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ABSTRACT
Culturing cells on bio-gels are believed to provide a more in vivo-like extracellular matrix. 3T3-L1
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cells cultured on Matrigel® significantly alteregd their proliferation and differentiation as com-
pared to growth on tissue culture-coated polystyrene surfaces. Growth on a 250-um thick layer of
Matrigel® facilitated the formation of cellular aggregates of 3T3-L1 cells. Differentiation of 3T3-L1
cells cultured on Matrigel® demonstrated increased levels of mRNA levels for key adipogenic
transcription factors (PPARy, C/EBPa, SREBP1), lipogenic markers (FAS, FABP4, LPL, PLINT) and
markers of adipocyte maturity (LEP), compared to cells cultured directly on a polystyrene tissue
culture surface. The gene expression of extracellular matrix proteins (FN7, COL1A1, COL4A1, COL6,
LAM) was decreased in 3T3-L1 cells cultured on Matrigel®. Furthermore, growth on Matrigel®
increased lipid accumulation in 3T3-L1 cells in the presence and absence of rosiglitazone,
a thiazolidinedione routinely used to optimize differentiation in these cells. These changes in
adipocyte gene expression and lipid accumulation patterns may be a result of the increased cell-
cell and cell-ECM interactions occurring on the Matrigel®, a scenario that is more reflective of an
in vivo model. Taken together, our data advance the understanding of the value of culturing 3T3-
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L1 cells on Matrigel®.

INTRODUCTION

The white adipose tissue (WAT) is responsible for
regulating energy and glucose homoeostasis, insulin
sensitivity, satiety, blood pressure and immunity[1],
and its dysfunction is associated with metabolic
abnormalities, type 2 diabetes and cardiovascular dis-
ease [2,3]. The WAT is composed of lipid-filled adipo-
cytes [4], originating from mesenchymal progenitors
that form adipocyte precursors, which differentiate
into mature adipose cells [5]. Adipocyte differentiation
is characterized by changes in gene expression of spe-
cific markers that determine the mature adipocyte phe-
notype [6]. During adipocyte differentiation, a tightly
regulated sequential activation of transcription factors,
including peroxisome proliferator-activated receptor vy
(PPARYy) [7-9] and CCAAT/enhancer-binding protein
alpha (C/EBPa) [10] potentiate differentiation of pre-
adipocytes into the mature adipocytes [11-13]. Sterol
regulatory element-binding protein-1 (SREBP1) is
another key transcription factor associated with adipo-
cyte development, induced early during adipocyte dif-
ferentiation, and is known to regulate lipid
homoeostasis by controlling the expression of enzymes
required for fatty acid and triglyceride synthesis [14].

Mature 3T3-L1 adipocytes express mRNA and protein
markers, including fatty acid binding protein 4
(FABP4) [15,16] and lipoprotein lipase (LPL) [17], lep-
tin (LEP) [18], and accumulate lipids in the form of
triglycerides (TGs) [19,20]. Furthermore adipocytes are
also surrounded by a basement membrane (BM) [21],
which is a specialized extracellular matrix (ECM), pri-
marily composed of collagen IV, laminin and entactin
[22]. The adipocyte BM undergoes constant remodel-
ling throughout differentiation in order to ensure cell
integrity and to allow for adipocyte expansion asso-
ciated with lipid accumulation [23].

Mechanisms underlying adipocyte biology are com-
monly investigated, in vitro, using well-characterized cell
lines, such as 3T3-L1 and 3T3-F442A cells [24].
Optimally, cell culture models of adipocytes should
resemble the WAT as closely as possible. However,
most in vitro studies are conducted with cells cultured
directly on flat, polystyrene tissue culture plates, in the
absence of an appropriate ECM [25]. While the simplicity
and low-cost associated with this method is attractive,
cells cultured on a flat, non-physiologically stiff surface
may result in a flattened morphology and exhibit reduced
cell-cell and cell-ECM interactions [26]. Changes in
cellular morphology can affect cell differentiation,
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function and response to pharmaceutical reagents [27].
Furthermore, it is speculated that expression of ECM
proteins may be significantly higher in vitro, relative to
in vivo, possibly as a result of cellular attempts to com-
pensate for the lack of a physiologically representative
ECM [21]. The commonly used and well-characterized
cell line, 3T3-L1, differentiates from fibroblasts to adipo-
cytes under the influence of steroids and hormones on
traditional polystyrene tissue culture plates [28].

The importance of an ECM in facilitating a more
in vivo-like biological responses has been gradually emer-
ging in the literature [29-31]. Hydrogels make excellent
candidates for cell culture substrates because of their high
water content, greater flexibility and much lower stiffness
compared to polystyrene [32]. A thick layer of hydrogel
can allow adipose cells to attain a more rounded mor-
phology, compared to uncoated polystyrene surfaces
[33]. Matrigel® is a biologically derived hydrogel, com-
posed of proteins, such as laminin, collagen IV, heparin
sulphate proteoglycans and entactin [34], which are also
found in the adipocyte BM [35,36]. Matrigel® has been
previously shown to enhance the ability of preadipocytes
to mature adipocytes, in vitro and in vivo [37-40]. The
stromal vascular fraction (SVF) isolated from human
adipose tissue can be differentiated into adipocytes with
~60% efficiency when cultured on Matrigel®. However,
when SVF is differentiated to adipocytes on polystyrene
or collagen I only 13% to 28% differentiation efficiency is
observed and this is further reduced on fibronectin (<
5%) [37]. Furthermore, lipid accumulation in cells cul-
tured on Matrigel® was 30% higher relative to adipocytes
differentiated on the other substrates [37]. In vivo, 3T3-
F442A preadipocytes injected into mice, together with
Matrigel®, displayed twofold increase in DNA content,
triglyceride levels and glycerol-3-phosphate dehydrogen-
ase (GPDH) activity, compared to cells injected alone
[38]. These studies provide evidence that growth of pre-
adipocytes on Matrigel® impacts cellular differentiation to
adipocytes.

Gene expression profiling has been extensively used
to characterize differentiation of 3T3-L1 cells [10,41].
However, no studies have characterized the gene expres-
sion of transcription factors, adipogenic and lipogenic
markers, and ECM proteins of 3T3-L1 cells cultured on
Matrigel®. This study explored changes in lipid accumu-
lation and gene expression of 3T3-L1 cells cultured and
differentiated on a 250 pm layer of Matrigel®, and inves-
tigated differentiation efficiency in the absence of rosi-
glitazone. We hypothesized that differentiation of 3T3-
L1 cells on Matrigel” would impact expression of genes
related to cellular differentiation, lipid homoeostasis and
ECM proteins. The 3T3-L1 cell line has the potential to
differentiate from fibroblasts to adipocytes, which is the

reason underlying its high usage in more than 5000
published articles [42]. 3T3-L1 cells undergo growth
arrest before being exposed to differentiation media,
which allows the cells to upregulate genes that drive
the adipogenic programme. Upregulation of adipogenic
gene expression increases glucose uptake and triglyceride
synthesis and cells display lipid accumulation starting
4 days after the initiation of differentiation [43,44].
Various studies have reported that 3T3-L1 cells differ-
entiated using conventional protocols (i.e., differentia-
tion with insulin, dexamethasone and 3-isobutyl-
1-methylxanthine) display low differentiation efficiency
and decline in differentiation with increase passage num-
ber [28,45]. In order to avoid low differentiation effi-
ciency of 3T3-L1 cells, a thiazolidinedione is included in
the differentiation mix, known as rosiglitazone
[28,46,47]. Although Rosiglitazone enhances 3T3-L1 dif-
ferentiation and lipid accumulation [28], it is a PPARy
agonist that may interfere with other drugs being tested
in the system or alter important pathways in adipocyte
differentiation. In this study, we demonstrated that 3T3-
L1 cells sufficiently differentiate over two weeks on
Matrigel® with insulin, dexamethasone and 3-isobutyl-
1-methylxanthine (IBMX), in the absence of rosiglita-
zone. Furthermore, 3T3-L1 cells differentiated on
Matrigel® displayed higher mRNA levels of the Leptin
gene, with or without rosiglitazone, which is not often
reported in studies conducted with cell lines. This
demonstrates that our model is robust in producing
high differentiation efficiency for 3T3-L1 cells and thus
represents a reliable in-vivo-like model for in vitro adi-
pogenesis research.

RESULTS

3T3-L1 cells were cultured on polystyrene tissue culture
plates or on 250 um layer of Matrigel®. All cells were
initially seeded and proliferated for 48 hours without
differentiation media. This time point was referred to
as day 0. Undifferentiated 3T3-L1 cells were imaged
and harvested for experiments at this time. Following
this initial 48 hours, 3T3-L1 cells were supplemented
with differentiation media for 3 days. At day 3, cells
were supplemented with maintenance media and
imaged and harvested at days 4, 14 and day 21.
Figure 1 displays the timeline used for culturing and
differentiating 3T3-L1 cells in this study.

Matrigel® facilitates clustering of 3T3-L1 cells and
significantly decreases proliferation

Figure 2 represents 3T3-L1 cells seeded at a density of
30,000 cells/cm” on polystyrene and Matrigel®. 3T3-L1
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Figure 1. Timeline of 3T3-L1 cell seeding and differentiation. 3T3-L1 cells were seeded at 30,000 cells/cm? in Dulbecco’s
Modification of Eagle’s Medium (DMEM) with 1 g/L glucose, supplemented with 10% foetal bovine serum (FBS), 1% Penicillin-
Streptomycin, and 1% L-glutamine, at 37°C in a humidified CO, incubator, placed in the incubator for 48 hours, to reach 100%
confluence, and differentiated with DMEM 1X with 4.5 g/L glucose, supplemented with 10% FBS, 1% Penicillin-Streptomycin, 1%
L-glutamine, 1 ug/ml insulin, 0.25 uM dexamethasone (DEX) and 0.5 mM isobutyl-methyl-xanthine (IBMX). 48 hours following
initiation of differentiation, the media was replaced with DMEM with 4.5 g/L glucose, 10% FBS, 1% penicillin streptomycin, 1%
L-glutamine and 1 pg/ml insulin, and the cells were re-supplemented with maintenance media every 48 hours until day 21. For
experimental analysis, cells were either stained for ORO or harvested for gene expression analysis at day 4, day 14 and day 21
following differentiation. The figure was created using BioRender.com.

Upon Plating 24 Hours Post-Plating 48 Hours Post-Plating

Polystyrene

Matrigel (250pum)

Figure 2. Matrigel® induces 3T3-L1 cell aggregation in a thickness-dependent manner. Phase-contrast images of 3T3-L1 cells
seeded at a density of 30,000 cells/cm? on polystyrene (A, B, C) and on Matrigel® (D, E, F). Images were taken of the 3T3-L1 cells
upon plating, 24 hours post-plating, and 48 hours post-plating. Each image was taken at 20x magnification and is representative of
three biological replicates (n = 3).

cells seeded on conventional polystyrene tissue culture =~ on Matrigel® formed distinct cluster-like patterns
plates displayed growth in a monolayer over 48 hours  (Figure 2, panel D, E, F). The clustering of 3T3-L1
(Figure 2, panel A, B, C) [48,49]. However, cells grown  cells on Matrigel® is apparent 24 hours post plating
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and is very prominent in cells cultured on Matrigel® at
48 hours post plating (Figure 2, panel D, E, F).

Matrigel® enhances lipid accumulation in 3T3-L1
cells

Lipid accumulation in 3T3-L1 cells grown on Matrigel®
and polystyrene was assessed by conducting an ORO
assay (Figure 3). Regardless of surface, all cells demon-
strated a significant increase in lipid accumulation over
21 days of differentiation (Figure 3b). 3T3-L1 cells
differentiated on polystyrene demonstrated
a significant increase in lipid accumulation following
differentiation at day 4, day 14 and day 21, relative
to day 0. Furthermore, lipid levels at all time points

(day 0, 4, 14 and 21) are significantly different from
each other. This pattern is consistent in 3T3-L1 cells
differentiated on Matrigel®. At day 0, 3T3-L1 preadipo-
cytes cultured on Matrigel” demonstrate significantly
increased lipid levels (108%), relative to cells on poly-
styrene. Following differentiation, 3T3-L1 cells on
Matrigel® display increased lipid accumulation com-
pared to cells on polystyrene at day 4 (83%), day 14
(28%) and day 21 (20%) (Figure 3b).

Matrigel® enhances mRNA levels of adipogenic
markers in differentiated 3T3-L1 cells

3T3-L1 cells cultured on Matrigel® and polystyrene
were differentiated and maintained for 14 days. Cells

Day 4

z‘ Day 0

Polystyrene

Matrigel (250pm)

Day 21

—o— Polystyrene
-m~ Matrigel (250 wm)

Absorbance at 510nm

0.0 1 T 1 T T T T T

0 2 4 6 8 10 12 14 16
Days Pre- and Post-Differentiation

1 1
18 20 22

Figure 3. Matrigel® significantly enhances lipid accumulation in 3T3-L1 cells differentiated on Matrigel®, visualized by Oil
Red O staining. 3T3-L1 cells were cultured and differentiated on Matrigel® and polystyrene. A) Phase-contrast images of Oil Red
O stained 3T3-L1 cells on polystyrene and Matrigel®. Undifferentiated 3T3-L1 cells were imaged at day 0, and differentiated cells
were imaged at days 4, 14 and 21. Each image was taken at 20x magnification and is representative of three biological replicates. B)
At day 0, 4, 14 and 21 Qil Red O stained 3T3-L1 cells were analysed for lipid quantification spectrophotometrically. Results from three
biological replicates are represented as mean + SEM and compared using two-way ANOVA. Statistical differences are represented by

distinct letters on the line graphs.



were harvested at days 0, 4 and 14 for RT-qPCR ana-
lysis. Regardless of surface, 3T3-L1 cells demonstrated
increased mRNA levels of PPARy, C/EBPa, LPL,
PLINI, FABP4 and LEP over the 14 days of differentia-
tion (Figure 4). PPARy and C/EBPa are key transcrip-
tion factors in adipogenesis, and both are activators of
genes that are expressed by mature adipocytes includ-
ing FABP4 and LEP [50,51]. Growth on Matrigel®
resulted in enhanced mRNA levels of PPARy (73%)
and C/EBPa (91%) in 3T3-L1 cells at day 14, compared
to cells cultured on polystyrene (Figure 4a, 4b). There
was no change in mRNA levels of PPARy and C/EBP«
in 3T3-L1 cells on Matrigel® at day 0 or day 4, relative
to cells on polystyrene at day 0 or day 4, respectively
(Figure 4a, 4b). 3T3-L1 cells differentiated on Matrigel®
demonstrated significantly higher mRNA levels of
SREBPI, which is another key transcription factor
involved in adipocyte differentiation, at day 4 (191%)
and day 14 (301%), relative to cells on polystyrene
(Figure 4c). There was no change in SREBPI gene
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expression at day 0 between the two conditions. Fatty
acid synthase (FAS) and lipoprotein lipase (LPL) are
both key targets of SREBP1 and are involved in fatty
acid metabolism [52]. Matrigel® enhanced gene expres-
sion of FAS and LPL in 3T1-L1 cells at day 14 by 2800%
and 181%, respectively, relative to polystyrene
(Figure 4d, 4e). Between the two conditions, there was
no difference in mRNA levels of FAS at day 0 or day 4
(Figure 4d, 4e).

Mature adipocytes express late markers of adipogen-
esis, such as perilipin-1 (PLIN-1) [53,54]. 3T3-L1 cells
grown on Matrigel® displayed increased gene expres-
sion of PLINI (64%) at day 14, compared to cells on
polystyrene (figure 4f). FABP4 is an early marker of
adipocyte differentiation [16]. In 3T3-L1 cells differen-
tiated on polystyrene, the mRNA levels of FABP4 sig-
nificantly increased upon differentiation (day 4 and day
14), compared to undifferentiated cells (day O0)
(Figure 4g). 3T3-L1 cells on Matrigel® displayed
increased gene expression of FABP4 at day 4 and day
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Figure 4. Growth on Matrigel® enhances the expression of transcription factors and markers involved in lipogenesis and
adipocyte maturity in 3T3-L1 cells. 3T3-L1 cells were cultured and differentiated on Matrigel® and polystyrene. Three biological
replicates, separated by passage and time, were harvested at day 0, day 4 and day 14 for RT-gPCR. Results are referenced to RPL37a
and RPL32 and expressed as mean = SEM. Results were compared using two-way ANOVA and statistical differences are represented

by change in letters on the line graphs.
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14, compared to day 0. At day 4, Matrigel® significantly
increased the gene expression of FABP4 in 3T3-L1 cells
(133%), compared to polystyrene. There was no change
in mRNA levels of FABP4 between the cells on the two
conditions at day 0 or day 14 (Figure 4g). Terminally
differentiated 3T3-L1 cells synthesize and secrete mar-
kers of mature adipocytes, such as leptin (LEP) [18].
3T3-L1 cells differentiated on Matrigel® demonstrated
significant increase in gene expression of LEP (1240%)
14 days following differentiation, compared to cells on
polystyrene (Figure 4h).

Matrigel® downregulates mRNA levels of
extracellular matrix proteins in 3T3-L1 cells

During adipogenesis, differentiating adipocytes express,
synthesize and secrete ECM proteins in order to
develop their basement matrix [6,22,55]. This involves
increase or decrease in mRNA levels of various ECM
proteins including, but not limited to, fibronectin
(FN1), collagen I (COL1Al), collagen IV (COL4A1l),
collagen 6 (COL6) and laminin (LAM) [36]. Figure 5
represents 3T3-L1 cells differentiated on Matrigel® and
polystyrene, and assessed for changes in mRNA levels
of FN1, COLIAI, COL4Al, COL6 and LAM at day
0, day 4 and day 14. Regardless of surface, the mRNA
levels of FN1 and COL1A1 decreased significantly after
4 days of differentiation (relative to day 0), and then
mRNA levels increased at day 14 to levels similar as
those observed in cells at day 0 (Figure 5A, 5B). 3T3-L1
cells cultured and differentiated on Matrigel® decreased
mRNA levels of FN1 (65% at day 0 and 77% at day 14))
and COLIAI (67% at day 0 and 75% at day 14), relative
to cells on polystyrene at day 0 and day 14, respectively
(Figure 5A, 5B).

In 3T3-L1 cells cultured on polystyrene, mRNA
levels of COL4Al1, COL6 and LAM significantly
increased after 14 days of differentiation, relative to
undifferentiated cells (day 0) on polystyrene
(Figure 5C, 5D, 5E). However, in 3T3-L1 cells grown
on Matrigel®>, mRNA levels of COL4A1 and LAM do
not increase post differentiation, relative to undifferen-
tiated cells on Matrigel® (Figure 5C, 5E). COL6 mRNA
levels in 3T3-L1 cells on Matrigel® increase at day 4,
relative to day 0, and then decrease at day 14 to similar
levels as day 0 (Figure 5D). 3T3-L1 cells on Matrigel®
demonstrate significantly lower mRNA levels of
COL4A1l, relative to cells on polystyrene, at day 0
(73%), day 4 (45%) and day 14 (76%) (Figure 5C).
Matrigel® decreased mRNA levels of COL6 in 3T3-L1
cell at day 4 (48%) and day 14 (44%), relative to cells on
polystyrene (Figure 5D). Compared to 3T3-L1 cells on
polystyrene, cells grown on Matrigel® expressed lower

mRNA levels of LAM at day 0 (39%) and day 14 (56%)
(Figure 5E).

Matrigel® enhanced rosiglitazone-mediated lipid
accumulation in 3T3-L1 cells

We evaluated the concentration dependence of rosigli-
tazone, added only during the differentiation period, on
lipid accumulation over 14 days following the initiation
of differentiation. Figure 6 represents lipid accumula-
tion assessed in 3T3-L1 cells cultured on polystyrene
and on Matrigel® at day 14 post-differentiation. At day
14, all cells were imaged and harvested for an Oil Red
O assay (Figure 6a). 3T3-L1 cells cultured on polystyr-
ene displayed an increase in lipid accumulation of
~18% upon treatment with 1 uM of rosiglitazone, rela-
tive to untreated cells (0 uM rosiglitazone) (Figure 6b).
There was no significant change in lipid accumulation
with increasing concentrations of rosiglitazone (2 pM
and 4 uM) in cells cultured on polystyrene, compared
to cells treated with 1 uM of rosiglitazone on polystyr-
ene (Figure 6b). 3T3-L1 cells cultured and differen-
tiated on Matrigel® showed no significant change in
lipid accumulation when treated with 1 uM or 4 pM
rosiglitazone, compared to untreated cells (Figure 6b).
However, when treated with 2 uM rosiglitazone, 3T3-
L1 cells on Matrigel® demonstrated an increase in lipid
accumulation relative to untreated cells. In general,
growth Matrigel® resulted in significantly greater lipid
accumulation over the 14 days in culture, relative to
polystyrene. Interestingly, even in the absence of rosi-
glitazone, 3T3-L1 cells grown on Matrigel® demon-
strated significantly higher levels of lipid accumulation
(18% greater than cells cultured on polystyrene) and
comparable to what was observed in the cells cultured
on polystyrene following 14 days of maturation
(Figure 6b).

373-L1 cells differentiated on Matrigel® in the
presence of and/or absence of rosiglitazone
displayed enhanced expression of key adipogenic
markers

While treatment with rosiglitazone enhanced lipid
accumulation over 14 days in cells cultured on poly-
styrene, the mRNA levels of PPARy, FAS or ADIPOQ
were not observed to be elevated 14 days following
differentiation (Figure 7). The 3T3-L1 cells differen-
tiated on Matrigel® and treated with 1 uM and 2 pM
rosiglitazone did not demonstrate any change in
mRNA levels PPARy or FAS relative to untreated cells
on Matrigel® (Figure 7A, 7B). However, gene expression
of ADIPOQ and LEP was significantly higher in 3T3-L1
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Figure 5. 3T3-L1 cells on Matrigel® demonstrate significant downregulation of ECM markers. 3T3-L1 cells were cultured and
differentiated on Matrigel® and polystyrene. Three biological replicates, separated by passage and time, were harvested at day 0, day
4 and day 14 for RT-qPCR. Results are referenced to RPL37a and RPL32 and expressed as mean + SEM. Results were compared using
two-way ANOVA and statistical differences are represented by change in letters on the line graphs.

cells treated with 1 pM and 2 uM rosiglitazone on
Matrigel®, compared to untreated cells on Matrigel®
(Figure 7C).

3T3-L1 cells differentiated on polystyrene with 1 uM
and 2 puM of rosiglitazone displayed significantly
increased mRNA levels of C/EBPa (Figure 7D). In con-
trast, cells on Matrigel® did not display any change in C/
EBPa gene expression upon treatment with rosiglitazone.
Treatment of 3T3-L1 cells, cultured on polystyrene, with
2 uM of rosiglitazone resulted in increased FABP4 and

LEP gene expression (Figure 7E, 7F). However, 3T3-L1
cells on Matrigel® showed increased mRNA levels of
FABP4 with 1 uM rosiglitazone treatment only. Cells on
Matrigel® demonstrated increased LEP gene expression
with 1 uM and 2 pM rosiglitazone treatment as compared
to the untreated cells grown on Matrigel®. Between the
two growth surfaces, similar to the trends observed with
lipid accumulation, 3T3-L1 cells grown on Matrigel®
demonstrated an overall increase in gene expression of
C/EBPa, FAS, FABP4, LEP and ADIPOQ when subjected
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Figure 6. Matrigel® enhances lipid accumulation in 3T3-L1 in the absence or presence of rosiglitazone compared to cells on
polystyrene. 3T3-L1 cells were cultured and differentiated on Matrigel® and polystyrene with various concentrations of rosiglita-
zone. While cells were cultured for 14 days, only the differentiation media (the first 3 days) was supplemented with rosiglitazone. A)
Phase-contrast images of Oil Red O stained 3T3-L1 cells cultured and differentiated on polystyrene and Matrigel® and treated with
various concentrations of rosiglitazone at differentiation. Stained 3T3-L1 cells were imaged at 20x magnification using phase-
contrast microscope. B) At day 14,three3 biological replicates of 3T3-L1 cells on polystyrene and Matrigel®, separated by passage and
time, were harvested for Oil Red O analysis. Results are expressed as the mean quantity of absorbance (510 nm), £ SEM, and
compared using two-way ANOVA. P < .05 was considered significant and statistical changes between data points are indicated with

distinct letters.

to 0 uM, 1 uM and 2 pM rosiglitazone, relative to cells
cultured on polystyrene (Figure 7). Growth on Matrigel®
resulted in increased PPARy gene expression in 3T3-L1
cells treated with 1 uM and 2 pM rosiglitazone only,
relative to cells on polystyrene (Figure 7A).

DISCUSSION

Majority of in vitro studies aimed at understanding
adipocyte differentiation utilize committed

preadipocyte cell lines, such as the 3T3-L1 cells
[11,19,56]. These studies assess cellular behaviour and
function by culturing cells in monolayers directly on
polystyrene tissue culture plates. 3T3-L1 cells differen-
tiated using conventional protocols (i.e., differentiation
with insulin, dexamethasone and 3-isobutyl-1-methyl-
xanthine) display low differentiation efficiency and dis-
play decline in differentiation with increased passage
number [28,45]. Furthermore, providers of the 3T3-L1
cell line, such as the European Collection of
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Figure 7. 3T3-L1 cells differentiated on Matrigel® and treated with rosiglitazone display enhanced expression of PPARy,
FAS, ADIPOQ, C/EBPa, FABP4 and LEP. 3T3-L1 cells were cultured and differentiated on Matrigel® and polystyrene, and treated
with various concentration of rosiglitazone at differentiation. Three biological replicates, separated by passage and time, were
harvested at day 14 for RT-gqPCR. Results were referenced to RPL37a and L32, expressed as mean + SEM, and compared using two-
way ANOVA. Statistical differences are represented by distinct letters on data points.

Authenticated Cell Cultures (ECACC), have reported
that differentiation of the 3T3-L1 cells may take 2-
5 weeks and the proportion of the cells that differenti-
ate can be limited [57]. ECACC also declare that they
are working on sourcing a new stock of the cell line for
a higher rate of adipocyte differentiation [57]. There is
growing appreciation for novel cell culture models,

such as three-dimensional (3D) models, that provide
a more physiologically representative environment for
experimentation [25,58]. 3T3-L1 cells cultured in a 3D
agarose gel culture model undergo adipogenesis, as
demonstrated by PPARy induction without the inclu-
sion of a hormonal cocktail (insulin, IBMX or DEX) to
induce differentiation [59]. The 3D environments,
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created by cells cultured on hydrogel matrices, allow
cells to take advantage of spatial properties, which lead
to changes in cell shape and morphology, and subse-
quently to modified cell signalling and gene expression
profiles [60].

Adipocytes, in vivo, expand in a 3D environment
that allows for cell growth along all axis [61], which is
not observed in conventional cell culture [62].
Furthermore, the stromal vascular fraction (SVF) of
the WAT contributes towards development of the
ECM, along with the adipocytes, and therefore the
ECM produced by adipocytes alone in vitro may not
be sufficient [22]. Finally, the native stiffness of the
WAT is found to be 2 kilopascal (kPa) [63], compared
to the stiffness of the polystyrene tissue culture plates
that is in the gigapascal (GPa) range [64]. Importantly,
the stiffness of the ECM can impact the biology of the
cells; a process that involves cells sensing mechanical
stimuli in their extracellular environment and translat-
ing it into biochemical signals [65]. Adipose-derived
stem cells (ASCs) cultured on polyacrylamide gels,
which mimic the native stiffness of WAT (2kPa),
demonstrated upregulation of adipogenic markers in
the absence of adipogenic differentiation factors [63].
Taken together, this evidence demonstrates that the
adipocyte ECM contributes to its ability to differentiate.
Furthermore, the ECM provides spatial flexibility so
that cells can adapt by taking on a rounded morphol-
ogy which would allow for the accumulation of greater
amounts of intracellular lipids.

In this study, Matrigel® was chosen as the substrate
for 3T3-L1 cells since its composition resembles that of
the BM of adipocytes in vivo [34,66]. Hydrogels are
reported to have stiffness in the range of 1kPa to
50kPa, depending on the thickness of the layer of
hydrogel on the tissue culture surface [63,67,68]. The
stiffness of an ECM, quantified using Young’s elastic
modulus, E (Pa; newtons/m?) [69], is inversely propor-
tional to its thickness [29]. Previously, our group has
demonstrated significant changes in gene expression in
BeWo cells (trophoblasts) cultured on 250 upm
Matrigel® [29]. Our research group demonstrated that
BeWo cells (trophoblasts) respond to growth on
Matrigel® of varying thickness (a thick [250 um] and
thin [50 pm] layer of Matrigel®) and stiffnesses. In this
case, a fivefold difference in thickness corresponded to
more than a twofold difference in matrix stiffness [29].
ASCs demonstrated a response to increasing ECM stiff-
ness by exhibiting a more spread out and flattened
phenotype, losing their rounded morphology, and fail-
ing to upregulate adipogenic markers [63]. Altogether
these findings led to our decision of using the thicker
(250 pm) layer of Matrigel® in this study.

3T3-L1 cells were cultured and differentiated directly
on polystyrene tissue culture plates and on a 250 um
layer of Matrigel® coated on the tissue culture plates,
and differentiated over 21 days. Growth on Matrigel®
significantly enhanced lipid levels in 3T3-L1 preadipo-
cytes prior to differentiation (day 0), as well as
increased lipid levels in differentiated 3T3-L1 cells
at day 4, day 14, and day 21 following differentiation,
relative to cells cultured on a 2D-polystyrene surface
(Figure 3b). Furthermore, we observed increased cell
clustering on the Matrigel® surface (Figure 2d-f), possi-
bly resulting from cells experiencing lower matrix, as
compared to cells grown in polystyrene cell culture
plates [70]. Taken together, this model supports the
shift to a cellular environment for adipocytes, which
favours triglyceride storage. These associations paral-
leled what has been reported in 3T3F44A cells [38].
However, Kawaguchi et al. (1999) did not characterize
gene expression changes associated with lipid accumu-
lation [38]. Our study expands on these findings by
providing 1) changes in lipid levels and gene expression
of key adipogenic markers over 21 days in 3T3-L1 cells
differentiated on polystyrene and Matrigel®; 2) changes
in gene expression of ECM markers in 3T3-L1 cells
differentiated on polystyrene and Matrigel®; and 3)
changes in lipid levels and gene expression of adipo-
genic markers in 3T3-L1 cells treated with rosiglitazone
at differentiation on polystyrene and Matrigel®.

Growth on Matrigel® resulted in a small but statis-
tically significant increase in lipid accumulation in
3T3-L1 cells prior to initiation of the differentiation
protocol (day 0) (Figure 3b). In part, this may be due
to the increased clustering of cells resulting from the
influences of growth factors that are inherent in com-
mercial preparations of the Matrigel® [71]. This results
in regions of the culture where there are visible
increases in lipid accumulation and adjacent areas
where ORO staining is comparable to that seen in
cells grown on polystyrene. It has been previously
reported that 3T3 cells in 3D culture do spontaneously
differentiate [59]. However, when the heterogeneous
regions of the culture are considered, prior to initia-
tion of differentiation, it is clear the genes associated
with lipid accumulation and markers of adipocyte dif-
ferentiation are not significantly different between the
cells grown on Matrigel® and polystyrene (Figure 4).
This is may result from signal averaging due to loca-
lized areas of differentiation. While our results support
the ability of Matrigel® to enhance lipid accumulation,
the addition of adipogenic differentiation factors, are
still required to differentiate these cells in adipocytes.

Day 1 to day 14 of 3T3-L1 cell differentiation repre-
sent early-to-late stages of adipogenesis, accompanied



by a range of gene expression changes [10]. The ability
of Matrigel® to enhance adipocyte differentiation [38] is
supported by our findings shown in Figure 4, where
expressed level of transcription factors (PPARy, C/
EBPa, SREBPI) important for adipogenesis is signifi-
cantly elevated at day 14 of adipocyte differentiation,
which is considered the point of terminal differentia-
tion and maturation in 3T3-L1 adipocytes [10]. Since
gene expression levels of adipogenic markers level out
from day 14 to day 21, gene expression experiments
were conducted with samples collected at days 0, 4 and
14 only. PPARy and C/EBPa are involved in growth
arrest required for adipocyte differentiation. They act
cooperatively to activate and regulate expression of
adipocyte-specific genes, including FABP4 [72,73].
PPARy is a master regulator of adipogenesis, and its
gene expression is positively correlated with adipocyte
differentiation and lipid accumulation [7]. Turner et al.
(2015) established an adipocyte spheroid model in
which 3T3-L1 cells displayed significantly increased
mRNA levels of PPARYy, relative to cells in monolayer
culture [62]. While in this study we did not observe the
prototypical spheroid structure, we did observe
increased cellular aggregation in the cells cultured on
Matrigel®. In this study, after 14 days of differentiation,
the cells grown on Matrigel® exhibit increased mRNA
levels of PPARy (Figure 4a), relative to cells grown on
polystyrene. Changes in levels of differentiation mar-
kers, as a consequence of ECM, have also been
observed by Gross-Steinmeyer et al., who demonstrated
that primary hepatocytes overlaid with Matrigel® dis-
played enhanced expression of genes involved in hepa-
tocyte differentiation [74]. Studies that report other
novel in vitro models of adipocyte cell culture have
commonly utilized the increased degree of adipogenesis
and lipolysis, evaluated through assessing lipid accu-
mulation, as a phenotype which is more representative
of in vivo mature adipocytes [62,75,76]. We also
demonstrate that changes in the gene transcription for
the critical transcription factors as well as the genes
thought to be representative of mature adipocytes are
more robustly supported when 3T3-L1 cells are cul-
tured on a Matrigel® surface.

The mRNA levels of SREBPI were increased in cells
grown on Matrigel®, relative to cells on polystyrene
14 days following differentiation. SREBP1 is reported
to activate gene expression of FAS and LPL, two key
genes involved in regulating fatty acid metabolism [77].
Our results demonstrate that 14 days following differ-
entiation cells grown on Matrigel® exhibited elevated
mRNA levels of FAS and LPL, compared to 3T3-L1
cells differentiated on polystyrene (Figure 3b). The
mRNA levels of LPL are considered as an early sign
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of adipocyte differentiation [78]. Terminal differentia-
tion of adipocytes is characterized by increased lipid
accumulation and increase in mRNA and protein levels
of enzymes involved in TG metabolism, including FAS
[79] and LPL [51], as well as markers of adipocyte
maturity such as PLINI [53,54].

Among the many genes regulated by PPARy and C/
EBPaq, two are FABP4 [80] and LEP [81]. FABP4 is the
predominant fatty acid-binding protein found in adi-
pocytes and plays an important role in metabolism and
transport of fatty acids intracellularly [82]. In this
study, a significant increase in the mRNA levels of
FABP4 was found in 3T3-L1 cells differentiated on
Matrigel®, compared to polystyrene (Figure 4g). The
presence of FABP4 mRNA is also linked with early to
intermediate adipocyte differentiation [80,82]. The ele-
vated increase in FABP4 mRNA levels at day 4 may
contribute to the more robust maturation of 3T3-L1
adipocytes on Matrigel®. Leptin is an adipocyte-derived
hormone that functions as a signalling molecule in
a feedback loop regulating adipose tissue mass [83],
and its expression is normally increased in mature
adipocytes as compared to preadipocytes [83]. In this
study, Matrigel® increased the mRNA levels of LEP in
3T3-L1 cells by ~1200%, compared to cells on polystyr-
ene 14 days following differentiation (Figure 4H).
Genome-wide analysis of gene expression during adi-
pocyte differentiation demonstrates that adipogenic
markers, such as PPARy and C/EBPa, are significantly
elevated day 14 onwards [10]. Furthermore, genes
involved in fatty acid biosynthesis, storage and trans-
port are reported to level out in their expression
from day 14 to day 21 [10]. Thus, day 14 represents
an important timepoint for adipocyte maturity. The
increased mRNA levels of transcription factors, mar-
kers of lipogenesis and adipocyte maturity, along with
increased intracellular lipid levels suggest that 3T3-L1
cells grown on Matrigel® exhibit an enhanced differen-
tiated state and increased maturity.

We also investigated whether culturing and differ-
entiating 3T3-L1 cells on Matrigel® resulted in any
differences in the gene expression of ECM proteins.
During adipocyte differentiation, changes in cellular
morphology, cytoskeletal components and mRNA/pro-
tein levels of ECM components lead to development of
the mature adipocyte phenotype [84]. Cells cultured
in vitro are removed from highly complex tissues, sur-
rounded by various molecules and ECM proteins, and
are placed into polystyrene tissue culture plates [85].
Naturally these cells begin to rebuild their in vivo envir-
onment by secreting their own ECM during differentia-
tion [66]. During adipocyte differentiation, gene and
protein expression levels of fibronectin and collagen
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I decrease [55,84] while the levels of collagen IV, col-
lagen VI and laminin increase [86,87]. Following
14 days of differentiation, 3T3-L1 cells grown on
Matrigel® exhibited significantly decreased mRNA
levels of FNI, COL1Al, COL4Al, COL6 and LAM,
compared to cells cultured on polystyrene. Streuli and
Bissel (1990) demonstrated that mammary epithelial
cells expressed lower mRNA and protein levels of
ECM markers (LAM, COL4A1 and FN1) when cul-
tured on type 1 collagen gels, compared to cells cul-
tured on tissue culture plates [88]. Streuli and Bissel
(1990) suggested that pre-existing ECM provides
a negative feedback for their mammary epithelial cells
resulting in decreased mRNA and protein expression of
ECM components [88]. Therefore, it can be speculated
that decreased mRNA levels of ECM markers in 3T3-L1
cells on Matrigel® are a result of the pre-existing ECM,
which provides negative feedback, especially at day 14,
which is considered the peak differentiation point for
3T3-L1 cells. The decrease in mRNA levels of ECM
proteins is accompanied by an increase in levels of
lipogenic and adipogenic markers in 3T3-L1 cells dif-
ferentiated on Matrigel®, along with increased lipid
levels, which is an interesting observation recorded in
this study.

Often, researchers utilize a treatment with rosiglita-
zone to increase 3T3-L1 differentiation efficiency [28].
As a PPARy agonist, rosiglitazone stimulates 3T3-L1
cell differentiation and lipid accumulation [89].
Although, rosiglitazone treatment results in enhanced
adipogenesis of 3T3-L1 cells, PPARYy is a very promis-
cuous receptor that binds to various other agonists,
including other thiazolidinediones (TZDs) [9], bisphe-
nol A (BPA) [90,91] and tetrahydrocannabinol (THC)
[92]. This raises the possibility that rosiglitazone treat-
ment can interfere with the response of 3T3-L1 cells to
other pharmaceutical agents that impact adipocyte
function through PPARy. As a result, impact of such
drugs on adipocyte differentiation and function may
not be clearly elucidated in the presence of rosiglita-
zone. However, the elimination of rosiglitazone in the
differentiation mixture results in poor differentiation
and lower lipid accumulation in 3T3-L1 cells [28]. We
treated 3T3-L1 cells cultured on the Matrigel® to var-
ious concentrations of rosiglitazone, selected from stu-
dies that use this molecule as a positive control for lipid
accumulation [28,93]. Figure 6 demonstrates that 3T3-
L1 cells differentiated on Matrigel® accumulate greater
amounts of triglycerides, even in the absence of rosigli-
tazone (Figure 6b). Interestingly, treatment of cells
grown on polystyrene tissue culture surfaces with
a range of rosiglitazone concentrations (1 pM to
4 uM) is required to increase lipid accumulation to

the same levels as seen in cells cultured on Matrigel®
in the absence of rosiglitazone treatment (Figure 6b).
These results demonstrate that the use of rosiglitazone
for effective differentiation of 3T3-L1 cells may not be
required when 3T3-L1 cells are differentiated on
Matrigel®.

Interestingly, when gene expression of adipocyte
differentiation, lipid synthesis, and adipocyte maturity
markers were evaluated at day 14 following differentia-
tion with various concentrations of rosiglitazone, the
cells grown polystyrene did not demonstrate an
increase in mRNA levels of PPARy, FAS and ADIPOQ
(Figure 7A, 7B, 7C). While the mRNA levels of
CEBPyyyFABP4 and LEP (Figure 7D, 7E, 7F) increased
with 2 uM of rosiglitazone treatment in cells on poly-
styrene. However, gene expression patterns of these
markers in 3T3-L1 cells on Matrigel® were different,
such that levels of PPARyyyADIPOQ, FABP4 and LEP
increased significantly with rosiglitazone treatment,
compared to untreated cells on Matrigel®. Thus,
Matrigel® consistently demonstrates higher gene
expression of adipogenic markers. The mechanism of
action for rosiglitazone suggests that it increases the
activity of PPARy by enhancing its binding to target
genes rather than by increasing its expression [94]. In
fact, rosiglitazone can potentially repress the expression
of PPARy mRNA [95,96], which may suggest that lack
of increase in the mRNA levels of PPARy does not
necessarily mean there will be decreased adipocyte
maturity and function.

Hamamoto et al. (2010) demonstrated that
Matrigel® promoted (-cell differentiation in two pan-
creatic progenitor-like cell lines and cultured ductal
epithelial cells [97]. Furthermore, they reported that
Matrigel® exerted its effects on B-cell differentiation
through induction of Pax6, a key transcription factor;
an effect that was reproduced partly by an individual
ECM component, laminin-1 [97]. Taken together,
our results demonstrate that Matrigel® enhances adi-
pocyte differentiation and lipid accumulation in 3T3-
L1 cells. In fact, our data support the view that
Matrigel enhances the capacity of 3T3-L1 cells to
accumulate lipid even in the absence of agents, such
as rosiglitazone, to induce cellular differentiation.
Our gene expression analysis also supports the view
that adipocytes grown on Matrigel® more robustly
express the genes linked to adipocyte maturity and
this may, in part, be linked to stiffness of the ECM.
These effects may arise from components of the
Matrigel® or through the increased cell-cell interac-
tion, which can be visually observed in cells cultured
on this matrix. These observations clearly underscore
the need to more clearly understand the mechanism



for how ECM may impact the response of adipocytes
to environmental and hormonal cues.

MATERIALS and METHODS
Cell Culture

3T3-L1 cells (American Type Culture Collection®, CL-
173) were cultured in Dulbecco’s Modification of
Eagle’s Medium (DMEM) with 1 g/L glucose
(Corning®, 10-014-CV), supplemented with 10% foetal
bovine serum (FBS) (Thermo Fisher Scientific,
12,483,020), 1% Penicillin-Streptomycin (GibcoTM,
15,140,122), and 1% L-glutamine (Gibco™,
25,030,081), at 37°C in a humidified CO, incubator.
For differentiation, 3T3-L1 cells were seeded at 30,000
cells/cm® in the media described above, placed in the
incubator for 48 hours, to reach 100% confluence, and
differentiated with DMEM 1X with 4.5 g/L glucose
(Corning®, 10-013-CV), supplemented with 10% FBS,
1% Penicillin-Streptomycin, 1% L-glutamine, 1 pg/ml
insulin (insulin solution from bovine pancreas in
25 mM HEPES, Sigma-Aldrich, 10516-5ML), 0.25 uM
dexamethasone (DEX) (Sigma-Aldrich, D4902-
100 MG) and 0.5 mM isobutyl-methyl-xanthine
(IBMX) (Sigma-Aldrich, 15879-250 MG) (Figure 1).
48 hours following initiation of differentiation, the
media was replaced with maintenance media (DMEM
with 4.5 g/L glucose, 10% FBS, 1% penicillin strepto-
mycin, 1% L-glutamine, and 1 pg/ml insulin), and the
cells were re-supplemented with maintenance media
every 48 hours until day 21 (Figure 1).

Matrigel® Coating

Corning” Matrigel® Basement Membrane Matrix (High
Concentration and Growth Factor Reduced, 18 mg/ml)
(Corning®, 354,263) was thawed overnight in ice at 4°C
and diluted to 10 mg/ml with DMEM, 1X serum-free
and without phenol red (Corning®, 17205CV).
Matrigel® volume was determined based on
a predetermined thickness/height of Matrigel®
(250 um) using the formula ‘volume = (area of the
base) x (height)’. Therefore, the volume for 250 pm
layer of Matrigel® for 12-well plates (3.9cm” surface
area) was 98 pL. This method has been previously
used by our laboratory and the volume to height ratios
for this surface area has been confirmed [29]. The
coated plates were stored at 37°C for 2 hours and
then used for cell culture experiments.
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Oil Red O Assay: Staining and Quantification

Lipid accumulation of adipocytes was visualized and
quantified using an Oil Red O (ORO) Assay,
a method that has been well characterized for staining
and quantifying lipids in fat cells [98]. 3T3-L1 cells
were washed with PBS and then fixed with a mixture
of 1% Glutaraldehyde (Sigma-Aldrich®, G7526-10 mL)
and 0.5% Paraformaldehyde (Sigma-Aldrich®, P6148-
500 g). Once fixed, the cells were incubated in 60%
isopropanol (Sigma-Aldrich®, 67-63-0), stained with
the ORO solution (Sigma-Aldrich®, 01391-500 mL).
The dye was extracted using 100% Butanol (Sigma-
Aldrich®, B7906-500 mL) and quantified using
a spectrophotometer (Multiskan Spectrum, Thermo
Electron Corporation) at 510 nm.

Gene Expression: Harvest, RNA isolation, cDNA
prep, RT-qPCR

At day 0 (prior to differentiation) and days 4, 14 and 21
(post initiation of differentiation), 3T3-L1 cells were
extracted from Matrigel® by shaking for an hour at 4°C
in cell recovery solution (Corning®, 354,253). The cells
were then centrifuged at 800xg for 5 minutes (repeated
three times); initially to separate the cell pellet from
Matrigel® and then twice with PBS to wash off Matrigel®
residue. After the final wash, the supernatant was
removed, and the cell pellet was resuspended in
Trizol™ (Thermo Fisher Scientific, 15,596,026). For
high-quality RNA isolation, the 3T3-L1 cells in
Trizol™ were lysed by passage through a 20 G syringe
needle (BD PrecisionGlide™, Z118044) for up to 70
times, then supplemented with chloroform and filtered
through the Zymo-Spin™ IIC Columns using the
Direct-zol™ RNA MiniPrep kit (Zymo Research,
Cedarlane Labs, R2050). The cDNA was prepared using
1 pg of RNA, with the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems™', 4,368,813).
RT-qPCR was performed at the following conditions:
polymerase activation (95°C for 10 minutes); 39 cycles
of denaturing (95°C for 10 seconds), denaturing (60°C
for 10 seconds), elongation (72°C for 15 seconds) {Bio-
Rad C1000 Thermal Cycler (CFX384 Touch™ Real-
Time PCR Detection System)}. The threshold cycle (Ct)
values were used to calculate relative gene expression,
using the AACT method, with Ribosomal Protein L37a
(RPL37a) and Ribosomal Protein L32 (RPL32) as house-
keeping genes. Primer sequences of all the genes investi-
gated in this study, including the housekeeping genes, are
outlined in Table 1.
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Table 1. Forward and reverse sequences for the primers used for RT-qPCR.

GENE FORWARD PRIMER REVERSE PRIMER
Adiponectin (ADIPOQ) AAGGACAAGGCCGTTCTCT TATGGGTAGTTGCAGTCAGTTGG
CCAAT/enhancer-binding protein alpha (C/EBPa) CCGTGGTGGTTTCTCCTTGA TTTTTGCTCCCCCTACTCGG
Collagen I (COL1A1) ATCGACCCTAACCAAGGCTG GAACGGGAATCCATCGGTCA
Collagen Il (COL3) ACCAAGGCTGCAAGATGGAT TCTGTCCACCAGTGCTTACG
Collagen IV (COL4A1) CCTAACGGTTGGTCCTCACT CTATGGTGGCGAGCCAAAAG
Collagen VI (COL6) AGGGTTCACACTTGGTGCTT CTTCCATGACTCCATGCTGTTG
Fatty Acid Binding Protein 4 (FABP4) ATTTCCTTCAAACTGGGCGTG CTTTCCATCCCACTTCTGCAC
Fatty Acid Synthase (FAS) CACGAGTGAGTGTACGGGAG GATCGGAGCATCTCTGGTGG
Fibronectin (FN) ACCAGAGGGGTCACCTACAA GGGAAACCGTGTAAGGGTCA
Laminin (LAM) TGAGGAGAACAAAGTAGTTAAGCGA TCTTCGGGTCTTCCTTTCTGG
Leptin (LEP) TCATACCAAGCGCCCCCAAACT CATGCCTGCCTGCCCCTCTTA
Lipoprotein Lipase (LPL) ATGGCAAGCAACACAACCAG AGCAGTTCTCCGATGTCCAC
Peroxisome proliferator-activated receptor gamma (PPARy) GCGGAAGAAGAGACCTGGG GTGACTTCTCCTCAGCCCG
Perilipin-1 (PLIN1) CTGTGTGCAATGCCTATGAGA CTGGAGGGTATTGAAGAGCCG
Ribosomal Protein 37a (RPL37a) GCTAAACGCACCAAGAAGGTC CCACCGGCCACTGTTTTCAT
Ribosomal Protein L32 (RPL32) TGAATGTGGTCACCTGAAGCA GAGCCCCTATTTGTTGTCTGAT
Sterol Regulatory element-binding protein 1 (SREBP1) GTCAAAACCAGCCTCCCAAG GTCCCCGTCCACAAAGAAAC
Statistics ORCID

Statistical analysis was performed using the GraphPad
Prism software (Prism 8 for Mac OS X, Version 5.0a,
GraphPad Software, Inc.). All data points were expressed
as mean = SEM and analysed using either one-way ana-
lysis of variance (ANOVA) or two-way ANOVA, with
Tukey’s post-test, as appropriate for the experiment.
Results represent data collected from three biological
replicates, which were separated by passage and time of
culturing. P < 0.05 was considered significant, and statis-
tical changes were denoted by differing letters on data
figures. Different letters (a, b, etc) indicate statistically
significant difference between the two data points.
A mix of letters indicate statistically significant difference
between two data points that have different set of letters
(i.e., ab and cd are statistically different). Meanwhile,
a mix of letters that have at least one same letter in the
combination indicate no significant difference between
data points (i.e., ab and bc are not statistically different).
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