition of AHCY
(representative pictures, scale bar Nile Red/Hoechst = 200 uM; Oil Red O = 500 uM) (representative area of picture enlarged in upper
right corner). (b) Number of differentiated human primary APCs and Oil Red O absorbance is significantly reduced in cells treated
with AdOx as compared to control cells (Ctr). (c) Expression of adipogenic differentiation markers PPARG, FABP4, LIPE and PLINT is
lower in cells treated with AHCY inhibitor AdOx while the expression of reference gene SH2B1 is not significantly altered. (d) Staining
of differentiated mouse primary APCs on day 10 confirm reduced differentiation capacity of AdOx treated cells (representative
pictures, scale bar Nile Red/Hoechst =200 uM; Oil Red O =500 uM). (e) Nile Red /Hoechst and Oil Red O assessment also confirm
significant reduction of differentiation rate of mouse primary APCs. (f) Expression of adipogenic markers Pparg, Fabp4, Lipe and Plin1
in mouse primary APC tend to be lower after inhibition of AHCY while no significant difference is detected in the expression of
reference gene Sh2b1. Unless stated otherwise, statistical differences were calculated using Student’s t-test. Results were considered
statistically significant when p < 0.05 and are indicated above bar plots. Data in bar plots are mean + SEM from n = 2-4 independent
experiments with 2-3 technical replicates each.
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Table 1. Pathways with the highest enrichment of annotated genes after CpG methylation analysis as identified by GO over-

representation analysis.

GO Term Description Size Expect Ratio P Value Gene Symbol
G0:0045444 fat cell differentiation 210 2.3256 3.8699 0.00055564 ASXL2, BNIP3, CCDC3, NR4A1, RNASEL, STK4, WIF1, WWTR1,
ZADH2
G0:0016358 dendrite development 219 24253 37109 0.00075050  CDKL3, CTNNA2, DTNBP1, FYN, LPAR1, NRP1, PDLIM5, PICALM,
SYNGAP1
G0:0048638 regulation of 314 3.4773 3.4509 0.00019779 AGRN, CDKL3, MAPT, NRP1, NTRK3, PPARA, PRL, PTCH1, RIMS1, STK4,
developmental growth SYT2, WDR36
G0:0042063  gliogenesis 265 29347 3.4075 0.00074533  ADCYAP1, ARHGEF10, BNIP3, LAMB1, LPAR1, MAPT, NTRK3, PAX6, ROR2,
TAL1
GO0:0010721 negative regulation of 319 3.5327 3.3968 0.00022875 ADCYAP1, CDKL3, CTNNA1, GBP1, LMX1A, LPAR1, NRP1, NTRK3, PAX6,
cell development PPARA, PTPRG, SYNGAP1
GO:0061564 axon development 490 5.4264 33171 0.0000083299 CDKL3, CTNNAT, CTNNA2, FYN, JAM3, LGI1, LMX1A, MAPT, NFASC,
NRP1, NTRK3, PALLD, PAX6, PICALM, PTCH1, RAPH1, SYNGAP1, WDR36
GO:0050808 synapse organization 385 4.2636 3.0490 0.00035855 AGRN, CAST, CTNNA2, DLG2, FYN, LMX1A, MAPT, NFASC, NRP1, NTRK3,
PDLIM5, SYNGAP1, UTRN
G0:0031346  positive regulation of cell 365 4.0421 2.9687 0.00076435 ADCYAP1, AGRN, CDKL3, DYNLLT, FYN, LPAR1, MAPT, NCK1, NRP1,
projection organization NTRK3, RIMS1, SYT2
G0:0016049 cell growth 473 5.2382 2.6727 0.00079163 CDKL3, LGI1, LMX1A, MAPT, NRP1, NTRK3, PDLIM5, PPARA, RAPH1,
RIMS1, SMARCA2, SORBS2, SYT2, WDR36
G0:0022604  regulation of cell 473 5.2382 26727 0.00079163  CDKL3, FYN, GBP1, ITGB2, LPAR1, MAPT, NRP1, NTRK3, PDLIM5, RASAT,

morphogenesis

RIMS1, SYNGAP1, SYT2, WDR36

225 genes were added to the GO overrepresentation analysis, displayed here are GO terms, pathway name and size, expected value, enrichment ratio, p value
and identified genes. Pathways related to cell growth and differentiation as well as genes analysed by qPCR are indicated in bold. GO, gene ontology.
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Figure 5. Expression of annotated genes after CpG methylation analysis associated with fat cell differentiation and cell growth in GO
overrepresentation analysis. Expression of genes associated with fat cell differentiation (ASXL2, BNIP3, CCDC3, NR4A1, RNASEL, WIF1,
WWTR1, ZADH2, STK4) and with cell growth (STK4, CDKL3, NRP1, NTRK3 and PPARA) in AdOx-treated SGBS cells (open circles) and
human primary APCs (open triangles) compared to untreated control cells on day 4 of the differentiation process. For statistical
analysis SGBS and human APC expression measurements were pooled. Data in bar plots are mean + SEM from n =2 experiments
with two technical replicates each. Results were considered statistically significant when p <0.

Discussion

AHCY is known to be involved in cellular proliferation
and differentiation [5,7,8], two important processes in
the development of adipose tissue that are often dysre-
gulated in the context of obesity [9,10]. Here, we
assessed the role of AHCY for adipocyte progenitor
cell (APC) function in vitro and showed that both
proliferation and adipogenic differentiation of APCs
are reduced after inhibition of AHCY, which is

associated with alterations in the cellular methylation
pattern and a dysregulation of genes involved in pro-
cesses related to fat cell differentiation and cell growth.

Using two independent methods, i.e. inhibition of
enzymatic activity using a specific inhibitor and siRNA-
mediated knockdown, we showed that inhibition of
AHCY decreased cell proliferation in three different
cell models, namely human SGBS cells and primary
APCs derived from human and mouse and that this
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was not caused by increased cell death. In accordance
with our results, it has been reported that decreased
AHCY activity in different cancer cell lines inhibits cell
proliferation [5,7] and that the loss of Ahcy function
inhibits early inner cell mass proliferation and differ-
entiation in embryos resulting in embryonic lethality of
mice [30]. Besides the proliferation of APCs, the differ-
entiation into mature adipocytes is another important
process in the development of adipose tissue [9]. Our
results show that the inhibition of AHCY reduces the
capacity of all three cell models to differentiate into
mature adipocytes. This observation is supported by
the reduced expression of adipocyte differentiation
PPARG, FABP4, LIPE and PLINI.
Interestingly, although all three APC models analysed

markers

in our study showed similar results of decreased adipo-
cyte differentiation after AHCY inhibition using AdOx,
we observed that sensitivity to the inhibitor was higher
for human primary APCs compared to mouse primary
APCs. Moreover, we observed that the effect of AHCY
knockdown on SGBS cell differentiation was not as
pronounced compared to the treatment with AdOx.
This might be because we used a transient method for
AHCY knockdown, and we observed a mild recovery of
AHCY expression between day 0 and 10 of the differ-
entiation process. Furthermore, although the activity of
AHCY was significantly reduced after AHCY knock-
down, a small rest activity could be detected. Despite
this, our results show a tendency of reduced differentia-
tion capacity after AHCY knockdown, which is in line
with results after AdOx treatment.

Changes in the expression and activity of AHCY are
associated with alterations in the methylation status
[11]. In line with this, our results demonstrate that
the treatment with AdOx leads to alterations in the
methylation of CpG sites in SGBS cells and human
primary APCs. Further analysis related the detected
CpG sites to their corresponding annotated genes.
Plotting these genes in a GO overrepresentation analy-
sis, ‘fat cell differentiation” was the pathway with the
highest enrichment of genes, indicating that this path-
way was likely regulated by AdOx treatment.

Interestingly, a link between adipogenesis and DNA
methylation has been stated in previous studies,
although controversial results regarding the role of
methylation in the regulation of adipogenesis have
been published [18,31]. One study showed that inhibi-
tion of DNA methylation in 3T3-L1 preadipocytes

significantly inhibited adipogenesis [32]. Other
enriched pathways from our analysis included pro-
cesses related to the growth and development of cells.
A regulation of these pathways through methylation
has also previously been reported, e.g. one study
showed that the inhibition of the DNA methyltransfer-
ase 1 (DNMT1) suppresses the proliferation of leukae-
mia cells [33]. Supporting this, several studies have
reported the connection between different DNA methy-
lation inhibitors and reduced cell growth and prolifera-
tion, mainly of tumour cell lines [34,35]. This supports
the hypothesis that the inhibition of AHCY might
influence the APC differentiation process and APC
proliferation possibly by globally affecting DNA methy-
lation and subsequently gene expression.

In fact, gene expression measurement in our samples
of a selection of candidate genes involved in the identi-
fied pathways fat cell differentiation and/or cell growth
showed that the expression of BNIP3, WWTRI, STK4
and PPARA was downregulated, while ZADH2 was
upregulated in cells treated with AdOx compared to
controls. In previous studies, a downregulation of
BNIP3 has been associated with decreased glucose
uptake in adipocytes [36], while mice lacking WWTRI
in white adipose tissue are described to develop severe
lipodystrophy [37]. Recently, STK4 has been described
to be involved in adipocyte mitochondrial capacity, and
it was suggested that inhibition of STK4 improves
metabolic profiles of obese mice [38]. Interestingly,
ZADH?2 was the only gene upregulated in our samples
and other studies on ZADH?2 have shown that over-
expression of the gene significantly decreases adipocyte
differentiation [39]. Furthermore, in connection to cell
growth related pathways, the inhibition of STK4 in
cancer cells has been shown to decrease the prolifera-
tion of these cells [40], an effect that has also been
described for the inhibition of PPARA in hepatocytes
[41]. In the context of these studies, we propose that
the inhibition of AHCY alters cellular methylation pro-
cesses, which leads to a dysregulation of the expression
of genes related to APC proliferation and differentia-
tion processes. However, further studies need to be
done to mechanistically draw a conclusion.

Of note, in this study we have focused on the inhibi-
tion of AHCY and did not analyse the effect of
increased AHCY activity on APC proliferation and
differentiation processes. However, we and others
have previously reported that elevated levels of AHCY
do not seem to have a major impact on these processes.
It has been reported that the liver and kidney specific



overexpression of Ahcy in transgenic mice does not
influence the phenotype as well as the level of metabo-
lites involved in the AHCY reaction [42]. Supporting
this, we recently showed that the overexpression of
AHCY in SGBS cells does not influence SGBS cell
differentiation [17]. In the context of these studies
and our results, it seems likely that a certain base level
of AHCY is necessary to maintain cellular function
while an increased level does not have a deleterious
effect on cellular processes. Although we did not assess
the effect of increased AHCY activity on APC prolif-
eration and differentiation, our study is strengthened
by the fact that we used three different cell models of
two different species and independent methods to eval-
uate the effects. Future studies are needed, such as
analyses of earlier time points of adipogenesis or of
the effect of AHCY inhibition on cell cycle progression,
to investigate the mechanisms by which AHCY is
involved in adipocyte differentiation and proliferation
in more detail.

Based on our results, we conclude that AHCY is
essential for the maintenance of proliferation and dif-
ferentiation capacity of APCs, possibly making the
enzyme a potential target for the development of ther-
apeutic approaches in the context of obesity.

Methods and materials
Cell lines and culture conditions

SGBS cells were kindly supplied by Martin Wabitsch
from the University of Ulm, Germany. SGBS cells were
cultured in DMEM/F12 basal medium (Gibco,
Waltham, MA, USA) supplemented with 10% FBS
(Sigma Aldrich, Darmstadt, Germany), 33 pumol/l biotin
(Sigma Aldrich) and 17 umol/l pantothenic acid (Sigma
Aldrich) and 100 U/ml penicillin-streptomycin (Sigma
Aldrich) as described previously [43]. Human primary
subcutaneous APCs (LONZA, Walkersville, MD, USA)
from one female proband, aged 41 years, without any
known metabolic diseases or a history of smoking or
alcoholism, were cultured in DMEM/Ham F12 basal
medium, 10% FBS and antibiotics. For mouse primary
APCs, stroma vascular fractions (SVF) from inguinal
subcutaneous adipose tissue (SAT) of 6-8-week-old
male C57BL/6NTac mice was isolated as previously
described [44]. Briefly, pooled tissue samples of at
least two mice were minced and digested in HEPES
isolation buffer (0.1 M HEPES (Sigma Aldrich), 123
mM NaCl (Sigma Aldrich), 5mM KCI (Sigma
Aldrich), 1.3 mM CaCl, (Sigma Aldrich), 5 mM glucose
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(Sigma Aldrich), 4% BSA (Carl Roth GmbH, Karlsruhe,
Germany), 1% Zellshield (Minerva Biolabs, Berlin,
Germany), pH 7.2) with 0.2% (w/v) collagenase II
(Fisher Scientific, Schwerte, Germany) for 30 min at
37°C. The cell suspension was filtered through a 100
pum nylon filter and incubated on ice for 15 min. SVF
was separated and filtered through a 40 pm nylon filter
followed by centrifugation at 700 x g for 10 min. Cell
pellets were resuspended in erythrocyte lysis buffer
(154nM NH,CI (Sigma Aldrich), 10nM KHCO;
(Sigma Aldrich), 0.1 mM tetrasodium EDTA (Sigma
Aldrich), pH 7.3) for 5min. After centrifugation, cells
were resuspended in DMEM (Gibco) (containing 10%
FCS (Sigma Aldrich), 1% Zellshield and 25 pg/ml
sodium ascorbate (Sigma Aldrich)). All cell lines were
cultured at 37°C with 5% CO,. Characteristic response
of all cell lines to adipogenic inducers and typical
expression of adipogenic marker genes allowed authen-
tication of all cell lines as APCs.

In vitro proliferation

Cell proliferation and cytotoxicity was evaluated by
WST-1 assay, LDH-Cytotoxicity assay, Hoechst stain-
ing and gene expression measurements. In brief, 1000
cells/well for SGBS, human and mouse primary APCs
were seeded in 200 pl of their respective culture med-
ium in a 96-well format. For each target and control
sample triplicates were seeded and medium was chan-
ged every other day. About 96 hours after seeding,
LDH-Cytotoxicity assay measurements were performed
using the Cytotoxicity Detection Kit (Sigma Aldrich,
Cat.no. 11644793001). For this, 100 ul of culture med-
ium from each well were transferred onto another 96-
well plate and 100ul of LDH-cytotoxicity working
reagent were added to each well. Protected from light,
the supernatant was incubated at room temperature for
30 minutes before absorbance was measured at 490 nm
using a microplate reader (FLUOstar OPTIMA; BMG
LABTECH, Offenburg, Germany). As positive assay
control, untreated cells were lysed using 2% Triton-
X-100 solution (Sigma Aldrich) and measured
accordingly.

To the remaining cells and medium 10 pl of WST-1,
reagent (Sigma Aldrich, Cat.no. 11644807001) was
added per well and incubated for 2h at 37°C and 5%
CO,. Using a microplate reader, the absorbance of the
samples was measured at 450 nm.

For Hoechst staining, cells were fixed on days 2, 4, 6,
8 in Roti-Histofix 4% (Carl Roth), washed with PBS
and stained for 5min with 100 ul Hoechst solution
(0.04 mg/ml, Sigma Aldrich). Pictures were taken
using the EVOS Imaging System FL Auto 2
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(Invitrogen, Darmstadt, Germany) and cells were
counted wusing the Image-]J software (National
Institutes of Health, MD, USA). For doubling time,
calculations the growth rate [gr= (In[N(t)/N(ty)]/t)]
was determined as the mean from cell numbers on
days 4, 6 and 8 in comparison to day 2. The cell
doubling time was then calculated from the mean
growth rate as: doubling time =In(2)/(growth rate).
For gene expression measurements, 30,000 cells were
seeded in a 6-well format and treated with AdOx or
control reagent and frozen on day 1 at —80°C for RNA
isolation.

In vitro differentiation

For adipocyte differentiation, SGBS cells and human pri-
mary APCs were seeded at 150,000 cells/well and mouse
primary APCs were seeded according to yield from cell
isolation on 12-well plates. All cells were seeded in dupli-
cates for each target and control and cultured as described
above until confluency was reached. SGBS and human APC
differentiation was induced using Preadipocyte Basal
Medium-2 (PBM-2) supplemented with Preadipocyte
Growth Medium-2 (PGM™-2) SingleQuots. (LONZA)
and antibiotics. Cells were differentiated over 10 days with-
out change of medium. Differentiation of mouse primary
APCs was induced 2 days after confluency was reached
(day 0) by changing the medium to the differentiation
cocktail (culture medium supplemented with 30 nM insulin
(Roche, Mannheim, Germany), 1 nM T3 (Sigma Aldrich),
1 uM rosiglitazone (Sigma Aldrich), 0.4 pg/ml dexametha-
sone (Sigma Aldrich) and 0.5 mM IBMX (Sigma Aldrich)).
The medium was changed on day 2 using culture medium
supplemented with 30 nM insulin. From day 4 on, cells
were maintained in standard culture medium which was
changed every two days until cells were differentiated
(day 6). On the last day of differentiation, adipocytes of all
cell lines were fixed with Roti-Histofix 4% (Carl Roth) for
lipid staining or frozen at —80°C for RNA isolation.

For quantification of the differentiation efficiency, fixed
cells were washed with PBS and first stained with Nile Red
(10 pg/ml, Sigma Aldrich) and Hoechst solution (0.04 mg/
ml) for 15 min and 5 min, respectively. Pictures were taken
using the EVOS Imaging System FL Auto 2, and cells were
counted using the Image-] software. The percentage of
differentiated cells was determined by dividing the number
of Nile Red stained cells by the number of Hoechst-stained
cells. Afterwards, cells were stained with Oil Red O solution
(Sigma Aldrich) (0.5% in 60% isopropanol (Carl Roth)) for
30 min at 37°C. The Oil Red O dye was extracted using
100% isopropanol and absorbance was measured at 540 nm
using a microplate reader.

Adenosine dialdehyde (AdOx) treatment

To assess the effect of AHCY inhibition on APCs, cells
were treated with adenosine dialdehyde (AdOx; Sigma
Aldrich) which was dissolved in 0.2 M HCI (Carl Roth)
and diluted in culture medium. SGBS cells, human and
mouse primary APCs were seeded according to the pro-
liferation and differentiation protocol as described above
and AdOx or the control reagent (consisting only of 0.2 M
HCI and diluted accordingly) was added to the culture
medium. In preliminary experiments with SGBS cells and
mouse primary APCs, suitable and effective AdOx con-
centrations were determined for each setup, namely APC
proliferation (Suppl. Fig. S2) and differentiation (Suppl.
Fig. S3). For reasons of comparability within species, the
same AdOx concentrations were used for SGBS cells and
for human primary APCs. In detail, for analysis of SGBS
and human primary APC proliferation and differentia-
tion 2.5 uM AdOx were added every 24 hours. For analy-
sis of mouse APC proliferation, 5 uM AdOx were added
to the medium and for analysis of differentiation 50 uM
AdOx were added every 24 hours.

AHCY activity assay

To confirm reduced AHCY activity after treatment of cells
with AdOx and knockdown of AHCY, we performed an
AHCY activity assay using the Adenosylhomocysteinase
Activity Fluorometric Assay Kit (Abcam, Waltham, MA,
USA, Cat.no. ab197002). The kit measures the production
of adenosine over time, which correspondingly can be used
to assess the ability of AHCY to hydrolyse SAH to adeno-
sine and homocysteine in vitro. Briefly, we cultured cells of
each cell line in a 6-well plate each until confluency.
Differentiation was then induced according to protocol
and inhibitor was added in the respective concentration
every 24h. On day 4 of differentiation the inhibitor was
added 1h before harvesting cells. For AHCY knockdown
samples, cells were transfected with siRNA as described
below and seeded in a 6-well format. Once confluency
was reached differentiation was induced according to pro-
tocol and cells were harvested on day 4. Samples were
prepared according to manufacturer’s instructions and
snap frozen in liquid nitrogen before storing them at
—80°C. Prior to measuring AHCY activity we quantified
the amount of protein in each sample using the Pierce™
BCA Protein Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA, Cat.no. 23225) according to manu-
facturer’s instructions. For the AHCY activity assay, 5 pg of
protein for each sample were used and activity was mea-
sured according to the manufacturer’s protocol using
a microplate reader. Measurements were corrected for
any adenosine background in the sample.



siRNA-mediated knockdown

For SGBS cells, siRNA transfections were conducted using
the Neon Transfection System 100pL Kit (Invitrogen,
Darmstadt, Germany) with a pulse voltage of 1300V,
pulse width 20 ms, pulse number 2 and a cell density of
6 x 10[6] cells/ml [45]. A final concentration of 500 nM of
AHCY-specific ON-TARGETplus SMARTpool siRNA or
ON-TARGETplus control siRNA (Dharmacon, Lafayette,
LA, USA) were used. After electroporation, SGBS cells were
seeded at a final concentration of 1,000 cells/well in a 96-
well format for proliferation analyses and at 100,000 cells/
well in a 12-well format for adipocyte differentiation assay.
Knockdown efficiency was confirmed using q-PCR and
AHCY activity assay.

RNA-isolation and quantitative real-time PCR
analysis

RNA from all cell lines was isolated using the RNeasy Mini
Kit (QIAGEN, Hilden, Germany, Cat.no. 74104) and on-
column DNA digestion was performed according to the
manufacturer’s instructions. In total 500 ng RNA were
reverse transcribed into cDNA using M-MLV Reverse
Transcriptase (Invitrogen, Darmstadt, Germany) and ran-
dom hexamers (Promega, Madison, WI, USA).

For g-PCR analysis, a standard curve of a reference
cDNA sample was used to determine the AHCY copy
number in each sample and values were normalized to
the mean of two reference genes, TATA-box-binding pro-
tein (TBP, tbp) and beta-actin (ACTB, actb). Primer and
probe sequences for q-PCR are listed in Suppl. Table S2.

Global methylation analyses

Methylation pattern was analysed in SGBS and human
APCs treated with AdOx and control cells. For sample
preparation cells of both cell lines were seeded at 400,000
cells/well in a 6-well format and treated according to the
differentiation protocol. On day 4 after induction of differ-
entiation, cells were scraped from the plate and DNA was
isolated using the DNeasy Blood&Tissue Kit (QIAGEN,
Cat.no. 69504). DNA amount was quantified using the
Qubit 4 fluorometer (Invitrogen, Darmstadt, Germany)
and diluted to 9 ng/pl.

Genome-wide methylation analysis was performed
using the Infinium MethylationEPIC BeadChip Kit
(Illumina, San Diego, CA, USA) which produced intensity
data (IDAT) files. The samples were processed with the
ChAMP package in R. Probes with detection p-value >0.1
and low bead counts, as well as SNP-related probes and
probes on sex chromosomes were filtered out. A beta-
mixture quantile normalization (BMIQ) approach was
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adopted to correct intra-array between-sample bias. Given
the small sample size, it was not possible to remove batch
effects or other unknown confounders. Methylation levels
at each CpG site were expressed as beta value representing
the estimated proportion of methylation at that site, in the
range of 0-100%. We computed the difference in levels
(delta) between samples treated with AdOx and controls.
Each delta corresponds to the estimated change in methyla-
tion level produced by the inhibition of AHCY, where
a positive value indicates an increase in methylation. We
first retained the CpG sites corresponding to the 4000
largest positive and the 4000 largest negative deltas for
each cell line, then we intersected the CpG sites retained
for SGBS cell with those retained for human primary APCs.
In both cases, the intersection took into consideration the
direction of change and retained only for CpG sites for
which this was concordant (Suppl. Table S1). The detected
genes were then analysed using a GO overrepresentation
analysis (webgestalt.org). The expression of selected genes
associated with fat cell differentiation as well as the overlap
of genes associated with cellular growth and development
was measured using q-PCR.

Statistical analysis

All cell culture data are presented as mean * standard error
of mean (SEM). Statistical significances were calculated
with a paired student’s t-test for two groups, a one-way
ANOVA test for a comparison between three groups or
two-way ANOVA test for multiple time point comparisons
using GraphPad Prism 9 (GraphPad Software, San Diego,
CA, USA).
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