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ZUSAMMENFASSUNG

Kontrolle Uber den Rekrutierungsprozess thermogener Adipozyten in weil3em
Fettgewebe auszulben, auch als Braunung bekannt, hat in den letzten Jahren viel
Interesse erzeugt aufgrund seines Potentials fur die Therapie von Stoffwechsel-
erkrankungen. Thermogene Adipozyten, darunter braune und beige Adipozyten,
zeichnen sich durch einen hohen Gehalt an Entkopplungsprotein 1 (Ucpl) aus, einem
mitochondrialen Protein, das Energie aus der Substratoxidation in Form von Wéarme
abgibt. In vorangegangenen Arbeiten unserer Arbeitsgruppe konnte FGF8b in einem
Screening aller parakriner Fibroblastenwachstumsfaktoren als starkster Faktor

identifiziert werden, der die Ucpl Expression in weil3en Adipozyten erhoht.

Die vorliegende Arbeit charakterisiert das Braunungspotential von FGF8b in weil3en
Adipozyten und Praadipozyten und deckt den molekularen Wirkmechanismus auf.
Genexpressionsanalysen zeigten, dass FGF8b die Ucpl-Expression induzierte, ohne
eine koordinierte thermogene Induktion oder Verdnderungen der thermogenen
Aktivitat hervorzurufen. FGF8b hatte stattdessen eine anti-adipogene, mitogene und
pro-glykolytische Wirkung auf Adipozyten, erhohte allerdings auch die Ucpl-
Expression unabhangig von Differenzierungssignalen in Praadipozyten. Die Effekte
von FGF8b und anderer parakriner FGFs auf die praadipozyten-spezifische Ucpl-
Expression wurde darauffolgend intensiv validiert. Die Ucpl-Expression stieg durch
FGF8b, FGF6 und FGF9 stark an. Der FGF-Signalweg wurde mithilfe von Inhibitoren
untersucht und zeigte, dass flr die Induktion von Ucpl die Aktivierung einer FGFR1-
MEK1/2-ERK1/2-Achse notig war. Eine Transkriptomanalyse deckte die koordinierte
Hochregulierung von zwei Stoffwechselwegen durch FGF8b auf, der Prostaglandin E2-
Biosynthese und Glykolyse. Die LC-MS/MS basierende Analyse von Lipidmediatoren
in FGF8b-konditioniertem Medium bestatigte, dass Prostaglandin E2 auf FGF8b-
Behandlung reagierte. Genetische und pharmakologische Experimente bestatigten die
kausale Rolle einer PTGS2-PTGES1-PGE2-Achse fir die FGF8b vermittelte Ucpl-
Expression. Fur die FGF8b vermittelte Ucpl-Expression war allerdings auch ein hoher
glykolytischer Flux nétig, selbst dann wenn die Reaktion auf PGE2-Ebene intakt war.
Knockdown-Experimente potentieller Transkriptionsfaktoren zeigten, dass FGF8b die
Ucpl-Expression in Hesl-Abhéngigkeit regulierte. Zusammenfassend, parakrine
FGFs regulieren die PGE2-Biosynthese und Glykolyse, um die Ucpl-Expression zu
erhohen. Damit wurde eine neue Art der Ucpl-Regulation, in einem vormals wenig

beachteten Zelltyp, der undifferenzierten Praadipozyte, aufgedeckt.
VI



ABSTRACT

Control over the recruitment process of thermogenic adipocytes within white adipose
tissue (WAT), known as WAT browning, has garnered a lot of interest in recent years
due to its therapeutic implications for metabolic diseases. Thermogenic adipocytes
such as brown and brite adipocytes are characterized by high levels of Uncoupling
protein 1 (Ucp1l) expression, a mitochondrial protein capable of dissipating energy from
substrate oxidation as heat. In work previously performed in our group, all paracrine
Fibroblast growth factors (FGFs) were screened for their capacity to induce Ucpl
expression in white adipocytes, and FGF8b was identified as the strongest inducer.

The present work aimed to comprehensively characterize the potential browning
capacity of FGF8b in cultured white adipocytes and preadipocytes and unravel its
molecular mode of action. Gene expression analyses demonstrated that FGF8b
strongly induced Ucpl expression in the absence of any coordinated thermogenic
induction, and thermogenic activity remained unchanged. Instead FGF8b exhibited an
anti-adipogenic, mitogenic and pro-glycolytic effect on adipocytes. In contrast, FGF8b
strongly induced Ucpl expression in preadipocytes, independent of any differentiation
cues. The effects of FGF8b and other paracrine FGFs on preadipocyte-specific Ucpl
expression were extensively validated. Ucpl expression strongly increased upon
treatment with FGF8b and other FGFs such as FGF6 and FGF9. The FGF signaling
pathway was probed with small molecule inhibitors, revealing that the induction of Ucpl
required the activation of a FGFR1-MEK1/2-ERK1/2 axis. A transcriptomic analysis
uncovered a coordinated FGF8b induced upregulation of two metabolic pathways, i.e.
the prostaglandin E2 biosynthesis and glycolysis. Lipid mediator analysis in FGF8b
conditioned media by LC-MS/MS confirmed prostaglandin E2 to be responsive to
FGF8b treatment. Genetic and pharmacological loss-of-function experiments
corroborated the causal role of a PTGS2-PTGES1-PGE: axis for FGF8b induced Ucpl
expression. Notably, high glycolytic flux was required to induce Ucpl expression by
FGF8b, even in the presence of an intact PGE2 response. Knockdown experiments of
putative transcriptional regulators revealed that FGF8b induced Ucpl expression
required the transcription factor Hesl. Thus, paracrine FGFs regulate PGE:2
biosynthesis and glycolysis to upregulate Ucpl expression, revealing a novel
regulatory network in control of Ucpl expression in a formerly not widely recognized

cell type, the undifferentiated preadipocyte.



INTRODUCTION

1. White, brite and brown adipocytes in metabolic health.

Obesity is a condition defined as a pathological accumulation of body fat, and it
represents one of the most pressing public health concerns globally with wide ranging
negative societal and economic implications. For decades the primary function of
adipose tissue was thought of as a site for excess energy storage only, but it is being
increasingly recognized for its remarkable cellular plasticity and its function as a
secretory organ (Pellegrinelli et al, 2016; Villarroya et al, 2017a).

The dominant cell type in adipose tissue is the adipocyte, which can be classified into
two distinct types, the white and the brown adipocyte (Wang & Seale, 2016). The white
adipocyte is characterized by a singular lipid droplet, which accounts for most of the
volume of the cell. White adipocytes also have relatively few mitochondria and its main
task is to store and release fatty acids in response to hormonal cues evoked by
changes in the energy status of the organism. Brown adipocytes, on the other hand,
contain multiple small lipid droplets, are rich in mitochondria and oxidize substrates
such as fatty acids and glucose to generate heat in a process known as non-shivering
thermogenesis (NST). In mice, white adipocytes reside in visceral and subcutaneous
white adipose tissue (WAT) depots such as the gonadal (epididymal &, periovarian Q)
and inguinal fat depot, respectively. Brown adipocytes reside in brown adipose tissue
(BAT) depots, which are located, for instance, in the interscapular region (de Jong et
al, 2015). Upon cold exposure and other stimuli, WAT is able to undergo a browning
process, which involves both the transition of white to brown adipocytes known as brite
or beige adipocytes and the differentiation from mesenchymal precursor cell
populations known as preadipocytes (Bartelt & Heeren, 2014). Hence, brite adipocytes
are found in interspersed locations of WAT. The different capacities of white, brite and
brown adipocytes to engage in thermogenesis is, on the molecular level, linked to the
abundance of Uncoupling protein 1 (UCP1), a 32 kDa protein, which constitutes 15-20
% of the total protein mass within the inner membrane of rodent mitochondria (Lin &
Klingenberg, 1980). As a consequence, classical white fat depots are practically devoid
of any meaningful Ucpl expression, whereas Ucpl expression is very high in brown
fat depots (Kalinovich et al, 2017). Notably, white fat depots prone to browning such
as inguinal WAT are able to markedly induce Ucpl expression in response to cold and
other stimuli, albeit not to levels seen in BAT. Thermogenic function relies on UCP1
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activity, which diminishes the proton motive force as protons (H*) are translocated from
the intermembrane space back into the mitochondrial matrix by the action of UCP1,
which in turn, increases respiratory chain activity and dissipates energy from substrate
oxidation as heat. Thus, UCP1 uncouples oxygen consumption from ATP production,
which would be the main driver of respiratory chain activity in the absence of active
UCP1. BAT activation has been shown to improve glucose tolerance and insulin
sensitivity, and contributed to triglyceride clearance in mice (Stanford et al, 2013;
Bartelt et al, 2011a). Moreover, transplantation of BAT has been demonstrated to
prevent and reverse diet-induced obesity in mice, and controlled whole-body energy
metabolism (Liu et al, 2013). Given these profound metabolic implications, recruitment
of brown adipocytes in BAT and WAT via adipogenic and thermogenic differentiation

represents a promising therapeutic avenue for metabolic diseases.

2. The classical pathway in control of thermogenic differentiation.

The general adipogenic program is a highly ordered and complex process, but two
events are pivotal, sustained growth arrest and the induction of adipogenic master
regulators Peroxisome proliferator activated receptor gamma (Ppary) and CCAAT/
enhancer-binding proteins (Cebpa, Cebpb and Cebpd) (Rosen et al, 2000). Terminally
differentiated adipocytes are characterized by gene expression of adipocyte marker
genes such as Hormone-sensitive lipase (Hsl), Fatty-acid binding protein 4 (Fabp4),
Fatty acid synthase (Fasn) and many other genes related to lipid and glucose
metabolism. Thermogenic differentiation towards a brown phenotype is regulated by
an additional set of transcription factors and co-regulators, which most prominently
include PPARYy coactivator 1 alpha (Pgcla) and PR/SET Domain 16 (Prdm16). Brown
adipocyte identity is commonly validated by Ucpl expression as UCP1 protein
abundance is one of the most reliable indicators of thermogenic activity (Nedergaard
& Cannon, 2013). Its transcription is regulated by a multitude of transcription factors
and co-regulators, mostly exerting their influence on two main regulatory regions, the
distal enhancer and proximal promoter of the Ucpl gene (Villarroya et al, 2017b).
Besides Ucp1l, other BAT markers exist such as Cell death-inducing DFFA-like effector
A (Cidea) and cytochrome C oxidase subunit Vlla polypeptide 1 (Cox7al), and many
more putative markers for brite adipocytes have been discussed in the literature
(Perdikari et al, 2018; Waldén et al, 2012; Wu et al, 2012a).



The classical pathway leading to the activation of the thermogenic transcriptional
cascade is initiated by the sympathetic nervous system (SNS) in response to cold
exposure (Cannon & Nedergaard, 2004). A sustained cold-induced release of the
SNS-neurotransmitter norepinephrine causes an induction of thermogenic gene
expression in brite adipocytes and activates BAT thermogenesis. This involves
activation of adrenergic receptors by norepinephrine, leading to elevated intracellular
cyclic adenosine monophosphate (CAMP) levels, ultimately triggering both fatty acid
induced UCP1 activation as a result of lipolysis, and Ucpl expression by protein kinase
A mediated phosphorylation of cAMP-response element binding protein (CREB) and
p38-MAPK mediated phosphorylation of activating transcription factor 2 (ATF2) (Cao
et al, 2004). In cultured adipocytes, this process can be mimicked with the 3-adrenergic
agonist isoproterenol, but in human subjects adrenergic activation of BAT is linked to
unfavorable cardiovascular outcomes, thus is not a viable and safe therapeutic option
for long term clinical use (Arch, 2002; Cypess et al, 2015). Multiple secreted factors
have been proposed to regulate the browning of WAT via autocrine/paracrine
mechanisms and activation of thermogenesis by alternative pathways has been
extensively studied (Villarroya et al, 2017a).

3. Prostaglandin-dependent regulation of WAT browning.

Arachidonic acid belongs to the group of w-6 polyunsaturated fatty acids and once
released from its esterified form within phospholipids by the action of phospholipases,
it gives rises to a plethora of bioactive lipid mediators (Hanna & Hafez, 2018). Three
major enzymatic pathways metabolize free arachidonic acid via the action of
cyclooxygenases, also known as prostaglandin endoperoxidase synthases (Ptgs),
lipoxygenases and cytochrome P450s. The pathway most frequently associated with

WAT browning has been the PTGS regulated prostaglandin biosynthetic pathway.

Recruitment of brown adipocytes in WAT has been demonstrated to depend on
norepinephrine-induced PTGS2 activity, and to mechanistically rely on a prostaglandin
I2 (PGI2)-prostaglandin Iz receptor (Ptgir)-PPARYy axis (Vegiopoulos et al, 2010). In the
same study, overexpression of PTGS2 was shown to protect mice from diet-induced
obesity by elevating energy expenditure via brown fat recruitment. Subsequent reports
corroborated the involvement of PTGS2 in WAT browning, even though evidence for
a different downstream mechanism was obtained involving a prostaglandin E2 (PGE2)-
prostaglandin E2 receptor 3/4 (Ptger3/4) axis (Madsen et al, 2010). Notably, the same
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study showed that inhibition of PTGS2 activity increased adiposity in mice, which
provided evidence that prostaglandin mediated WAT browning affects systemic energy
metabolism (Madsen et al, 2010). Following these early studies, the role of PTGS2 and
downstream PGE:2 biosynthesis in regulating browning of WAT and BAT
thermogenesis was independently confirmed by others (Garcia-Alonso et al, 2013;
Garcia-Alonso & Claria, 2014; Shamsi et al, 2020).

Taken together, these studies established a role for a PTGS and prostaglandin-
dependent mechanism in WAT browning with profound implications for whole-body
energy homeostasis in mice. Contrarily, arachidonic acid, the precursor for all
prostaglandins, strongly inhibited Ucpl expression in differentiated human adipose
derived stem cells, potentially via PGF2qa and PGE2, adding some uncertainty to the
already complex regulation of WAT browning by prostaglandins (Pisani et al, 2014).
Other prostaglandin synthases such as Prostaglandin D> synthase have been
implicated in controlling nutrient partitioning in BAT as well, albeit in their role as lipid
binding proteins known as lipocalins, and independent of prostaglandin production
(Virtue et al, 2012).

In conclusion, the prostaglandin-dependent pathway represents one of the earliest
studied alternative pathways in control of brown adipocyte recruitment, stimulated BAT
research and offered interesting therapeutic options due to access to selective and
well-studied drugs. However, a lack of reproducibility, possibly attributable to the very
unstable nature of compounds of the eicosanoid family constituted a significant
challenge to the advancement of the field, illustrated by futile efforts to identify

prostaglandins as brite adipocyte markers (Dieckmann et al, 2020).

4. Fibroblast growth factor-dependent regulation of WAT browning.

Fibroblast growth factors (FGFs) are peptide hormones belonging to the FGF protein
family consisting of 22 structurally related members, classified according to their mode
of action into intracrine, paracrine and endocrine factors (Ornitz & Itoh, 2015). Due to
their N-terminal signal peptide most FGFs are secreted, except a small group of
intracrine FGFs, and signal via cell surface tyrosine kinase receptors, which are
encoded by four FGF-receptor genes (Fgfrl-4). FGFs exhibit a wide range of biological
activities, particularly related to cell fate decisions during embryogenesis including

proliferation, migration and differentiation. Thus, germline disruption of FGF function in



mice lead to developmental abnormalities (Itoh & Ornitz, 2011). In adult physiology,
FGFs have been implicated in the control over regenerative processes, tissue repair
and metabolism (Maddaluno et al, 2017; Degirolamo et al, 2016). While paracrine
FGFs bind to heparin/heparan sulfate proteoglycans (HSPGs) to initiate FGF signaling,
endocrine FGFs require cofactors of the Klotho family (Ornitz & Itoh, 2015). Formation
of the ternary FGF-FGFR-cofactor complex induces receptor dimerization and
autophosphorylation, followed by an activation of various signaling cascades including
RAS-MAPK, PI3K-AKT, STAT and PLCy-PKC (Ornitz & Itoh, 2015).

The most well studied FGF in the context of BAT physiology is FGF21, an endocrine
member of the FGF protein family. FGF21 is strongly induced in BAT upon cold
exposure and B3-adrenergic stimulation (Hondares et al, 2011; Chartoumpekis et al,
2011), and promotes browning of WAT (Fisher et al, 2012; Kim et al, 2013; Emanuelli
et al, 2014), while mice deficient in FGF21 show an impaired recruitment of beige
adipocytes in WAT in response to cold (Fisher et al, 2012). Mechanistically, the cold-
induced expression of FGF21 has been linked to a cAMP-dependent activation of p38
MAPK (Hondares et al, 2011), while its effect on BAT thermogenesis and WAT
browning required the interaction of either PPARa or PPARY, respectively (Hondares
et al, 2010; Dutchak et al, 2012). In early studies the metabolic improvements mediated
by FGF21 were attributed to BAT activation or the browning phenotype of WAT, but
later studies questioned the dependence of important metabolic outcomes such as
weight loss and the amelioration of systemic glucose and lipid metabolism on UCP1-

dependent thermogenesis (Véniant et al, 2015; Samms et al, 2015).

The role of paracrine FGFs in controlling thermogenic differentiation and activity is less
well known. The corresponding literature is therefore much more fragmented and
heterogeneous in its employed methodology. Initial research efforts focused on
exploiting the mitogenic activity of paracrine FGFs to expand brown precursor cell
populations to improve differentiation of brown adipocytes. For instance, low doses of
FGF1 and FGF2 (1-5 ng/ml) retained their proliferative activity in cultured brown
preadipocytes, while permitting brown adipocyte differentiation at the same time
(Garcia & Obregodn, 2002). The browning activity of FGF1 was shown in an endothelial-
specific FGF1 overexpression mouse model, which was characterized by multilocular
and densely clustered adipocytes, and increased Ucpl expression in the visceral fat
depot (Keeley et al, 2019). However, the same authors reported suppressed

adipogenesis upon FGF1 treatment in visceral adipocytes differentiated from the
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stromal-vascular fraction (SVF). Another study reported an autocrine pathway
involving a FGF10-FGFR2-AKT axis in control of de novo recruitment of brown
adipocytes in WAT, inhibitable via the action of miR-327 (Fischer et al, 2017).
Furthermore, the same authors showed that FGF10 treatment of 3T3-L1 preadipocytes
increased lipid accumulation during differentiation, contrasting the observations made
with FGF1. Adenovirus mediated overexpression of FGF16 revealed an induction of
browning in inguinal WAT of diet-induced obese mice and a massive upregulation of
Ucpl expression in this depot (Rulifson et al, 2017). Although FGF16 gain-of-function
promoted massive weight loss in mice, there was no difference in oxygen consumption
or thermogenesis between control and FGF16 overexpressing mice, questioning the
contribution of the browning phenotype to any observed metabolic improvement in this
mouse model. FGF9 expression in white adipose tissue was demonstrated to be
downregulated in response to cold and 33-agonism, and treatment of white adipocytes
with FGF9 dose-dependently suppressed Ucpl expression and adipogenesis (Sun et
al, 2019). Contrarily, a recent report demonstrated an induction of Fgf9 expression in
WAT upon cold exposure in mice, and a positive regulation of Ucpl expression in white
and brown adipocytes by FGF6 and FGF9, despite suppressed adipogenesis (Shamsi
et al, 2020). The same authors deciphered that FGF6 and FGF9 induced Ucpl
expression occurred in the undifferentiated preadipocyte and required a PTGES-
PGE2-prostaglandin E2 receptor 2/4 (Ptger2/4) axis, independent of PPAR signaling.
Moreover, using a combination of CRISPR-based chromatin immunoprecipitation
(ChlIP) and quantitative proteomics, the authors elegantly demonstrated that FGF9
dependent BAT thermogenesis relied on the interaction of the Ucpl promoter region
with a ternary transcriptional complex consisting of estrogen-related receptor a,
flightless protein Il and leucine-rich-repeat-(in FLII)- interacting-protein-1 (ERRA-FLII-
LRRFIP1) complex (Shamsi et al, 2020).

In summary, research on paracrine FGFs did provide some important insights into how
paracrine members of the FGF protein family regulate BAT activity, browning of WAT
and adipogenesis. It is important to note, however, that most findings on the in vivo
capacity of paracrine FGFs to induce browning were based on correlation rather than
on causation. General statements about the effects of paracrine FGFs on adipocyte
biology are difficult to derive from the available data in the face of heterogenous
research methodology and a lack of replication. The distinction between preadipocytes
and adipocytes as a source of Ucpl expression, as illustrated by Shamsi et al. (2020),

certainly was a step forward to an improved understanding of FGF regulated Ucpl
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expression in cultured cells. More research was needed to reproduce these findings in
order to clarify discrepancies between studies, particularly by employing a more

mechanistic approach in a well controlled cell culture setting.

5. Fibroblast growth factor 8b induced Ucpl expression.

Controlling the browning process and UCP1-dependent thermogenesis to improve
metabolic health in obesity and related morbidities has emerged as a promising
therapeutic tool in recent decades. It has been estimated that a ten-fold increase in
Ucpl transcript abundance in WAT is sufficient to elicit a meaningful metabolic benefit
in obese subjects (Maurer et al, 2020). Unfortunately, no drug has been approved yet,
whose mode of action relies on browning of WAT and offers the efficacy and safety
needed for long term clinical use. Many important physiological and pharmacological
regulators of WAT browning have been identified so far and they range from lipid
derived prostaglandins to endocrine and paracrine FGFs.

The present work evolved from our own data obtained by screening all paracrine FGFs
with respect to their capacity to induce Ucpl expression in white epididymal
adipocytes, and identified FGF8b as the most promising candidate (Westphal et al,
2019).

FGF8b was originally identified as a growth factor in response to androgen treatment
of the mouse mammary cancer line SC-3 (Tanaka et al, 1992), and unlike most other
FGFs, is subject to alternative splicing, which produces eight murine (FGFa-h) and four
human (FGFa, b, e, f) FGF8 isoforms (MacArthur et al, 1995b; Gemel et al, 1996).
Notably, mouse and human FGF8b protein sequences share 100 % identity, which
illustrates its essential function in both species based on their conserved sequences
(Ghosh et al, 1996). Evidence from loss-of function experiments during embryogenesis
suggest that FGF8b may be the most dominant FGF8 isoform (Sunmonu et al, 2011),
e.g. illustrated by the fact that FGF8b possesses the highest transforming potential of
NIH-3T3 cells from all FGF8 isoforms (MacArthur et al, 1995a). The primary function
of FGF8b in physiology is to regulate multiple patterning and outgrowth events during
early and late embryogenesis (Crossley & Matrtin, 1995; Meyersl et al, 1998; Sunmonu
et al, 2011). Whereas in adult pathophysiology, FGF8 has been linked to the growth
and progression of hormonal cancers based on its action as an oncogene (Mattila &

Harkdnen, 2007). The effect of FGF8b on rat mesenchymal stem cells and muscle



progenitors has been reported very recently showing that FGF8b induces cell
proliferation, enhances chondrogenic and myogenic differentiation, while suppressing

adipogenic and tenogenic differentiation (Otsuka et al, 2021).

6. Research objectives
The present work aims to comprehensively characterize the potential browning
capacity of FGF8b, a paracrine member of the FGF protein family, in cultured white

adipocytes and preadipocytes, thereby unraveling its molecular mode of action.

The first half of the results section employed immortalized white adipocyte cultures of
murine epididymal and inguinal origin with the aim to extensively validate the impact
of recombinant FGF8b on thermogenic and adipogenic differentiation. These data in
combination with the functional assessment of UCP1l-dependent thermogenesis
sought to evaluate the browning capacity of FGF8b in cultured white adipocytes. The
absence of any meaningful activation of thermogenic activity in white adipocytes by
FGF8b coincided with an emerging glycolytic phenotype. The relevance of the
metabolic shift towards a more pro-glycolytic profile induced by FGF8b was then
hypothesized to be related to the previously established anti-adipogenic and non
thermogenic effects of FGF8b. Experiments on undifferentiated preadipocytes
revealed that FGF8b was able to strongly induce Ucpl expression in this cell type,
concomitantly increasing glycolytic flux, possibly in order to sustain high rates of
proliferation in preadipocytes. Thus, strong evidence accumulated that the observed
induction of Ucpl by FGF8b in white adipocyte cultures emanated from the

preadipocyte fraction.

The second half of the results section sought to address three questions to delineate
the nature of preadipocyte-specific Ucpl expression. Firstly, was the biological activity
of FGF8b and other paracrine FGFs towards preadipocytes retained in preadipocytes
derived from different cell models, mouse strains and independent of the delivery mode
(recombinant FGF8b vs. lentiviral delivery)? Secondly, which receptor and signaling
components were required to initiate, transmit and mediate the effect of FGF8b on
Ucpl expression on the molecular level? And thirdly, which metabolic and
transcriptional regulators were involved to orchestrate the unexpected induction of
Ucpl in preadipocytes, a cell type formerly not widely recognized for Ucpl

transcription?



The present work clearly demonstrated that FGF8b did not classify as a bona fide
browning agent in WAT due to its anti-adipogenic and non-thermogenic profile,
providing a theoretical framework as to why FGF8b failed to induce thermogenesis in
vivo (Westphal et al, 2019). An unexpected role for preadipocyte-specific Ucpl
expression upon FGF8b treatment was uncovered, which helped to resolve some
aspects of the conflicting literature on paracrine FGFs, as outlined above. Lastly, a
FGFR1-MEK1/2-ERK1/2 axis was identified to induce changes in both the PGE:
biosynthetic and glycolytic pathway, which co-regulate and mediate the effect of
FGF8b on Ucpl expression in preadipocytes, confirming a non-canonical mechanism
in control of Ucpl expression. Taken together, the present work was able to
substantially contribute to the mechanistic understanding of paracrine FGF mediated
Ucpl expression, and opened up new avenues to potentially manipulate Ucpl
expression via non-canonical regulators in preadipocytes and other non-adipocyte cell

models.



MATERIAL AND METHODS

1. Cell Culture

Primary and immortalized murine preadipocytes, derived from the stromal-vascular
fraction (SVF) of brown and white adipose tissue, NIH/3T3 fibroblasts and the viral
packaging cell lines BOSC-23 and HEK-293T were cultured in Dulbecco’s modified
Eagle’s medium containing 4.5 g/l glucose, supplemented with 10 % fetal bovine serum
(FBS, Biochrom) and antibiotics (40 IU/ml penicillin, 40 pg/ml streptomycin, 40 pug/ml
gentamycin) at 37 °C in a humidified atmosphere. Primary cells of the SVF were
cultured in cell culture media containing 20 % FBS and 0.5 pug/ml of the antimycotic

fungizone.

Adipocyte differentiation
Preadipocytes were subjected to one of two differentiation protocols designated

differentiation protocol A and B, when cell confluence reached approximately 90 %.

Differentiation protocol A: Preadipocyte differentiation into mature adipocytes was
induced by supplementing cell culture media with 20 % FBS, 250 uM indomethacin,
500 yM 3-isobutyl-1-methylxanthine, 1 pg/ml dexamethasone, 1 nM Tz and 20 nM
insulin. Induction media was exchanged after 24 h with differentiation media containing
1 nM Tz and 20 nM insulin. Differentiation media was changed every other day for a
total of six days. This protocol was mostly applied to immortalized white inguinal and
epididymal SVF of FVB/N mice, provided by our collaborator Dr. Séren Westphal
(Department of Internal Medicine 11, University of Ulm, Ulm, Germany)

Differentiation protocol B: Preadipocyte differentiation into mature adipocytes was
induced by supplementing cell culture media with 10 % FBS, 125 uM indomethacin,
500 uM 3-isobutyl-1-methylxanthine, 1 yM dexamethasone, 1 nM T3 and 850 nM
insulin. Induction media was exchanged after 48 h with differentiation media containing
1 nM T3 and 850 nM insulin. Differentiation media was changed every other day for a

total of six days.

Isolation of primary cells

Primary cells were isolated from fat depots of seven week-old male Ucpl-reporter mice

(C57BL/6N), a transgenic mouse model in which endogenous Ucpl expression is

coupled to a luciferase reporter (Wang et al, 2019), Ucpl-wild-type and Ucpl-knock-

out mice (129S6Sv/Ev Tac). Mice were euthanized by CO2 asphyxiation in a small
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sealed container and white inguinal and brown interscapular adipose tissue was
dissected. Tissue was thoroughly minced and incubated in isolation medium (1x
Hank’s balanced salt solution, w/o Mg and Ca, 3.5 % (w/v) bovine serum albumin
(BSA), 0.55 mM glucose, 1 mg/ml collagenase (Biochrom)) at 37 °C under vigorous
shaking for 60 min. Digested tissue was passed through a 250 pm nylon mesh and
centrifuged at 250 x g for 5 min. The resulting pellet was disrupted by manual shaking
in order to release entrapped mature adipocytes and the suspension was centrifuged
again at 250 x g for 5 min. The supernatant including the lipid layer was aspirated,
discarded and the pellet was resuspended in washing buffer (1x Hank’s balanced salt
solution, w/o Mg and Ca, 3.5% (w/v) BSA) before the final centrifugation of the sample
at 500 x g for 5 min. The supernatant was discarded and isolated cells were
resuspended in primary cell culture media. After being passed through a 40 pum cell
strainer, cells were seeded out with the desired cell density.

Immortalization of primary cells

Primary murine cells isolated from the SVF of brown and white adipose tissue were
immortalized by retroviral transduction with the Simian virus 40 large T antigen (SV40
LT). For the production of retrovirus particles, calcium phosphate transfection of the
packaging cell line BOSC-23 was performed with the vector pBABE-puro SV40 LT,
containing the coding sequence (CDS) for SV40 LT. Briefly, for transfection in a 6-well
plate format, 5 pug of plasmid DNA was prepared in 100 ul Hepes buffer (250 mM CacClz,
10 mM Hepes, pH 7.2), which was added dropwise into the same volume of 2x Hank’s
balanced salt saline (2 g/l dextrose, 10 g/l Hepes, 0.74 g/l KCI, 16 g/l NaCl, 0.27 g/
Na2HPOa4, pH 7.05 -7.10) under vigorous vortexing. After 5 minutes of incubation the
solution was evenly distributed across the well of 60 % confluent BOSC-23 cells. The
media was collected on three consecutive days, was sterile filtered each time and
diluted with fresh culture media in a 1:1 ratio. The diluted supernatant, containing
retrovirus particles and 2 pg/ml polybrene, was added to preconfluent primary cells
from the SVF on the same day. Cells were expanded on a 15 cm dish over a week
before being selected with 2 ug/ml puromycin for 2 weeks. Aliquots of the immortalized

cell lines were stored in liquid nitrogen until use.
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2. Fibroblast growth factors

Recombinant human/murine FGF8b (100-25) and mouse FGF1l (450-33A) were
purchased from PeproTech, except for white adipocytes differentiated with
differentiation protocol A, then human/murine FGF8b (423-F8-025) and murine FGF1
(4686-FA-025) from R&D Systems were used. Recombinant murine FGF6 (5750-F6-
025/CF), murine FGF9 (7399-F9-025/CF) and murine FGF21 (8409-FG-025) were
purchased from R&D Systems. For paracrine FGFs, 1 pg/ml heparin (H3149-10KU,
Sigma) was used as a cofactor, while endocrine FGF21 was co-treated with 1 pg/mi
recombinant murine KLB (2619-KB-050, R&D Systems). Other growth factors such as
epidermal growth factor (315-09) and platelet-derived growth factor (315-18) were
purchased from PeproTech. Lyophilized growth factors were reconstituted either in

sterile ultrapure water or PBS as instructed by the supplier.

3. Lipid staining

The degree of differentiation and lipid accumulation of adipocyte cultures was
determined using established staining methods for intracellular neutral lipids (lipid
droplets) with either Oil Red O (Sigma) or the fluorescent dye BODIPY 493/503

(Invitrogen):

Oil Red O staining (ORO)

A 3 mg/ml ORO stock solution was prepared in isopropanol and passed through a 0.45
um filter. The ORO staining solution was prepared freshly on the day of lipid staining
by mixing the stock solution in a 3 to 2 ratio with water. It was then passed through a
0.45 um filter again. In the meantime, adipocyte cell culture media was aspirated,
washed with phosphate buffered saline (PBS) and cells were fixated with a 4 %
paraformaldehyde solution for 1 h. Fixated cells were washed with isopropanaol twice
and then incubated with the ORO staining solution for 30 min at room temperature.
ORO staining solution was aspirated and cells were washed several times with
ultrapure water. Brightfield images of ORO stained lipid droplets were subsequently

acquired on a light microscope.

BODIPY 493/503 staining

Adipocyte cell culture media was aspirated and washed with PBS. Cells were
incubated with a 3 ug/ml BODPIY 493/503 staining solution for 20 min at 37 °C in the
cell incubator. The staining solution was then discarded and cells were washed twice

with PBS. A small layer of PBS was added to the cell cultures to prevent the cells from
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drying out prior to imaging. Fluorescence images of BODIPY stained lipid droplets
were subsequently acquired on a fluorescence microscope (Ex/Em: 488-503/515-545
nm, Leica DMI6000B).

4. Lipid droplet size and number

Representative brightfield microscopy images (10X) of fully differentiated adipocyte
cultures were taken and automatically analyzed with a validated pattern recognition
module for lipid droplets (WimLipid) on the image analysis platform Wimasis (Onimagin
Technologies). Lipid droplet size, number and distribution were obtained as readouts.

5. RNA isolation, cDNA synthesis and RT-qPCR

RNA was isolated using the ‘single-step’ method, originally described by Chomczynski
and Sacchi (Chomczynski & Sacchi, 1987). The principle of the ‘single-step’ method is
based on the separation of RNA from DNA and protein in an acidic solution containing
the strong protein denaturant guanidinium thiocyanate, phenol and chloroform. The
acidic aqueous upper phase, which is formed after centrifugation, mostly contains
RNA, which can be used for downstream applications such as RT-gPCR.

Cells were lysed in TRIsure™ (BIO-38033, Bioline) and mixed with chloroform (1/5 of
total volume used for lysis). For a 6-well plate, 400 pl of TRIsure™ were used per well.
Samples were centrifuged at 12,000 x g for 15 min at 4 °C. The upper aqueous phase
was used as input for the column elution step afetrwards and was performed according
to the instructions provided by the manufacturer (SV Total RNA Isolation System,
Promega). RNA was eluted from the column with 30-50 pl nuclease free water and
RNA concentrations were determined on a spectrophotometer (Nanodrop-1000). 500-
100 ng of total RNA was reverse transcribed into cDNA and diluted with 40 pl nuclease

free water (SensiFast cDNA Synthesis Kit, Bioline).

The real-time quantitative polymerase chain reaction (RT-gPCR) was set up ina 12.5
ul reaction volume consisting of 1x SensiMix™ SYBR® No-ROX Kit (Bioline), 250 nM
of each primer and 1 pl of diluted cDNA in a 384-well plate format. The PCR cycling
parameters were: 420 s at 95 °C for initial denaturation and 45 cycles of recurring 10
s at 95 °C for denaturation, 15 s for annealing at 53 °C and 20 s for elongation at 72
°C. The RT-gPCR was run on a LightCycler®480 Real-Time PCR System (Roche).
Standard samples were measured in duplicates, and target samples were measured

in triplicates. Transcript abundances were calculated based on the relative standard
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curve method from pooled cDNA samples. Expression values were normalized to the

reference gene general transcription factor IIB (Tfllb).

Table 1. Forward and reverse primer sequences used for RT-gPCR.

Target gene

5'- 3' forward primer

5' - 3' reverse primer

Cd137

CGTGCAGAACTCCTGTGATAAC

GTCCACCTATGCTGGAGAAGG

Cidea TGCTCTTCTGTATCGCCCAGT GCCGTGTTAAGGAATCTGCTG
Cidea TGCTCTTCTGTATCGCCCAGT GCCGTGTTAAGGAATCTGCTG
Cs CTGAGGAAGACTGACCCTCG TTCATCTCCGTCATGCCATA
Esrra GCAGGGCAGTGGGAAGCTA CCTCTTGAAGAAGGCTTTGCA
Fabp4 GATGGTGACAAGCTGGTGGT TTTATTTAATCAACATAACCATATCCA
Fasn GCATTCAGAATCGTGGCATA TTGCTGGCACTACAGAATGC
Fgf8b TGAGGGAGCAGAGCCTGGTGAC GAAGTGGACCTCACGCTGGTGC
Fgfrl GGTTCGCTATGCCACCTGGAGC GTCGGTGCGGAGATCGTTCCAC
Fgfr2 CAAACCCAAGGAGGCGGTCACC GCAGGCCCCCAGGAGGTTGATA
Flii CTGCTACATTGTGCTCAAGACC CCTCCCCACCAATCCAGTA
Hes1 ACACCGGACAAACCAAAGAC AATGCCGGGAGCTATCTTTC
Hk2 GTCAACTCCGGATGGGACAG CAATGTGGTCAAACAGCTGGG
Hoxc9 GCAGCAAGCACAAAGAGGAGAAG GCGTCTGGTACTTGGTGTAGGG
Lrrfipl AGGACATGCTGCTGGAGCTGGA CGCAGGGCCTCTTTCACTTCGG
Mc4 AGTGCCATTGGTCTCGTG CATACTTGTAAACTTTGGTTGCATC
Mctl GAGGTTCTCCAGTGCTGTG TCCATACATGTCATTGAGGCG
Pdk1 GGACTTCGGGTCAGTGAATGC TCCTGAGAAGATT GTCGGGGA
Pgcla GGACGGAAGCAATTTTTCAA GAGTCTTGGGAAAGGACACG
Pla2g4a AACCCCGTGTGGAATGAGAC GAACCCAAAATGGCCACCAC
Pparg TCAGCTCTGTGGACCTCTCC ACCCTTGCATCCTTCACAAG
Prdm16 CTGTTAGCTTTGGAGCCGAC GACGAGGGTCCTGTGATGTT
Pref-1 GGAGGCTGGTGATGAGGAGATC AGAGCTCTAAGGAACCCCGGTA
Ptgesl ATGAGTACACGAAGCCGAGG CCAGTATTACAGGAGTGACCCAG
Ptgsl (Cox1) AGAGGTGACAACTGGAGGGA GCGAGAGACTCCTTCGACTC
Ptgs2 (Cox2) GGGCCATGGAGTGGACTTAAA ACTCTGTTGTGCTCCCGAAG

Shox2

TGGAACAACTCAACGAGCTGGAGA

TTCAAACTGGCTAGCGGCTCCTAT

Slc27al CTGGGACTTCCGTGGACCT TCTTGCAGACGATACGCAGAA
Slc2al (Glutl) CGGCCTGACTACTGGCTTTG GCCAAACACCTGGGCAATAAG
Slco2al ATGGTCCTACGTGTGGTGAAC AGGTACCTGTTTCGAAGAGC

Thx1 GGCAGGCAGACGAATGTTC TTGTCATCTACGGGCACAAAG
Tfllb TGGAGATTTGTCCACCATGA GAATTGCCAAACTCATCAAAACT
Tmem26 ACCCTGTCATCCCACAGAG TGTTTGGTGGAGTCCTAAGGTC
Ucpl TCTCTGCCAGGACAGTACCC AGAAGCCCAATGATGTTCAG
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6. Lentiviral overexpression

Lentivirus mediated overexpression was used to study the role of Fgf8b in controlling
Ucpl expression in cultured brown preadipocytes. The lentiviral vector pLenti c-MYC-
DDK-Puro-GFP (gift from Giovanni Tonon from the San Raffaele Scientific Institute in
Milan, Italy, Addgene #123299) was used to evaluate transduction efficiency and for
cloning of pLenti c-MYC-DDK-Puro-Fgf8b. The cloning strategy was based on a double
digest of the lentiviral backbone and the donor vector pCMV6-FGF8b (RC214620,
Origene) with Xhol and AsiSI at 37 °C for 90 min. The cut backbone and inserts were
separated on an agarose gel, purified (Wizard® SV Gel and PCR Clean-Up System)
and ligated with T4 ligase at 16 °C overnight. NEB® Stable competent E.coli were
transformed with the ligated constructs using a heat-shock protocol and streaked out
on agar plates containing the antibiotic chloramphenicol. After overnight incubation at
37 °C single colonies were picked for several liquid cultures in chloramphenicol.
Plasmids were purified (PureYield™ Plasmid Miniprep System) and sent for DNA

sequencing to confirm successful cloning.

For lentivirus production, HEK-293T cells were co-transfected with one of the lentiviral
constructs and second generation packaging plasmids (psPAX2 + pMD2.G) in a 10
cm dish using a calcium phosphate transfection protocol. On three consecutive days,
lentivirus containing cell culture supernatant was collected, passed through a 0.45 pm
polyether-sulfone membrane filter and was subsequently precipitated overnight (PEG-
it Virus Precipitation Solution, Biocat). Virus precipitate was centrifuged at 4 °C and
16,000 x g for 30 min and the pellet was resuspended in 150 ul ice cold PBS. The
physical titer was calculated based on the quantitative assessment of the viral capsid
protein p24 in the virus stock solution (One-Wash Lentivirus Titer Kit, HIV-1 p24 ELISA,
Origene). Brown preadipocytes (5 x 10* cells) were incubated with lentivirus

(multiplicity of infection: 500-1000) and 8 ug/ml polybrene for 16-24 h.
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7. RNA interference by Dicer-substrate RNAs

Gene silencing by Dicer-substrate, short-interfering RNAs (DsiRNA, Integrated DNA
Technologies) was used to study the role of several target genes in mediating FGF8b
induced Ucpl expression in cultured brown preadipocytes. For DsiRNA delivery,
transfection reagent Lipofectamine® RNAIMAX (Thermo Fisher Scientific) and
DsiRNA were diluted in Opti-MEM reduced serum medium (Gibco) and incubated for
20 min at room temperature. This amounted to 200 ul Opti-MEM, 3 pl transfection
reagent and 2 pl of a 10 pM DsiRNA stock for a single well in a 12-well format. A
preconfluent subculture of preadipocyes was trypsinized, centrifuged at 500 x g for 5
min and resuspended in cell culture media. Cells were then added to the transfection
mixture up to a final volume of 1 ml. A scrambled, non-targeting DsSiRNA control was
used to control for the transfection procedure (51-01-19-09, Integrated DNA
Technologies). Efficiency of DsiRNA mediated knockdown was evaluated 48 h post-
transfection by RT-gPCR. Knockdown of FGFR1 was additionally evaluated 72 h post-
transfection by immunoblotting. The effect of target gene knockdown on FGF8b

mediated Ucpl expression was assessed 48 h after FGF8b treatment corresponding

to a time point 96 h post-transfection.

Table 2. Forward and reverse DsiRNA sequences used for gene silencing studies.

Target gene

5' - 3' forward DsiRNA

5' - 3'reverse DsiRNA

anti-Fgfrl CAUCCGUUGCUAUAUAUUAAAAACA UGUUUUUAAUAUAUAGCAACGGAUGCU
anti-Fgfr2 GGAAGACUGUUUCCUGAUAAGUGGA UCCACUUAUCAGGAAACAGUCUUCCUU
anti-Ptges1 UUACUCUACAGUCAGGACAACCUTG CAAGGUUGUCCUGACUGUAGAGUAAGU

anti-Lrrfipl #1

ACAUGGAAUAAUCCUAAAUUCAGAA

UUCUGAAUUUAGGAUUAUUCCAUGUUU

anti-Lrrfipl #2

CAGUAAAUGACGUUGGGUAUCAAGC

GCUUGAUACCCAACGUCAUUUACUGUG

anti-Esrra #1

CUGUGACCUUUUUGAUCGAGAGATA

UAUCUCUCGAUCAAAAAGGUCACAGAG

anti-Esrra #2

AUUCUGACUCUGUGCACAUUGAAGA

UCUUCAAUGUGCACAGAGUCAGAAUUG

anti-Nuprl AACCUCUAAACCUAGAGGAUGAAGA UCUUCAUCCUCUAGGUUUAGAGGUUGC
anti-Etvl AAGAUUGAGCUCUUGGUAAAAUAGA UCUAUUUUACCAAGAGCUCAAUCUUGG
anti-Atf5 GGCUUCUCUGAUUGGAUGACUGAGC GCUCAGUCAUCCAAUCAGAGAAGCCGU
anti-Bncl GAAUCUGUGAUUGAGUCACAUGGAG CUCCAUGUGACUCAAUCACAGAUUCAA
anti-Arid5a GAAUCUGUUGCCAAGUCACAGUGAT AUCACUGUGACUUGGCAACAGAUUCAC
anti-Cebpg GAGAAUACCUUGGAUUAAGAAAAGC GCUUUUCUUAAUCCAAGGUAUUCUCUC
anti-Hes1#1 CUAAGCCAACUGAAAACACUGAUTT AAAUCAGUGUUUUCAGUUGGCUUAGAC
anti-Hes1 #2 CUCUUCUGACGGACACUAAAAACGA UCGUUUUUAGUGUCCGUCAGAAGAGAG
anti-Nrf1 GUCACUGUUGCCCAAGUGAAUUACT AGUAAUUCACUUGGGCAACAGUGACUG
anti-Prdm16 GGCAUUGGACAACUUAUUCUGAAGA UCUUCAGAAUAAGUUGUCCAAUGCCAA
anti-Nr2f2 CCAAGCAAGCUAAUCACAGAACUGT ACAGUUCUGUGAUUAGCUUGCUUGGAC
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8. Protein isolation, BCA assay and immunoblotting

Total protein was isolated using RIPA buffer (50 mM Tris-Cl, 1 % (v/v) NP-40, 0.25 %
(w/v) sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1:1000 protease inhibitor
(P8340, Sigma)) as the lysis reagent. Cells were lysed with 150-400 pl of RIPA buffer
for 12-well and 6-well plates, respectively. Cells were scraped off the plate with rubber
cell scrapers and transferred to pre-chilled reaction tubes. Samples were incubated on
ice for 30 min and vortexed every 10 min. Samples were then centrifuged for 15 min
with 22,000 x g at 4 °C, and supernatant was collected for downstream applications.
Total protein concentrations were determined using the Pierce™ BCA Assay Kit
(Thermo Fisher Scientific), which is based on the reduction of Cu?* to Cu'*in alkaline

medium coupled to the colorimetric detection of Cu* with bicinchoninic acid (BCA).

Western blot samples were prepared in Laemmli buffer (33 mM Tris-HCI, pH 6.8, 5 %
sodium dodecyl sulfate (SDS), 25 % (wi/v) glycerol, 0.01 % bromophenol blue) with 5
% (v/v) beta-mercaptoethanol and were denatured for 5 min at 95 °C. Equal amounts
of protein were loaded onto 4-20 % Mini-PROTEAN® TGX Stain-Free™ precast gels
(Biorad). A Mini-PROTEAN® Tetra cell system (Biorad) was used with a Tris-glycine
running buffer (25 mM Tris, 250 mM glycine, 0.1 % SDS, pH 8.3) to separate the
proteins. Electrophoresis was run at 80 V for the first 20 min and was then switched to
100 V for the remaining time. Proteins were blotted onto a nitrocellulose membrane
(P/N 926-31092, LI-COR) using the Trans-Blot semi-dry transfer cell (Biorad) in
combination with the Bjerrum Schafer-Nielsen transfer buffer (48 mM Tris, 39 mM
glycine, 1.3 mM SDS, pH 9.2) with 20 % (v/v) methanol. Blotting was run at 1 mA per
cm? of gel area for 60 min. Membranes were blocked in 3% (w/v) BSA in Tris-buffered
saline (TBS). Blocked membranes were incubated with primary antibody solution
overnight at 4 °C. The following primary antibodies were used in a 1:1000 dilution in
TBS with 3 % (w/v) BSA: rabbit anti-UCP1 (ab23841, Abcam), rabbit anti-FGFR1
(#9740, Cell Signaling Technology) and mouse anti-p-Actin, clone C4 (MAB1501,
Merck Millipore). After an overnight incubation with primary antibodies, membranes
were washed with TBS-0.1 % Tween-20 for 10 min for a total of three times.
Membranes were then incubated with secondary antibody goat anti-rabbit IRDye®
800CW and donkey anti-mouse IRDye® 680CW for 1 h at room temperature.
Membranes were washed again with TBS-0.1 % Tween-20 for 10 min for a total of
three times. Before imaging, membranes were washed one last time with TBS and

dried for 5 min to enhance signal acquisition. Membranes were scanned on an
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Odyssey Infrared Imaging System (LI-COR) and acquired images were analyzed using
the Image Studio™ Lite Software (LI-COR) v.5.2.

9. Proliferation assays
The proliferative effect of fibroblast growth factors and other growth factors were
evaluated in white epididymal and brown preadipocytes based on a cellular redox

assay and automated cell counting.

Epididymal preadipocytes were incubated with the redox dye resazurin (20 pl per 100
pl cell media) for 4 h at 37 °C (CellTiter-Blue® Cell Viability Assay, Promega). As a
result of cellular redox metabolism resazurin is converted to its reduced form resorufin
in proportion to cell number. Resorufin containing cell media was collected and
transferred into a black 96-well plate for fluorescence measurement on a

spectrophotometer at 560/590 nm (Ex/Em).

Culture media of brown preadipocytes was aspirated and cells were washed with PBS.
Cells were detached from the plate by sufficient incubation with a trypsin/EDTA
solution (250 pl per well in a 12-well format) at 37 °C in the cell incubator. Detached
cells were thoroughly resuspended in 250 ul of standard culture media. 10 pul of cell
suspension per sample were transferred onto a cell counting slide (#1450011, Biorad)

and cells were counted automatically on a TC20™ Cell Counter (Biorad).

10. Lactate measurement

Lactate in cell culture supernatant of brown preadipocytes was measured to evaluate
the effect of FGF8b on glucose catabolism. The principle of the lactate assay is based
on the quantitative and enzymatic conversion of lactate and NAD* (Carl Roth) to
pyruvate and NADH by lactate dehydrogenase (LDH, 10127230001, Roche) in the
presence of hydrazine at alkaline pH. The amount of lactate in cell culture supernatant
is proportional to the amount of NADH formed. Standards (in the range between 0-10
mM lactate) and samples were diluted five-fold in PBS. Next, 5 pl of standards and
samples were mixed with 95 pl PBS and the resulting 100 ul were pipetted onto a clear
bottom black 96-well plate. Standards and samples were mixed with 100 pl cold
hydrazine buffer (2 g/l EDTA, 13 g/l hydrazine sulfate, 25 g/l hydrazine hydrate, pH 9)
containing 0.2 mg NAD* and 1 pl of undiluted LDH per reaction. The plate was
incubated for 30 min at room temperature before measurement at 340 nm on a

spectrophotometer.

18



11. Glucose measurement

Glucose concentrations in cell culture supernatant of brown preadipocyes were
evaluated to study the effect of FGF8b on glucose uptake and metabolism. Glucose
concentration in cell culture supernatant was measured with a glucometer (FreeStyle
Lite, Abbott). The principle of glucose determination in test strips of a glucometer is
based on the conversion of glucose to gluconolactone by glucose oxidase/flavin
adenine dinucleotide (FAD). This biochemical reaction is, in turn, linked to the redox
reaction of the mediator n-methyl pyridine. The mediator n-methyl pyridine shuttles
electrons between glucose oxidase-FAD and the working electrode. The total charge
is proportional to the glucose concentration in cell culture supernatant. Cell culture
supernatant was measured mixed with 100 % glycerol in a ratio of 6:4
(sample:glycerol). Glucose consumption over time was calculated as the difference
between glucose levels in fresh media and used media.

12. Glucose uptake assay

A non-radioactive glucose uptake assay was used based on the luciferase-coupled
detection of 2-deoxyglucose-6-phosphate (Glucose Uptake-Glo™ Assay, Promega).
Glucose uptake capacity was measured in brown preadipocytes (129S) treated with
different doses of FGF8b for 48 h. On the day of the assay, cells were incubated in
glucose free medium for 2 h before stimulation with 2.5 mM 2-deoxy-D-glucose (2-DG)
for 20 min at 3°C. The uptake of 2-DG was stopped by the addition of lysis buffer. The
luciferase signal was acquired on a luminometer (Berthold Detection Systems).
Background signal was determined in the absence of 2-DG. Glucose transporter 1
(SLC2A1) independent glucose uptake was evaluated in the presence of 10 uM
BAY876, a glucose transporter 1 inhibitor, during the 2-DG incubation step.

13. Glycerol measurement

Free glycerol in cell culture supernatant was measured as a surrogate measure for the
effect of FGF8b on lipid accumulation and lipolytic capacity (ab65337, Free Glycerol
Assay Kit, Abcam). The principle of free glycerol determination in cell culture
supernatant is based on the enzymatic oxidation of glycerol. The oxidized glycerol
reacts with a probe to generate color. The shift in color can be measured
spectrophotometrically at 570 nm. Free glycerol was measured in white differentiated
adipocytes upon treatment with 125 ng/ml FGF8b for 48 h. Glycerol release was also
examined upon activation of lipolysis by 200 nM isoproterenol for 1 h.
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14. Next Generation Sequencing

Gene expression profiling was performed to study global changes in transcript
abundances upon treatment with fibroblast growth factors. The sequencing was run by
Dr. Christine Wurmser at the Chair of Animal Breeding (Liesel-Beckmann-Str. 1, TUM
School of Life Sciences, Technical University of Munich, 85354-Freising, Germany).

The first of two RNA sequencing experiments involved immortalized brown and white
preadipocytes derived from the Ucpl-reporter mouse model (C57BL/6N).
Preadipocytes were treated with 125 ng/ml FGF8b + 1 ug/ml heparin (control groups
were stimulated with 1 pg/ml heparin only) for 48 h. Thus, the experimental design
divided all samples into four groups (brown x control, white x control, brown x FGF8b,
white x FGF8b) with four replicates in each. The passage number of the used

preadipocyte cell lines was # 5.

The second of two RNA sequencing experiments involved immortalized brown
preadipocytes derived from the 129S6Sv/EvTac mouse. Preadipocytes were treated
with either no FGF, 5.55 nM FGF1, 5.55 nM FGF9, 5.55 nM (= 125 ng/ml) FGF8b and
5.55 nM FGF8b + 2 uM of BAY-876, a glucose transporter 1 inhibitor. All groups were
co-simulated with 1 pg/ml heparin. Thus, the experimental design divided all samples
into 5 groups (control, FGF1, FGF9, FGF8b, FGFb + BAY876) with three replicates in

each. The passage number of the used preadipocyte cell line used # 10.

Prior to cDNA library preparation, purity of total RNA was evaluated on a
spectrophotometer (Nanodrop-1000) and integrity was evaluated on a 2100
Bioanalyzer system (Agilent) based on the RNA Integrity Number (RIN). RNA integrity
of cell culture samples are usually very good (RIN = 9). For cDNA library preparation
500 ng of total RNA was used per sample. Briefly, mMRNA was purified and fragmented,
followed by cDNA synthesis, adapter ligation and amplification (TruSeq® Stranded
MRNA Library Prep, 20020594, Illumina GmbH). For indexing and pooling TruSeq
RNA Single Indexes Set A (20020492, lllumina GmbH) was used. The sequencing
reaction was run on an lllumina HiSeq2500 instrument using HiSeq Rapid SR Cluster
Kit v2 (GD-402-4002, lllumina GmbH) for cluster generation and HiSeq Rapid SBS Kit
v2 (FC-402-4022, lllumina GmbH) as the component for the synthesis by sequencing
part. The sequencing run parameters were multiplexed single indexed single-end
reads, run for 50 cycles, with an average read depth of approximately 22 M reads per
sample. The sequencing workflow required the use of several software tools, i.e. for
sequencing (HiSeq control software 2.2.70), image analysis and base calling (Real-
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Time Analysis 1.18.66.4) and fastq file generation (bcl2fastq conversion software
v2.20). Read mapping was performed with the Genomatix Mapping tool, an
implemented tool in the Genomatix Software Suite, which allowed mapping against the
proprietary EIDorado genome annotation database (2013 version). Based on the
mapped reads, the Genomatix Genome Analyzer computed the count matrix.
Differential gene expression analysis was performed with the DESeq2 package in R

version 3.6.3 using only RefSeq annotated transcripts.

The correlation analysis for the transcription factor screening was performed in R.
Briefly, log 2 transformed, normalized counts of all transcripts across all samples were
correlated with Ucpl expression. All correlations higher than r = 0.900 were extracted
(408 transcripts). All proteins with transcription factor activity were extracted resulting
in 18 transcripts. Ten transcripts including Arid5a, Atf5, Bncl, Cebg, Etvl, Hesl, Nrfl,
Nr2f2, Nuprl and Prdm16 were selected, which fulfilled the following requirements: r

> 0.925 and mean sum of normalized counts per sample > 50.

15. Bioluminescent quantitation

The Ucpl-reporter mouse model offered a reliable system to assess luciferase activity
as a surrogate readout for Ucpl expression (Ucpl-LUC), as published previously
(Wang et al, 2019). After aspiration of cell culture medium, cells were washed with PBS
once and frozen at -80 °C for at least 15 min. Reporter lysis buffer (E397A, Promega)
was added to cells (150 pl per well for a 12-well plate), and the plate was incubated on
a horizontal shaker at 100 rpm for 15 minutes. In the meantime, 50 pl luciferase
substrate (E1501, Promega) were added to 5 ml polystyrene tubes. After complete cell
lysis, 10 ul of cell lysate was added to the luciferase substrate, samples were briefly
vortexed and measured on a single tube luminometer within 60 s (Berthold Detection
Systems). Luminescence signals were acquired (delay time of 10 s, integration time of

10 s) and normalized to protein concentration.
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16. Pharmacological inhibition

The role of various signaling molecules and metabolic proteins in FGF8b induced Ucpl

expression was investigated using small molecule inhibitors (Table 3.). Lyophilized

inhibitors were reconstituted in dimethyl sulfoxide (DMSO). Sodium oxamate was

dissolved in water.

Table 3. Small molecule inhibitors used in cell culture studies.

Molecule Name Target Inhibited Pathway | conc. Catalog no.
LY2874455 Phospho-FGFR | FGF signaling 250 nM HY-13304-5mg*
SH-4-54 STAT 3,5 STAT signaling 250 nM B1637-5*
TAK632 Pan-RAF MAPK pathway 250 nM HY-15767-5mg*
Trametinib MEK1/2 MAPK pathway 250 nM | HY-10999-50mg*
SCH772984 ERK1/2 MAPK pathway 250 nM B1682-5*
SB202190 P38MAPK MAPK pathway 250 nM AOB2557-10*
Wortmannin PI3K PI3K-Akt pathway 250 nM W499400-5mg*
Bisindolylmaleimide | | Pan-PKC PLCy-PKC pathway 250 nM Cay13298-5
Prostaglandin
Diclofenac PTGS1, PTGS2 | metabolism 20 uM Cay70680-5000
Prostaglandin Cay10008672-
Celecoxib PTGS2 metabolism 20 uM 50
BAY-876 SLC2A1 Glucose metabolism 2 uM Cay19961-1
Sodium Oxamate LDHA Glucose metabolism 20 mM Cay19057-5
GWe6471 PPARa PPAR signaling 20 uM Cay11697-1
GSK3787 PPARR/® PPAR signaling 20 uM Cay15219-5
GW9662 PPARy PPAR signaling 20 uM Cay70785-5
Prostaglandin
CAY10678 PTGES1 metabolism 25 uMm Cay15129-1
Prostaglandin
CAY10526 PTGES1 metabolism 25 uM Cay10010088-1
Prostaglandin
U-51605 PTGIS metabolism 25 uM Cay16465-1

Abbreviations:* purchased from Biotrend, otherwise from Biomol working concentration (conc.).
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17. LC-MS/MS oxylipin analysis

Oxylipins were measured to identify potential mediators of FGF8b induced Ucpl
expression within the prostaglandin metabolic pathway. LC-MS/MS based
measurements were performed by M. sc. Fiona Henkel at the Research Unit Molecular
Endocrinology and Metabolism (Ingolstadter Landstrasse 1, Helmholtz Center Munich,

German Research Center for Environmental Health, 85764-Neuherberg, Germany).

Cell culture media of treated brown preadipocytes was collected and centrifuged for 2
min at 5,000 x g at 4 °C to remove cell debris. Supernatant was mixed with ice cold
LC-MS grade methanol in a 1:1 ratio, inverted a few times and then frozen at -80°C
until measurement. On day of measurement, samples were thawed and diluted with
LC-MS grade water to a methanol content of 15 % and internal standard stock solutions
were added. Samples underwent automated solid phase extraction with a Microlab
STAR robot (Hamilton) und were extracted on Strata-X 96-well plates (30 mg,
Phenomenex). After extraction, samples were eluted with methanol, evaporated to
dryness under a constant stream of nitrogen, and then redissolved in 100 pl of 50 %
methanol in water. Oxylipins were separated by chromatography using a 1260 Series
HPLC (Agilent) with a Kinetex C18 reversed phase column (2.6 um, 100 x 2.1 mm,
Phenomenex) and a SecurityGuard Ultra Cartridge C18 (Phenomenex) precolumn.
Samples were injected via an autosampler at 7.5 °C (HTC PAL, CTC Analytics)
coupled to a QTRAP 5500 mass spectrometer (Sciex) with a Turbo-VTM ion source.
The mass spectrometer operated in negative ionization mode. Retention time and
scheduled multiple reaction monitoring were used to identify specific oxylipin species.
Analyst Software 1.6.3 (Sciex) was used for acquisition of LC-MS/MS data. Data were
quantified with the MultiQuant Software 3.0.2 (Sciex). The entire oxylipin panel

including limit of detection for every metabolite is listed in the Appendix.

18. Respirometry and glycolysis assay

Oxygen consumption and extracellular acidification was measured on an Extracellular
Flux analyzer (Seahorse XF96, Agilent Technologies). Proton production rates,
derived exclusively from the glycolytic pathway, were obtained according to a
published protocol (Mookerjee et al, 2016; Mookerjee & Brand, 2015). Cells were
cultured in glucose free medium (DMEM Base D5030, 5 mM Hepes, 31 mM NaCl, 2
mM GlutaMAX™ (Gibco), 0.1 % (w/v) free fatty acid free BSA, 15 mg/l phenol red, pH
7.4) on a collagen-coated (10 pg/well) 96-well plate for 1 h before measurement.
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Leak respiration was measured upon addition of 5 pM oligomycin, followed by the
addition of 1 uM isoproterenol for UCP1-dependent respiration, and 7.5 uM Carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) for maximal respiration. Non-
mitochondrial oxygen consumption was assessed after the addition of 5 pM antimycin
A. The glycolysis assay measured basal glycolytic rates upon addition of 10 mM
glucose. Glycolytic flux was increased with the addition of 1 uM rotenone and 1 yM
myxothiazol or 5 yM antimycin A, which inhibited ATP production by oxidative
phosphorylation. Maximal glycolytic capacity was assessed after the addition of 400
MM monensin and 2 yM FCCP, drastically increasing the cellular ATP demand.

19. Statistics

GraphPad Prism version 6.07 (GraphPad Software, San Diego, California, USA) was
used to perform all statistical analyses. Parametric tests with Bonferroni correction
were used, when data followed an approximate normal distribution and when variances
across groups were similar (Student’s t-test, one-way ANOVA, two-way ANOVA).
Approximate normal distribution and variance homogeneity were visually assessed by
plotting the residuals. Non-parametric tests with Dunn’s correction were used when
data failed to show normal distribution and variance homogeneity (Mann-Whitney test,
Kruskal-Wallis). RNA sequencing data were bioinformatically analyzed in R-Studio (R
version 3.6.3) using the R package DESeq2, as published (Love et al, 2014). For data
visualization ReactomePA, pheatmap, vidger, EnhancedVolcano, venndiagramm
packages were used. Data were presented as means = SD, except noted otherwise in
figure captions. Statistically significant results were indicated with asterisks: * =
p<0.05.** =p<0.01, ** =p<0.001, ***=p<0.0001.

20. Prepublication statement
Data presented in the following figures: Fig. 2A-C, Fig. 3A-C, Fig. 4A-D, Fig. 5A-D, Fig.
6B-C, were solely generated and contributed by Thomas Gantert and have been

published previously in:
Westphal S, Gantert T, Kless C, Huttinger K, Klingenspor M & Fromme T (2019)

Fibroblast growth factor 8b induces uncoupling protein 1 expression in epididymal

white preadipocytes. Sci Rep 9: 1-11
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RESULTS

1. The effect of FGF8b on differentiated adipocytes.

Paracrine fibroblast growth factors (FGFs) constitute the largest class within the FGF
protein family and encode for 15 secreted polypeptides (Ornitz & Itoh, 2015). The
human Fgf8 gene, unlike most other FGFs, gives rise to four protein isoforms (a, b, e,
f) due to alternatively spliced transcripts. The FGF8b isoform was previously identified
as the strongest of all paracrine FGFs to induce Ucpl transcription in white adipocytes
(Westphal et al, 2019). Based on these initial findings FGF8b was comprehensively
evaluated as a promising browning agent in cultured white adipocytes derived from the

stromal-vascular fraction (SVF).

1.1 FGF8b induces Ucpl expression in white adipocytes.
FGF8b treatment during the entire differentiation dose-dependently increased Ucpl
expression in white adipocytes from the epididymal and inguinal adipose tissue (Fig.
1A). White epididymal adipocytes demonstrated a significantly higher capacity to
induce Ucpl expression than inguinal adipocytes (Fig. 1A), possibly due to a higher

degree of differentiation (Fig. 1B). The recruitment of brite adipocytes is routinely
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Figure 1. FGF8b induces Ucpl expression in white adipocytes. (A) Relative Ucpl expression in differentiated
white epididymal and inguinal adipocytes treated with 5, 25 and 125 ng/ml FGF8b during differentiation (N=3 for
each group). (B) Representative brightfield images of fully differentiated untreated and FGF8b-treated adipocytes
of epididymal white adipose tissue (eWAT) and inguinal adipose tissue (iIWAT). Scale bar 200 um. (C-D) Relative
mMRNA expression of adipogenic and thermogenic markers in untreated and FGF8b-treated white epididymal and
inguinal adipocytes (N=6 for each group). Adipocytes in all panels were differentiated according to differentiation
protocol A. Two-way ANOVA in A, C and D. Statistically significant results were indicated with asterisks: * =
p<0.05. " =p<0.01, ™ = p<0.001, **** = p<0.0001.

screened on the basis of increased Ucpl gene expression, but other thermogenic,
adipogenic and mitochondrial markers are helpful in evaluating the effect of browning
agents. White epididymal and inguinal adipocytes treated with 125 ng/ml FGF8b during
differentiation were characterized by lower adipogenic (Fabp4, Hsl), thermogenic
(Cidea) and mitochondrial marker (Pgcla) gene expression (Fig. 1C-D). In contrast,
Pref-1, a preadipocyte marker gene was consistently upregulated in white adipocytes
(Fig. 1C-D). Taken together, FGF8b induced Ucpl gene expression in white
adipocytes, but failed to activate a broader thermogenic transcriptional program.
Moreover, treatment of adipocytes with FGF8b during differentiation markedly
suppressed adipogenesis, as highlighted by a decrease in adipogenic and an increase
in preadipocyte markers. Further experiments were conducted with the aim to validate
these unexpected findings and white epididymal adipocytes were chosen as the

preferred cell model due to their higher capacity for Ucpl induction.

1.2 Ucpl expression by FGF8b is independent of thermogenic differentiation.
Putative brite adipocyte markers have been identified in the past, including Tmem26,
Thx1, Cd137, Hocx9, Shox2, Slc27al (Wu et al, 2012b; Waldén et al, 2012), and can
be used complementarily to the browning markers Ucp1, Cidea and Prdm16 to validate
browning treatments. Rosiglitazone, a PPARy agonist commonly used as a browning
agent, was used as a positive control to confirm thermogenic differentiation of the cell
line used. While rosiglitazone treatment strongly induced both Ucpl and Cidea
expression in white epididymal adipocytes, treatment with FGF8b merely induced
Ucpl expression (Fig. 2A), whereas Cidea expression remained unchanged (Fig. 2A-
B). Expression levels of Prdm16 tended to be higher in rosiglitazone treated adipocytes
and lower in adipocytes treated with FGF8 than in control cells (Fig. 2A). The induction
of Ucp1l transcript abundance by FGF8b was confirmed on the protein level (Fig. 2B)
Rosiglitazone treatment of epididymal adipocytes resulted in the upregulation of 1 of 6
(Tbx1) putative brite markers, while FGF8b induced 3 of the 6 (Tmem26, Thx1, Cd137)
marker genes. (Fig. 2C). Thus, these data demonstrated that FGF8b robustly

increased Ucpl gene expression in white adipocytes, in the absence of a coordinated
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Figure 2. The effect of FGF8b on brite adipocyte marker gene expression. (A) Relative mMRNA expression of
thermogenic genes in epididymal adipocytes treated with a combination of 1 uM rosiglitazone (rosi) and 125 ng/mi
FGF8b (N=3-6 for each group). (B) UCP1 protein expression in epididymal adipocytes treated with FGF8b,
normalized to reference protein ACTB expression (N=3 for each group). (C) Relative mRNA expression of brite
adipocyte marker genes in epididymal adipocytes treated with a combination of 1 pM rosiglitazone (rosi) and 125
ng/ml FGF8b (N=3-6 for each group). Adipocytes in all panels were differentiated according to differentiation
protocol A. Two-way ANOVA in A and C and Student’s t-test in B. Statistically significant results were indicated
with asterisks: * = p<0.05. ** =p<0.01, *** = p<0.001, **** = p<0.0001. Data in panel A-C previously published
in Westphal et al, 2019.

induction of other thermogenic genes such as Cidea and Prdml16. Notably, the
observation that rosiglitazone treatment was not very effective in elevating most brite
markers questioned the validity of these markers in the employed cell line. Hence, it
remained unclear to what extent FGF8b constituted a bona fide browning agent.
Thermogenic competency is acquired via the combined activation of the adipogenic
and thermogenic transcriptional program. Hence, the effect of FGF8b on adipogenesis

in white epididymal adipocytes was examined more closely.

1.3 FGF8b suppresses adipogenesis and lipid accumulation.
Expression levels of genes involved in lipid metabolism and adipogenesis such as
Fabp4, Hsl and Pparg were robustly increased by rosiglitazone treatment (Fig. 3A).
However, FGF8b treatment tended to decrease the expression levels of these
adipogenic genes, including Fasn, well below control levels, while concomitantly
inducing the preadipocyte marker Pref-1 (Fig. 3A). Software-assisted lipid droplet

analysis showed that less lipid droplets accumulated in FGF8b treated adipocyte
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cultures (Fig. 3B) and that these changes occurred uniformly across the entire range
of lipid droplet sizes (Fig. 3C). Thus, FGF8b treatment effectively suppressed lipid

accumulation in epididymal adipocytes during differentiation.
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Figure 3. FGF8b suppresses adipogenesis and lipid accumulation. (A) Relative mRNA expression of
adipogenic genes in epididymal adipocytes treated with a combination of 1 uM rosiglitazone (rosi) and 125 ng/ml
FGF8b (N=3-6 for each group). (B-C) Lipid droplet analysis including total count and size distribution in epididymal
adipocytes treated with 125 ng/ml FGF8b (N=4 for each group). Representative WimLipid post-run images of
marked lipid droplets based on brightfield images of adipocyte cultures. Scale bars 200 pm. Adipocytes in all panels
were differentiated according to differentiation protocol A. Two-way ANOVA in A, C and Student’s t-test in B.
Statistically significant results were indicated with asterisks: * = p<0.05. ** = p<0.01, *** = p<0.001, **** =
p <0.0001. Data in panel A-C previously published in Westphal et al, 2019.

1.4 UCP1-dependent respiration is not changed upon FGF8b treatment.
Lipolytic stimulation of adipocytes results in the release of free fatty acids (FFAS) from
triglycerides, which interact directly with UCP1 to activate its thermogenic function.
Lipolytic capacity and UCP-dependent respiration were assessed in white adipocytes
to functionally evaluate the effects of FGF8b on thermogenesis. Glycerol constitutes
the backbone of triglycerides and is released upon lipolytic breakdown of triglycerides.
Glycerol concentrations in cell culture supernatant of FGF8b treated adipocytes were
consistently lower than in media of control cells, and independent of the fact whether
a lipolytic stimuli was applied or not (Fig. 4A). These observations correlated well with
overall lipid content in adipocyte cultures as assessed by oil red o staining (Fig. 4B).
The baseline oxygen consumption rate was higher in FGF8b treated cells, but UCP1-
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dependent respiration, in the presence of oligomycin and isoproterenol, remained
unchanged (Fig. 4C), which was indicative of no meaningful thermogenic activity in
both the control and FGF8b groups. Interestingly, FGF8b treated adipocytes showed
higher extracellular acidification upon inhibition of ATP synthase, possibly indicating
higher glycolytic capacity in these cells (Fig. 4D).
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Figure 4. UCP1-dependent respiration is not changed upon FGF8b treatment. (A) Glycerol release from
epididymal adipocytes treated with 125 ng/ml FGF8b during differentiation under unstimulated conditions for 48 h
and stimulated with 200 pM isoproterenol for 1 h (N=4 for each group). (B) Representative brightfield images of
epididymal adipocytes treated with FGF8b and stained with oil red o (lipid staining). Scale bars 200 um. (C-D)
Oxygen consumption and extracellular acidification of epididymal adipocytes treated with FGF8b during
differentiation. Injection A: 5 pM oligomycin, B: 1 pM isoproterenol, C: 7.5 pM FCCP, D: 5 pM antimycin A.
Adipocytes in all panels were differentiated according to differentiation protocol A. Two-way ANOVA in A.
Statistically significant results were indicated with asterisks: * = p<0.05. ** = p<0.01, *** = p<0.001, **** =
p <0.0001. Data in panel A-D previously published in Westphal et al, 2019.

1.5 FGF8b increases glycolytic capacity in cultured adipocytes.
Expression analysis of genes involved in lactate and glucose metabolism revealed
increased expression of genes regulating lactate efflux (Mct4), glucose uptake (Glutl)
and glycolysis (Pdkl) (Fig. 5A). In fact, lactate levels in cell culture supernatant of
FGF8b treated adipocytes were significantly higher than in the control group, which
coincided with a visible acidification of cell culture media (Fig. 5B). Next, glycolytic
capacity of FGF8b treated adipocytes was functionally evaluated using a validated and
published glycolysis assay (Mookerjee & Brand, 2015). Adipocytes were briefly
incubated in glucose free medium, followed by glucose stimulation in the presence of

respiratory inhibitors rotenone and antimycin A. As a consequence, oxygen
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consumption was halted, while extracellular acidification increased (Fig. 5C-D).
Subsequently, cellular ATP demand was artificially increased by the addition of FCCP
and monensin to stimulate maximal glycolytic capacity as evidenced by an additional
rise in media acidification (Fig. 5D). Higher increments in extracellular acidification
were observed in FGF8b treated adipocytes, which indicated higher glycolytic capacity
in these cells. Taken together, functional assessment of the effects of FGF8b treatment
on white epididymal adipocytes revealed no meaningful thermogenic activity as
evidenced by respiratory measurements, but a pronounced reprogramming of cellular

metabolism towards glycolysis.
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Figure 5. FGF8b treated adipocytes show enhanced glycolytic capacity. (A) Relative mRNA expression of
genes involved in lactate and glucose metabolism in epididymal adipocytes treated with 125 ng/ml FGF8b (N=5
for each group). (B) Lactate levels in cell culture supernatant of epididymal adipocytes treated with 25 ng/ml FGF8b
(N=4 for each group). (C-D) Oxygen consumption and extracellular acidification of epididymal adipocytes treated
with FGF8b during differentiation. Injection A: 10 mM glucose, B: assay medium, C: 1 puM rotentone and 5 pM
antimycin A, D: 400 uM monensin and 2 uM FCCP. Adipocytes in all panels were differentiated according to
differentiation protocol A. Two-way ANOVA in A and Student’s t-test in B. Statistically significant results were
indicated with asterisks: * = p<0.05. ** = p<0.01, *** = p<0.001, **** = p<0.0001. Data in panel A-D previously
published in Westphal et al, 2019.

1.6 Treatment with FGF8b stimulates cell proliferation in cultured adipocytes.
Glycolysis is a hallmark of rapidly proliferating cells and serves the purpose of
maximizing biomass assimilation rather than ATP production through the provision of
glycolytic intermediates for biosynthetic pathways (DeBerardinis et al, 2008). Since
high glycolytic rates were observed in epididymal adipocytes upon FGF8b treatment,
the effect of FGF8b on cell proliferation and biomass assimilation was investigated.
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Incubation of NIH/3T3 mouse fibroblasts with increasing concentrations of FGF8b
induced cell proliferation with an ECso = 5.1 ng/ml (Fig. 6A). Likewise, treatment of
epididymal preadipocytes with FGF8b for 48 h resulted in a significant increase in cell
proliferation (Fig. 6B), and RNA/protein yields were consistently higher in FGF8b
treated adipocytes than in the control group (Fig. 6C). Thus, FGF8b elicited a strong
mitogenic effect in both epididymal preadipocytes and adipocytes, providing a rationale

for the observed metabolic switch towards glycolysis in cultured cells.
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Figure 6. FGF8b treatment stimulates cell proliferation in (pre)adipocytes. (A) Mitogenic assay based on
resazurin oxidation in NIH/3T3 fibroblasts stimulated with increasing concentrations of FGF8b for 48 h (n=6 for
each group). (B) Mitogenic assay based on resazurin oxidation in epididymal preadipocytes stimulated with 125
ng/ml FGF8b for 48 h (N=3 for each group). (C) Typical RNA/protein yield from cultured epididymal adipocytes
treated with FGF8b during differentiation (N=3 for each group). Adipocytes in panel C were differentiated according
to differentiation protocol A. Student’s t-test in B and two-way ANOVA in C. Statistically significant results were
indicated with asterisks: * = p<0.05. ** = p<0.01, *** = p<0.001, **** = p<0.0001. Data in panel B-C previously
published in Westphal et al, 2019.

1.7 FGF8b strongly upregulates Ucpl expression in white preadipocytes.
Treatment with FGF8b stimulated cell proliferation during the differentiation procedure,
which was metabolically supported by an activation of the glycolytic pathway.
Moreover, lipid metabolism and adipogenesis were suppressed, while the
preadipocyte marker Pref-1 was increased. Combined, these data supported the view
that FGF8b acted as a mitogenic cue for some preadipocytes*, while other
preadipocytes differentiated to mature adipocytes within the same cell culture. This
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Figure 7. FGF8b strongly upregulates Ucpl expression in preadipocytes. (A) Ucpl mRNA expression in
epididymal preadipocytes (FVB/N) treated with 125 ng/ml FGF8b for six days (N=3 for each group). (B) Ucpl
MRNA expression in inguinal preadipocytes (129S) treated with 125 ng/ml FGF8b for six days (N=3 for each group).
Student's t-test in A and B. Statistically significant results were indicated with asterisks: * = p<0.05. ** = p<0.01,
*** = p<0.001, *** = p<0.0001.

opened the possibility that FGF8b would, in fact, target Ucpl expression in
preadipocytes rather than adipocytes, explaining the lack of overall thermogenic
differentiation. Treatment of epididymal preadipocytes with FGF8b for the duration of
six days (equal to the duration of the differentiation period), indeed, strongly
upregulated Ucpl expression (Fig. 7A), which was corroborated in a white
preadipocyte cell line derived from the 129S mouse strain (Fig. 7B). Thus, FGF8b
induced Ucpl expression in the proliferating and pro-glycolytic preadipocyte, while

negatively affecting the outcome of adipogenic and thermogenic differentiation.

In summary, FGF8b induced Ucpl expression in immortalized white epididymal and
inguinal adipocytes. Surprisingly, the effect on Ucpl expression was neither embedded
in a coordinated upregulation of the adipogenic, nor thermogenic programm. As a
result, adipocytes treated with FGF8b were characterized by impaired lipid
accumulation and a lack of thermogenic activity. Instead, adipocyte cell cultures
treated with FGF8b showed signs of increased cell proliferation and a pro-glycolytic
metabolism to support it. Finally, FGF8b was demonstrated to regulate Ucpl gene
expression in the undifferentiated preadipocyte, highlighting a formerly unrecognized
site for Ucpl expression in cell cultures derived from white adipose tissue.

1.8 FGF8b lowers Ucpl expression in differentiated brown adipocytes.

FGF8b increased Ucpl expression in immortalized white epididymal and inguinal
adipocytes, but its effect on brown adipocytes, the main site of Ucpl expression in
vivo, was not known. Immortalized brown preadipocytes derived from two different
mouse strains, the 129S mouse and the Ucpl-reporter mouse (C57BL/6N), a
transgenic mouse model, which accurately reports endogenous Ucpl expression via
a luciferase reporter (Wang et al, 2019), were used. Consistent with previous findings,
FGF8b treatment in brown adipocytes led to lower gene expression of adipogenic and
thermogenic genes (Fig. 8A), and resulted in less overall lipid accumulation (Fig. 8B).
However, brown adipocytes treated with FGF8b had lower Ucpl expression than
control cells (Fig. 8A). These data were reproduced in brown Ucpl-reporter adipocytes
showing less Ucpl expression in brown adipocytes upon treatment with FGF8b during
the entire differentiation (Fig. 8C) or when added to fully differentiated adipocytes for
another 48 h (Fig. 8D).
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Figure 8. FGF8b lowers Ucp1 expression brown adipocytes. (A) Relative mRNA expression of adipogenic and
thermogenic genes in brown adipocytes (129S) treated with FGF8b (N=4 for each group). (B) lipid staining with
the fluorescent dye BODIPY in brown adipocytes treated with or without FGF8b. ExX/Em: 488-503/515-545. Scale
bar 200 pum. (C) luciferase linked Ucpl expression (Ucpl-LUC) in rosiglitazone (1 pM) treated brown adipocytes
stimulated with FGF8b over the entire differentiation period (N=5 for each group). (D) luciferase linked Ucpl
expression (Ucpl-LUC) in rosiglitazone (1 uM) treated brown adipocytes stimulated with FGF8b for 48 at the end
of differentiation (N=3 for each group). Adipocytes in all panels were differentiated according to differentiation
protocol B. Multiple Student’s t-test with Bonferroni correction in A, two-way ANOVA in C and D. Statistically
significant results were indicated with asterisks: * = p <0.05. ** = p<0.01, *** = p<0.001, **** = p <0.0001.

Taken together, these data demonstrated a clear discrepancy with respect to the effect
of FGF8b on Ucpl expression between adipocytes derived from white fat depots and
interscapular brown fat. Whether this discrepancy would be a disposition of the

preadipocyte or a consequence of differentiation remained to be tested.
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2. The effect of FGF8b on undifferentiated preadipocytes.

2.1 FGF8b strongly upregulates Ucpl expression in brown preadipocytes.
Preadipocyte-specific Ucpl expression was comprehensively characterized using both
immortalized and primary brown and white preadipocytes. Ucpl gene expression
significantly increased in immortalized brown preadipocytes derived from 129S mice
upon treatment with FGF8b for 72 h (Fig. 9A). These changes in transcript abundance
translated to a 20-fold increase in UCP1 protein expression in the same cell model
(Fig. 9B). Lentivirus mediated overexpression of FGF8b in immortalized brown
preadipocytes replicated these findings (Fig. 9C). For an extensive characterization of
FGF8b induced Ucpl expression, we employed our established Ucpl-luciferase-
reporter model (BI/6N background), which provides a reliable and efficient
luminescence based readout for Ucpl expression (Wang et al, 2019). Treatment of

immortalized brown and white preadipocytes of the Ucpl-reporter model with FGF8b
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Figure 9. FGF8b induces Ucpl expression in brown and white preadipocytes. (A) Ucpl mRNA expression in
brown preadipocytes (129S) treated with 50 and 250 ng/ml FGF8b (N=5 for each group). (B) UCP1 protein
expression in brown preadipocytes (129S) treated with 125 ng/ml FGF8b (N=4 for each group). (C) Fgf8b and Ucp1
mRNA expression in brown preadipocytes (129S) as a result of lentiviral overexpression of enhanced green
fluorescent protein (EGFP) and FGF8b (N=4 for each group). (D-E) luciferase activity linked Ucpl expression
(Ucp1-LUC) in immortalized Ucpl-reporter derived brown and white preadipocytes (N=5-6 for each group). (F)
luciferase activity linked Ucpl expression (Ucpl-LUC) in primary brown and white preadipocytes (N=5 for each
group). All experiments were carried out in the presence of 1ug/ml heparin. Kruskal-Wallis test in A, D, E, Mann-
Whitney in B, two-way ANOVA in C, F. Statistically significant results were indicated with asterisks: * = p <0.05. **
=p<0.01, ** =p<0.001, **** = p<0.0001.
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for 48 h increased Ucpl expression dose-dependently (Fig. 9D-E). Similarly, treatment
of primary preadipocytes isolated from the interscapular brown and white inguinal
adipose tissue with FGF8b induced Ucpl expression 25-40 fold, respectively. Thus,
FGF8b treatment upregulated Ucpl expression in immortalized and primary brown and
white preadipocytes, independent of mouse strain (129S vs. BI/6N) and mode of

delivery (pharmacological vs. lentivirus).

2.2 The biological activity of FGF8b is modulated by its cofactor heparin.
The effect of FGF8 on Ucpl expression followed a dose-response relationship, with
an experimentally determined ECso value of 55 ng/ml in brown preadipocytes (Fig.
10A). A single dose of 125 and 250 ng/ml FGF8b induced Ucpl expression
significantly above control levels after 48 h, peaking at 72 h, before declining again
towards the end of the experiment (Fig. 10B), possibly due to diminished FGF
signaling. Next, the ability of the cofactor heparin to modulate FGF signaling was

evaluated in a dose-response experiment with varying concentrations of both FGF8b
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Figure 10. The biological activity of FGF8b is modulated by heparin. (A) Dose-response relationship between
FGF8b concentration and luciferase linked Ucpl expression (Ucpl-LUC) in brown preadipocytes (N=5 for each
group). (B) luciferase activity linked Ucpl expression (Ucpl-LUC) in brown preadipocytes following a single
application of 125 and 250 ng/ml FGF8b without media exchange (N=3-5 for each group). (C) luciferase activity
linked Ucpl expression (Ucpl-LUC) in brown preadipocytes treated with increasing concentrations of FGF8b (0.2,
1, 5, 25, 125 ng/ml) and heparin (0.01, 0.1, 1,10, 100 pg/ml) (N=5 for each group). Experiments in panel A and B
were carried out in the presence of 1 ug/ml heparin. Two-way ANOVA in B and C. Statistically significant results
were indicated with asterisks: * = p<0.05. ** = p<0.01, *** =p<0.001, **** = p <0.0001.
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(0, 0.2, 1, 5, 25, 125 ng/ml) and heparin (0.01, 0.1, 1, 10, 100 pg/ml). Interestingly,
heparin amplified FGF8b induced Ucpl expression 2-6 fold in the range between 0.01
to 1 pg/ml of added heparin, but blunted or even abrogated the effect of FGF8b on
Ucpl expression at 10 pg/ml and 100 pug/ml, respectively (Fig. 10C). Taken together,
these data demonstrated a clear dose-response relationship between FGF8b
concentration and the magnitude of Ucpl expression in brown preadipocytes and
highlighted the cofactor heparin as a strong modulator of FGF8b signaling. In all of the
following experiments a heparin concentrations of 1 pg/ml was used to amplify FGF8b
signaling activity.

2.3 Paracrine FGFs with high mitogenicity induce Ucpl expression.
The effect of FGF8b on Ucpl expression in preadipocytes was compared to other
paracrine and endocrine members of the FGF protein family. FGF6 and FGF9 were
selected due to a recent publication, demonstrating FGF6/FGF9 induced Ucpl
expression in preadipocytes (Shamsi et al, 2020). FGF21 was included based on its
demonstrated browning effect on cultured white adipocytes and WAT in vivo
(Emanuelli et al, 2014; Fisher et al, 2012). All paracrine FGFs (FGF6, FGF8b, FGF9),
except FGF1 induced Ucpl expression in brown preadipocytes, when equimolar
concentrations were used (Fig. 11A). Increasing the concentration of FGF1 resulted

in a significant upregulation of Ucpl expression, but it remained less potent than
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Figure 11. Mitogenic FGFs induce Ucpl expression. (A) luciferase activity linked Ucpl expression (Ucpl-LUC)
in brown preadipocytes treated with equimolar concentrations (5.55 nM) of FGF1, FGF6, FGF8b, FGF9 and FGF21
compared to heparin control (HEP, 1 pg/ml) and beta-klotho control (KLB, 1 pg/ml) (N=5 for each group). (B)
luciferase activity linked Ucpl expression (Ucpl-LUC) in brown preadipocytes treated with increasing
concentrations of FGF1 (5.55, 11.1, 16.7 nM) (N=3 for each group). (C) Cell count over a period of 72 h in brown
preadipocytes treated with FGF8b (N=4 for each group). (D) luciferase activity linked Ucpl expression (Ucpl-LUC)
and (E) fold change in cell number in brown preadipocytes treated with equimolar concentrations of FGF1, FGF8b,
FGF9, 5 pg/ml epidermal growth factor (EGF) and 200 ng/ml platelet-derived growth factor (PDGF-BB) (N=4 for
each group). (F) fold induction of luciferase activity linked Ucpl expression (Ucpl-LUC) by FGF8b depending on
passage number of preadipocytes used (passaged 5, 15 and 25 times) (N=4 for each group). All experiments were
carried out in the presence of 1 ug/ml heparin. Kruskal-Wallis test in A and B, one-way ANOVA in D, E, two-ay
ANOVA in C and F. Statistically significant results were indicated with asterisks: * = p<0.05. ** = p<0.01, *** =
p <0.001, **** = p<0.0001.

FGF8b (Fig. 11B). FGF21 failed to increase Ucpl expression in the presence of its
cofactor beta-Klotho (Fig. 11A). A possible relationship between the mitogenic effect
of paracrine FGFs and other mitogens such as epidermal growth factor (EGF) and
platelet-derived growth factor (PDGF), and their ability to induce Ucpl expression was
investigated. Brown preadipocytes treated with FGF8b showed higher cell proliferation
with cell numbers diverging between untreated and treated cells as soon as after 24 h
of incubation, culminating in a 3-fold difference in cell numbers after 72 h (Fig. 11C).
FGF9 and PDGF exhibited strong mitogenic potency in brown preadipocytes, while
FGF1 and EGF remained ineffective in stimulating cell proliferation above control
levels (Fig. 10E). Interestingly, paracrine FGFs induced Ucpl expression only if they
also possessed high mitogenic potency, but mitogenic potency alone as in the case of
PDGF did not affect Ucpl expression (Fig. 11D-E). Notably, brown preadipocyes with
higher passage numbers demonstrated higher fold inductions of Ucpl upon FGF8b
treatment (Fig. 11F), possibly indicating that a highly proliferative subpopulation exists
in the stromal-vascular fraction of brown adipose tissue, which was disproportionately
responsive to FGF8b treatment. Taken together, FGF6, FGF8b and FGF9 induced
Ucpl expression in preadipocytes to similar degrees, whereas FGF1 was less effective
than the other paracrine FGFs. Interestingly, the ability to strongly induce Ucpl
expression correlated with the mitogenicity of studied FGFs, highlighting an
unexpected interplay between cell proliferation and Ucpl gene expression.
Conversely, preadipocytes of higher passages, which likely contained cells with a
higher proliferative capacity due to continuous positive selection, were demonstrated
to induce Ucpl more effectively. Thus, highly passaged cell lines might be more
responsive to FGF8b treatment.
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2.4 The FGF8b induced transcriptome is not fat-depot dependent.
Global gene expression signatures in white and brown preadipocytes upon FGF8b
treatment were assessed by transcriptomic analyses. Immortalized preadipocytes
derived from both fat depots were treated with 125 ng/ml FGF8b and 1 pg/ml heparin
for 48 h. Control cells were treated with 1 pg/ml heparin over the same period.
Differential gene expression analysis revealed a large overlap of significantly down-
and upregulated transcripts between the fat depots, indicating that treatment effects
overrode potential depot effects (Fig. 12A-B). The most downregulated genes included
Ptn, Igfbp3, Igfbp4, Nov, Wisp2 and Aspn, and the most upregulated genes were Sppl,
Angptl4, Sic14al, Hmga2 and Ptgs2. Notably, prostaglandin endoperoxidase synthase
2 (Ptgs2), also known as cyclooxygenase 2, is an enzyme located in the prostaglandin
biosynthetic pathway, a pathway associated with browning of white adipose tissue
(Vegiopoulos et al, 2010; Madsen et al, 2010). Pathways enriched within the subset of
highly downregulated genes included Extracellular matrix organization, Degradation of
the extracellular matrix, Collagen formation and Collagen biosynthesis and modifying
enzymes, demonstrating remodeling of the extracellular matrix by FGF8b treatment.
Analysis of highly upregulated genes revealed enriched pathways such as
Extracellular matrix organization, MAPK family signaling cascade, Metabolism of
carbohydrates, Glucose metabolism and Glycolysis, indicating that FGF8b controlled

glucose utilization via the MAPK signaling pathway (Fig. 12D).
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Reactome Pathway: Upregulated genes by FGF8b
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Figure 12. Transcriptomic analysis of FGF8b treatment in preadipocytes. (A) Venn diagrams showing the
overlap between subsets of down- and upregulated transcripts (adjusted p-value < 0.01 and logz fold change > 1
or < -1) beween fat depots (ibat vs. iwat). (B) Subset of genes with highest variance across all groups based on
normalized count matrix. Scale bar reflects fold changes after variance stabilizing transformation and are centered
around the mean (2 logz fold change). Analyzed with the DESeg2 R package. (C) Pathway analysis of down-and
upregulated genes (adjusted p-value < 0.01 and logz fold change > 1 or < -1) in brown preadipocytes. Analyzed
with the ReactomePA R package.
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Taken together, transcriptomic analyses of cultured preadipocytes treated with FGF8b
revealed three key findings, which warranted further investigation. Firstly, which
fibroblast growth factor receptor gene is activated and are there signaling pathways
besides the MAPK pathway contributing to FGF8b signaling? Secondly, is the
induction of Ptgs2 causally linked to FGF8b induced Ucpl expression? And thirdly,

does FGF8b control glucose metabolism with a potential link to Ucpl expression?

2.5 FGF8b induced Ucpl expression is mediated by FGFR1.
Fibroblast growth factors signal via four fibroblast growth factor receptor (Fgfr) genes,
designated Fgfrl-4. The most abundant Fgfrs in preadipocytes were, according to the
transcriptomic data, Fgfrl and Fgfr2, whereas Fgfr3 showed very weak and Fgfr4 no
meaningful expression at all (Fig. 13A). Gene silencing of Fgfrl and Fgfr2 was
performed using DsiRNAs and efficiency of knockdown was validated by RT-gPCR.
Knockdown of Fgfrl increased Fgfr2 expression, while Fgfr2 knockdown did not
change Fgfrl transcript levels (Fig. 13B-C). The effect of FGF8b on Ucpl expression

was completely abrogated in cells lacking Fgfrl, but remained unchanged, when Fgfr2
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Figure 13. FGF8b induced Ucpl expression is mediated by FGFR1. (A) mRNA expression of fibroblast growth
factor genes in reads per million mapped reads (RPKM) in brown preadipocytes from the first RNA sequencing
experiment (N=4 for each group). Fgfr4 was non-detectable (n.d.). (B-C) Fgfrl/Fgfr2 mRNA expression in
Fofrl/Fgfr2 knockdown (kd) experiments with 20 nM DsiRNA in brown preadipocytes (N=4 for each group). (D)
luciferase activity linked Ucpl expression (Ucpl-LUC) in brown preadipocytes treated with FGF8b during
Fgfrl/Fgfr2 knockdown (N=5 for each group). (E) FGFR1 protein expression in brown preadipocytes upon Fgfrl
knockdown 72 h post-transfection (N=4 for each group). FGFRL1 protein expression was normalized to ACTB protein
expression. Control (C) and Knockdown (KD) N=4 for each group). All experiments were carried out in the presence
of 1 pg/ml heparin. One-way ANOVA in A, two-way ANOVA in B-D, Mann-Whitney test in E. Statistically significant
results were indicated with asterisks: * = p<0.05. ** = p<0.01, *** = p<0.001, **** = p<0.0001.
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was silenced (Fig. 13D). Efficiency of gene silencing of FGFR1 was confirmed on the
protein level (Fig. 13E). Thus, initiation of FGF8b signaling occurred via binding of
FGF8b to FGFR1, followed by downstream pathway activation.

2.6 FGF8b signals via a FGFR1-MEK1/2-ERK1/2 axis to upregulate Ucp1.
Several intracellular signaling pathways have been shown to underly the biological
activity of FGFs. These include the RAS-MAPK, PI3K-Akt, STAT and PLCy-PKC
pathways (Ornitz & Itoh, 2015). A panel of small molecule inhibitors was used to target
these pathways in brown preadipocytes to validate the contribution of each signaling
branch in FGF8b mediated Ucpl induction (Table 4.).

Table 4. Small molecule inhibitors targeting the FGF signaling pathway.

No. Inhibitor Name Abbreviation Target Pathway
1 LY2874455 LY pan-FGFR -
2 SH-4-54 SH Stat3,5 STAT
3 TAK632 TAK pan-RAF RAS-MAPK
4 Trametinib TRA MEK1/2 RAS-MAPK
5 SCH772984 SCH ERK1/2 RAS-MAPK
6 SB202190 SB p38MAPK RAS-MAPK
7 Wortmannin WOR PI3K PI3K-AKT
8 Bisindolylmaleimide | BIS PKC PLCy-PKC

The ability to inhibit FGF8b induced Ucpl expression was evaluated in comparison to
a vehicle/DMSO (negative) control and the pan-FGFR inhibitor LY2874455, which
served as a (positive) inhibition control. FGF8b induced Ucpl expression 75-fold in the
vehicle control group and was completely abolished in the presence of the pan-FGFR
inhibitor LY2874455 (Fig. 14A). FGF signaling remained unchanged in the presence
of four out of seven inhibitors (TAK632, SB2020190, Wortmannin, Bisindoylmaleimide
I) (Fig. 14A). One inhibitor (SH-4-54) moderately amplified the effect of FGF8b on
Ucpl expression above control values and two inhibitors (Trametinib, SCH772984)
abrogated FGF8b induced Ucpl expression entirely (Fig. 14A). These data
demonstrated that FGF8b signaled via a MAPK pathway-dependent MEK1/2-ERK1/2
axis to control Ucpl expression. Nuclear receptors are direct transcriptional regulators
downstream of signaling pathways and control gene expression. Peroxisome
proliferator-activated receptors (PPARS) regulate brown adipocyte differentiation. The
role of PPARs as nuclear effectors downstream of the MAPK pathway was

investigated. Brown preadipocytes were treated with FGF8b and antagonists for
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PPARa, PPARB/® and PPARYy. Surprisingly, FGF8b induced Ucpl expression
remained unaffected in each case (Fig. 14B).
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Figure 14. FGF8b signals via a MEK1/2-ERK1/2 axis, independent of PPARs. (A) luciferase activity linked
Ucp1l expression (Ucpl-LUC) in brown preadipocytes treated with 125 ng/ml FGF8b and 250 nM of the following
inhibitors (abbreviation, target) for 48 h: LY2874455 (LY, pan-FGFR), SH-4-54 (SH, Stat3,5), TAK632 (TAK, pan-
RAF), Trametinib (TRA, MEK1/2), SCH772984 (SCH, ERK1/2),SB2020190 (SB, p38MAPK), Wortmannin (WOR,
PI3K), Bisindoylmaleimide | (BIS, PKC), N=4 for each group. (B) luciferase activity linked Ucp1 expression (Ucpl-
LUC) in brown preadipocytes treated with 125 ng/ml FGF8b and one of the following inhibitors (target) for 48 h:
GW6471 (PPARa), GSK3787 (PPARR/5), GW9662 (PPARY), N=5 for each group. Data were normalized to
inhibitor treatment control in panel A and B. All experiments were carried out in the presence of 1 pg/ml heparin.
One-way ANOVA in A and B. Statistically significant results were indicated with asterisks: *=p <0.05. ** =p <0.01,
***=p<0.001, **** =p<0.0001.

Taken together, these data delineated a clear route of the FGF signal transduction
from the receptor level to the downstream effectors involving a FGFR1-MEK1/2-
ERK1/2 axis, which indicated activation of the RAS-MAPK pathway (Fig. 15).
Furthermore, control over Ucpl expression in brown preadipocytes occurred
independent of canonical PPAR signaling, which suggested that non-canonical

transcriptional regulators were involved instead.
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Figure 15. The FGF signaling pathway in control of Ucpl. The FGF signaling pathway is activated
by formation of the ternary FGF8b/FGFR1-cofactor complex. Heparin or heparan sulfate proteoglycans
(HSPG) serve as cofactors in FGF signaling. FGF signaling is initiated by receptor dimerization and
autophosphorylation of the intracellular receptor tyrosine kinase domains, which results in activation of
several signaling branches such as RAS-MAPK, PI3K-AKT, STAT and PLCy-PKC. Individual branches
of FGF signaling were targeted with small molecule inhibitors. These inhibitors were (abbreviation +
target) used: (1) LY2874455 (LY, pan-FGFR), (2) SH-4-54 (SH, Stat3,5), (3) TAK632(TAK, pan-RAF),
(4) Trametinib (TRA, MEK1/2), (5) SCH772984(SCH, ERK1/2), (6) SB2020190 (SB, p38MAPK), (7)
Wortmannin (WOR, PI3K), (8) Bisindoylmaleimide | (BIS, PKC). Target proteins are indicated with a red
bolt. Green arrows indicate the experimentally established molecular axis, which mediated FGF8b
induced Ucpl expression. Figure was created with biorender.com.
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2.7 Prostaglandin metabolism is coordinately upregulated by FGF8b.
The impact of FGF8b on prostaglandin metabolism was investigated based on the
observed upregulation of Ptgs2 in the transcriptomic data. Expression levels of several
other genes involved in prostaglandin metabolism including Pla2g4a, Ptgsl, Ptgesl
and Slco2al were significantly upregulated upon FGF8b treatment (Fig. 16A).
Inhibition of PTGS1 and PTGS2 by non-selective PTGS inhibitors diclofenac and
indomethacin partially blunted, while selective PTGS2 inhibitor celecoxib completely
abolished FGF8b induced Ucpl expression (Fig. 16B), demonstrating that the
molecular mechanism underlying FGF8b induced Ucpl expression was PTGS2-
dependent. The prostaglandin biosynthetic pathway gives rise to a multitude of

arachidonic acid derived lipid mediators. LC-MS/MS based measurements were
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Figure 16. FGF8b coordinately upregulates prostaglandin metabolism. (A) mRNA expression of genes
involved in prostaglandin metabolism in brown preadipocytes treated with 125 ng/ml FGF8b for 24 and 48 h (N=5
for each group). (B) luciferase activity linked Ucpl expression (Ucpl-LUC) in FGF8b treated brown preadipocytes
upon inhibition of prostaglandin endoperoxidase synthase (PTGS) 1 and 2 by unselective inhibitor diclofenac (20
pUM), indomethacin (125 uM), and selective PTGS2 inhibitor celecoxib (20 pM) for 48 h (N=5 for each group). (C-
D) LC-MS/MS measurements of oxylipin species in FGF8b conditioned media of brown preadipocytes treated with
or without celecoxib (20 pM) for 48 h (N=5 for each group). Scale in C represents logio transformed metabolite
concentrations in pg/ml and are centered around the mean. All experiments were carried out in the presence of 1
pg/ml heparin. Two-way ANOVA in A, B and D. Statistically significant results were indicated with asterisks: * =
p<0.05. ** =p<0.01, "™ =p<0.001, *** =p<0.0001.
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performed with the aim to identify potential candidate compounds that were causally
involved in controlling Ucpl expression by FGF8b. Brown preadipocytes were treated
with either FGF8b, celecoxib or a combination of both substances for 48 h. Conditioned
media was collected and assayed for 52 lipid mediators. Six oxylipin species were
robustly detectable and passed internal quality control (Fig. 16C). The candidates with
the most promising profiles were prostaglandin E2 (PGE2) and 6-keto-PGF1q, a
degradation product of prostaglandin I2 (PGIl2). Both metabolites were selected for
further investigations due to their high abundance in cell culture supernatant, strong
responsiveness to both FGF8b and celecoxib treatment, and overall correlation to

Ucpl expression.

2.8 The PGE2 biosynthetic pathway controls Ucpl expression.
The role of the prostaglandin biosynthetic pathway was validated by inhibition of the
PGE:2 synthesizing enzyme PTGES1 with two different inhibitors CAY10678 and
CAY10526. PTGESLI inhibition strongly blunted FGF8b induced Ucpl expression in
brown preadipocytes by single inhibitor treatment and more effectively when both
inhibitors were combined (Fig. 17A). These data were confirmed using a gene
silencing approach of Ptgesl, which significantly reduced both the induction of Ucpl
in preadipocytes by FGF8b and PGE: levels in cell media (Fig. 17C-D). Inhibition of
the PGIz producing enzyme PTGIS, on the other hand, did not impair FGF8b induced
Ucpl expression, despite robustly reducing 6-keto-PGF1a concentrations (Fig. E-F).
The temporal sequence between rising PGE: levels in relation to the induction of Ucpl
was resolved to establish causality. Upon treatment with FGF8b, PGE: levels
increased rapidly within hours (Fig. 17G), peaking at around 24 h, while Ucp1 followed
with a delay of approximately 24 h (Fig. 17H). Thus, PGE-2 production preceded Ucpl
induction, lending further support for a causal role of PGE2. Whether PGE2 alone would
be sufficient to upregulate Ucpl in preadipocytes was subsequently examined.
Incubation of brown preadipocytes with high micromolar concentrations of PGE2 for 8
and 48 h revealed a significant 8-fold increase after 8 h, but not 48 h (Fig. 17I),
indicating that PGE2 was able to elicit a moderate, albeit transient effect on Ucpl
expression. Taken together, FGF8b treatment induced a broad upregulation of genes
involved in prostaglandin metabolism, and FGF8b induced Ucpl expression was
shown to be controlled in a PTGS2 and PTGES1-dependent manner. The product of
the sequential action of PTGS2-PTGESL1 catalyzed reactions, PGE2, was identified as
an abundant FGF8b-responsive lipid mediator, which was able to rapidly induce Ucpl
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expression in preadipocytes in a transient manner. Thus, the transcriptional regulation
of Ucpl by FGF8b required a mechanism involving the PGE-: biosynthetic pathway.
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Figure 17. FG8b induces PGE:z biosynthesis to control Ucpl expression. (A) luciferase activity linked Ucpl
expression (Ucpl-LUC) upon PTGESL1 inhibition by CAY10678 and/or CAY10526 (25 uM each) in brown
preadipocytes treated with FGF8b for 48 h (N=4 for each group). (B) Ptgesl mRNA expression upon Ptgesl
knockdown in brown preadipocytes, 48 h post-transfection (N=4 for each group). (C) luciferase activity linked Ucp1
expression (Ucpl-LUC) in FGF8b treated brown preadipocytes upon Ptgesl knockdown (N=4 for each group). (D)
PGE: levels in media of FGF8b treated brown preadipocytes (N=4 for each group). (E) luciferase activity linked
Ucpl expression (Ucpl-LUC) upon PTGIS inhibition by U-51605 (25 pM) in brown preadipocytes treated with
FGF8b for 48 h (N=4 for each group). (F) 6-keto-PGFiq levels in media of FGF8b/U-51605 treated brown
preadipocytes (N=4 for each group). (G) PGE: levels in media and (H) luciferase activity linked Ucpl expression
(Ucp1-LUC) in FGF8b treated brown preadipocytes over 48 h (N=4 for each group). (I) Stimulation of brown
preadipocytes with 10 and 100 uM PGE: for 8 and 48 h (N=4-5 for each group). All experiments were carried out
in the presence of 1 ug/ml heparin. One-way ANOVA in A, C, D, two-way ANOVA in F and H, Student’s t test in B
and G (for timepoint 48 h only) and Kruskal-Wallis test in | for each treatment duration. Statistically significant
results were indicated with asterisks: * = p<0.05. ** = p<0.01, ** = p<0.001, *** = p<0.0001.
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2.9 The glycolytic pathway is upregulated by FGF8b.
The impact of FGF8b on glucose metabolism was investigated based on the observed
enrichment of the glycolytic pathway in the transcriptomic data. On the level of
individual genes an induction upon FGF8b treatment was observed for Sic2al, Hk2,
Gpil, Pfkl, Aldoa, Tpil, Enol, Pkm and Ldha (Fig. 18A), highlighting the coordinated
activation of the glycolytic pathway. Preadipocytes treated with increasing
concentrations of FGF8b were functionally evaluated in terms of metabolic activity and
proton production capacity. Preadipocytes treated with FGF8b demonstrated a dose-
dependent increase in oxygen consumption and extracellular acidification (Fig. 18B-
C), possibly to some extent driven by the mitogenic effect of FGF8b. Maximal glycolytic
capacity as assessed by proton production rates after the addition of FCCP and
monensin were dose-dependently increased by FGF8b (Fig. 18D). Notably, the
calculated proton production rate already accounted for the generation of protons by

respiration and was normalized to the protein content of the well to control for
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Figure 18. Glycolysis is activated in preadipocytes treated with FGF8b. (A) Expression data of glycolyic genes
from the first RNA sequencing experiment in counts per million in brown preadipocytes treated with FGF8b (N=4
for eah group). (B) oxygen consumption rate in pmol O2/min and (C) extracellular acidification rate in mpH/min in
brown preadipocytes treated with 25, 125 and 300 ng/l FGF8b for 48 h on collagen coated 96-well plate on a XF96
flux analyzer (N=10-18 for each group). (D) glycolytic proton production rate in pmol H*/min/ug protein in brown
preadipocytes treated with 25, 125 and 300 ng/l FGF8b for 48 h, normalized to protein concentration (N=10-18 for
each group). Injections A: 25 mM glucose, B: media, C: 1 uM rotenone, 1 uM myxothiazol, D: 400 UM monensin,
2 UM FCCP. (E) lactate levels in FGF8b treated preadipocytes from wild-type and Ucpl-knock-out mice (N=4 for
each group). All experiments were carried out in the presence of 1 ug/ml heparin. Multiple Student’s t test with
Bonferroni correction in A, one-way ANOVA in D and two-way ANOVA in E. Statistically significant results were
indicated with asterisks: * = p<0.05. ** = p<0.01, *** = p<0.001, **** = p<0.0001.
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differences in cell number. The glycolytic phenotype, as assessed by lactate release
into media, did not require the presence of Ucpl in brown preadipocytes as genotype
comparisons showed (Fig. 18E). Thus, FGF8b induced a coordinated upregulation of
glycolysis and rendered preadipocytes pro-glycolytic on a functional level, but Ucpl
itself was not required to function as a glucose sink.

2.10 FGF8b stimulates glucose uptake and lactate release in preadipocytes.
Enhanced glucose catabolism requires higher rates of glucose uptake. Glucose uptake
capacity was assayed in brown preadipocytes treated with increasing concentrations
of FGF8b. The proportion of uptake mediated by the most abundant glucose
transporter in preadipocytes, glucose transporter 1 (SLC2A1), was assessed by
employing the SLC2A1 inhibitor BAY-876. Glucose uptake was dose-dependently
increased up to 6-fold with FGF8b treatment and was completely blunted by BAY-876
(Fig. 19A), suggesting that SLC2A1 was the dominant glucose transporter in brown
preadipocytes. The ICso value of BAY-876 was subsequently determined to be in the
low micromolar range (Fig. 19B). Another key feature of highly glycolytic cells is lactate
production. Lactate accumulation over time was therefore evaluated following a single
dose of FGF8b in brown preadipocytes. Lactate levels in cell culture supernatant
continuously increased over a time span of 96 h in both control and treatment groups
(Fig. 19C). Culture media of cells stimulated with FGF8b accumulated 5 mM of lactate,
while the control group only accumulated 2 mM in the same time period (Fig. 19C).

These data showed that FGF8b increased glucose uptake and lactate release.
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Figure 19. FGF8b stimulates glucose uptake and lactate release. (A) glucose uptake assay with 2.5 mM 2-
deoxy-D-glucose (2-DG) in brown preadipocytes treated with 25, 75 and 125 ng/ml FGF8b. Negative controls
included stimulation with 10 uM BAY-876 during uptake and a no 2-deoxy-D-glucose (2-DG) condition (N=4 for
each group). (B) Dose-response curve between SLC2A1 inhibitor BAY-876 and FGF8b induced Ucpl expression
in brown preadipocytes (N=3 for each group (C) lactate in cell culture media upon a single dose of 125 ng/ml
FGF8b over a time course of 96 h without media exchange (N=3 for each group). All experiments were carried out
in the presence of 1 pg/ml heparin. One-way ANOVA in B and two-way ANOVA in C. Statistically significant results
were indicated with asterisks: * = p<0.05. ** = p<0.01, *** = p<0.001, **** = p<0.0001.
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Additionally, experiments employing the specific glucose transporter 1 inhibitor BAY -
876 demonstrated that FGF8b induced Ucpl expression required SLC2A1 mediated

glucose uptake.

2.11 FGF8b induced Ucp1l expression requires glycolytic flux.
FGF8b induced glycolysis in brown preadipocytes, but whether glycolytic flux per se
was a requirement for the induction of Ucpl remained unclear. Glycolytic flux was
manipulated based on two different strategies. Firstly, glucose levels in cell culture
media were controlled to represent groups with low, intermediate and high levels of
glucose. Secondly, glycolytic flux was slowed down by 2-deoxy-D-glucose (2-DG)
treatment of preadipocytes. In addition, inhibition of glucose uptake by BAY-876 was
used as a positive intervention control. Inhibition of glycolytic flux resulted in significant
reductions in FGF8b induced Ucpl expression (Fig. 20A). Lactate levels were
drastically reduced in each of these experiments validating the successful inhibition of
glycolytic flux (Fig. 20B). Taken together, these data demonstrated that the activation

of glycolysis in preadipocytes was required for the induction of Ucpl gene expression.
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Figure 20. FGF8b induced Ucpl expression requires glycolytic flux. (A) luciferase activity linked Ucpl
expression (Ucpl-LUC) and (B) in FGF8b treated brown preadipocytes depending on (from left to right) glucose
levels in cell media, glucose uptake inhibition by 2 uM BAY-876, inhibition of the glycolytic pathway by 2.5 mM 2-
deoxy-D-glucose (2-DG), N=5 for each group. All experiments were carried out in the presence of 1 ug/ml heparin.
Two-way ANOVA in A and B. Statistically significant results were indicated with asterisks: * = p <0.05. ** =p <0.01,
***=p<0.001, **** = p<0.0001.
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2.12 Endogenous lactate is not required for FGF8b induced Ucpl expression.
The catabolic product of the glycolytic pathway lactate regulates Ucpl expression in
white adipocytes (Carriere et al, 2014). Interestingly, lactate levels in brown
preadipocytes treated with the signaling inhibitors (Table. 1), used previously,
correlated with the induction of Ucpl by FGF8b (Fig. 21A). The ability of exogenously
and endogenously produced lactate to control or modulate FGF8b induced Ucpl
expression in preadipocytes was studied. In fact, Ucpl expression increased dose-
dependently when exogenous lactate was added to FGF8b treated preadipocytes (Fig.
21B), but not when lactate was added to untreated preadipocytes (Fig. 21C). However,
inhibition of endogenous lactate production by the lactate dehydrogenase inhibitor

sodium oxamate in FGF8b treated preadipocytes resulted in no changes in Ucpl
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Figure 21. Lactate is not required for FGF8b induced Ucp1l induction. (A) effect of small molecule inhibitors
on lactate levels in brown preadipocytes treated with FGF8b (N=4 for each group). Inhibitor (abbreviation, target):
LY2874455 (LY, pan-FGFR), SH-4-54 (SH, Stat3, 5), TAK632 (TAK, pan-RAF), Trametinib (TRA, MEK1/2),
SCH772984 (SCH, ERK1/2), SB2020190 (SB, p38MAPK), Wortmannin (WOR, PI3K), Bisindoylmaleimide | (BIS,
PKC). (B-C) luciferase activity linked Ucpl expression (Ucpl-LUC) in brown preadipocytes with or without FGF8b
treatment, incubated with increasing concentrations of lactate (2.5-50 mM) for 48 h (N=4 for each group). (C)
lactate levels and (E) luciferase activity linked Ucp1 expression (Ucp1-LUC) in FGF8b treated brown preadipocytes
incubated with lactate dehydrogenase inhibitor sodium oxamate (20 mM) for 48 h (N=5 for each group). One-way
ANOVA in A, B and two-way ANOVA in A, D and E. All experiments were carried out in the presence of 1 pg/ml
heparin. Two-way ANOVA in A and B. Statistically significant results were indicated with asterisks: * = p <0.05. **
=p<0.01, *** =p<0.001, **** =p<0.0001.
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induction (Fig. 21D), despite effectively preventing a rise in lactate levels in cell media
upon FGF8b treatment (Fig. 21E). Thus, lactate metabolism was not required for the
upregulation of Ucpl by FGF8b and did not mediate the effects of glycolytic flux on

Ucpl expression.

2.13 Glycolytic flux does not control PGE2 biosynthesis.
Glycolytic flux and PGE:2 biosynthesis were independently demonstrated to regulate
FGF8b induced Ucpl expression in preadipocytes. A potential link between these two
metabolic pathways was studied. PGE2 measurements were performed in cell culture
supernatant of brown preadipocytes treated with FGF8b and BAY-876. Interestingly,
impeding glycolytic flux did not reduce PGE:2 concentrations in FGF8b conditioned
media (Fig. 22A). On the contrary, inhibition of glucose uptake appeared to stimulate
the prostaglandin biosynthetic pathway in preadipocytes (Fig. 22A), which was
corroborated by increased transcript levels of Pla2g4a, Ptgsl and Ptgs2 (Fig. 22B).
These data demonstrated an interaction between glucose and prostaglandin
metabolism, providing evidence that PGE2 alone was not sufficient to fully induce Ucpl

expression without high glycolytic flux.
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Figure 22. Inhibiting glycolytic flux does not abolish PGE2 biosynthesis. (A) PGE: levels in media of brown
preadipocytes treated with 125 ng/ FGF8b, 2 uM BAY-876, or a combination of both (N=4 for each group). (B)
Relative mRNA expression of prostaglandin metabolism related genes in brown preadipocytes treated with FGF8b
with and without 2 pM BAY-876 (N=3 for each group). All experiments were carried out in the presence of 1 ug/ml
heparin. Kruskal-Wallis test in A, two-way ANOVA in B. Statistically significant results were indicated with asterisks:
*=p<0.05. **=p<0.01, ** =p<0.001, **** = p<0.0001.
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2.14 FGF1 fails to induce glycolytic flux and Ucpl expression.
Given the important interplay between glucose and prostaglandin metabolism in
controlling Ucpl gene expression, the hypothesis was tested that the lack of
effectiveness of FGF1 to upregulate Ucpl, as presented earlier (Fig. 11), was linked
to either a failed induction of glycolysis or PGE2 biosynthesis. Treatment of brown
preadipocytes with both FGF8b and FGF1 increased PGE: levels in cell culture media
to similar degrees (Fig. 23A) and the upregulation of the key enzyme Ptgs2 was fully
intact in FGF1 treated preadipocytes (Fig. 23B). Thus, FGF1 and FGF8b evoked the
same activation of the prostaglandin biosynthetic pathway. Glucose uptake capacity,
on the other hand, was much lower in FGF1 than in FGF8b treated preadipocytes (Fig.
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Figure 23. The glycolytic effect of FGFs correlate with Ucpl induction. (A) PGE: levels in media and (B) Ptgs2
MRNA expression in brown preadipocytes treated with 5.55 nM FGF8b and 5.55 nM FGF1 (N=5 for each group in
PGE: data, N=3 for each group in Ptgs2 data). (C) relative fold change in glucose uptake of brown preadipocytes
(129S) treated with 5.55 nM FGF8b and 5.55 nM FGF1 (N=3 for each group). (D) Relative mMRNA expression of
Slc2al and Hk2 and (E) luciferase linked Ucpl expression (Ucpl-LUC) in brown preadipocytes treated with 5.55
nM FGF8b, 5.55 nM FGF1 and 16.5 nM FGF1 (FGF1x3) for 48 h (N=3 for each group in Slc2al/Hk2 data, N=4 for
each group in Ucpl-LUC data). (F) Spearman correlation between glucose consumption and luciferase linked
Ucpl expression (Ucpl-LUC) in brown preadipocytes treated with 5.55 nM FGF8b, 5.55 nM FGF1 and 16.5 nM
FGF1 (FGF1x3) for 48 h (N=4 for each group). Kruskal-Wallis test in A and C, one-way ANOVA in B and E, two-
way ANOVA in D. All experiments were carried out in the presence of 1 pg/ml heparin. Kruskal-Wallis test in A,
two-way ANOVA in B. Statistically significant results were indicated with asterisks: * = p<0.05. ** = p<0.01, *** =
p <0.001, **** = p <0.0001.
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23C). In fact, FGF1 did not enhance glucose uptake above control levels (Fig. 23C).
In addition, transcript levels of genes essential for high glycolytic flux such as Slc2al
and Hk2 were much lower expressed in FGF1 than in FGF8b treated preadipocytes,
but higher concentrations of FGF1 (16.5 nM) reduced the difference to the FGF8b
group (Fig. 23D). These data clearly illustrated a dose-dependent effect of FGF1 on
glycolytic genes, which was reminiscent of the dose-dependency observed for FGF1
induced Ucpl expression (Fig. 23E). In fact, when glucose consumption was plotted
against Ucpl expression from preadipocytes treated with either FGF8b or FGF1, a
high correlation (r = 0.883) was observed (Fig. 23F). Taken together, it was
demonstrated that co-regulation of the prostaglandin biosynthetic pathway and
glycolysis were required events and failure to activate one or the other prevented the

maximal induction of Ucpl in preadipocytes.

2.15 FGF8b and FGF9 induce highly similar molecular signatures.
Two metabolic pathways, PGE:z biosynthesis and glycolysis, were identified as
metabolic regulators of FGF8b induced Ucpl expression in preadipocytes. The
underlying transcriptional regulators, however, particularly those which were able to
explain the discrepancy between the effects of FGF1 and FGF8b on Ucpl expression,
remained unidentified. A second RNA sequencing experiment was performed
comparing the effects of three different paracrine FGFs, FGF1, FGF8b and FGF9 on
the transcriptome of brown preadipocytes. In addition, the effect of low glycolytic flux
in FGF8b treated preadipocytes was studied by including a group co-treated with the

glucose transporter inhibitor BAY-876.

The principal components of the transcriptomic data was analyzed and revealed
extremely high similarities in gene expression signatures between FGF8b and FGF9
groups (Fig. 24A). Moreover, gene expression changes induced by FGF1 were found
to be more similar to the control group than to any other group (Fig. 24A). On the level
of Ucpl expression, treatments elicited the expected effects. While FGF8b and FGF9
strongly induced transcription of Ucpl, FGF8b + BAY-876 co-treatment led to a mild
and FGF1 to no induction of Ucpl (Fig. 24B). Since FGF8b and FGF9 induced
molecular signatures, which were virtually identical, and both upregulated Ucpl, the
expression level of a ternary transcriptional complex, recently implicated in FGF9
induced Ucp1l expression in preadipocytes (Shamsi et al, 2020), was evaluated. Three
proteins are part of the transcriptional complex: estrogen-related receptor a (Esrra),

flightless-1 (Flii) and leucine-rich-repeat-(in Flii)-interacting-protein-1 (Lrrfipl). While
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Esrra and Flii expression levels in brown preadipocytes were not different between
FGF1, FGF8b and FGF9 treatment groups, Lrrfipl expression correlated well with
Ucpl expression between these three FGFs (Fig. 24C).
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Figure 24. FGF8b and FGF9 induce highly similar expression changes. (A) principal component analysis of
expression patterns and (B-C) mRNA expression of Ucpl, Esrra, Flii and Lrrfipl induced by treatment of brown
preadipocytes (129S) with 5.55 nM FGF1, 5.55 nM FGF8b + 2 uM BAY-876 and 5.55 nM FGF9 (N=3 for each
group). All experiments were carried out in the presence of 1 pg/ml heparin. One-way ANOVA in B and two-way
ANOVA in C. Statistically significant results were indicated with asterisks: * = p <0.05. ** = p<0.01, *** = p<0.001,
**% = p <0.0001.
2.16 Hes1 is required for the induction of Ucpl by FGF8b.

Both Lrrfipl and Esrra have been shown to be required for FGF9 induced Ucpl
expression in preadipocytes (Shamsi et al, 2020). Gene silencing of Lrrfipl in FGF8b
treated preadipocytes resulted in no significant changes in Ucpl expression (Fig.
25A), despite excellent knockdown efficiency (Fig. 25B). Similarly, loss-of-function of
Esrra by DsIRNA mediated gene silencing did not impair FGF8b induced Ucpl
expression, but rather increased it as observed with one of two DsiRNAs (Fig. 25C).
Both DsiRNAs were validated and produced excellent knockdown efficiencies (Fig.
25D). Taken together, Lrrfipl and Esrra were not dispensable for FGF8b induced Ucpl
expression. Using the transcriptomic data set, an unbiased screening of transcription

factors, which highly correlated with Ucpl gene expression across treatment groups
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was performed (Table 5.). The top 10 candidates (Arid5a, Atf5, Bncl, Cebg, Etvi,
Hesl1, Nrfl, Nr2f2, Nuprl and Prdm16) were then individually silenced in brown

preadipocytes upon treatment with FGF8b to evaluate their transcriptional involvement

in controlling Ucpl expressi

on.

Table 5. Transcription factor candidates for knockdown studies.

Rank Gene symbol Pearsonr mean counts per sample
1 Nuprl 0,987 2294
2 Etvl 0,986 376
3 Atf5 0,978 3910
4 Bncl 0,963 452
5 Arid5a 0,958 446
6 Cebpg 0,953 2743
7 Hesl 0,945 214
8 Nrfl 0,944 1047
9 Prdm16 0,934 96
10 Nr2f2 0,926 886
A Ucp1-LUC B Lrrfip1 C Ucp1-LUC D Esrra
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Figure 25. FGF8b induced Ucp1l expression depends on Hes1. (A) luciferase activity linked Ucpl expression
(Ucp1-LUC) upon Lrrfipl knockdown in brown FGF8b treated preadipocytes (N=4 for each group) and (B) Lrrfipl
knockdown efficiency on transcript levels, 48 h post-transfection (N=3 for each group). (C) luciferase activity linked
Ucpl expression (Ucpl-LUC) upon Esrra knockdown in brown FGF8b treated preadipocytes (N=4 for each group)
and (D) Essra knockdown efficiency on transcript levels, 48 h post-transfection (N=4 for each group). (E)
transcription factor screening based on DsiRNA mediated knockdown evaluated by luciferase activity linked Ucpl
expression (Ucpl-LUC) in FGF8b treated preadipocytes (N=4 for each group). (F) luciferase activity linked Ucpl
expression (Ucpl-LUC) upon Hesl knockdown in brown FGF8b treated preadipocytes (N=4 for each group) and
(G) Hes1 knockdown efficiency on transcript levels 48 h post-transfection (N=3 for each group). All experiments
were carried out in the presence of 1 ug/ml heparin. One-way ANOVA in B and two-way ANOVA in C. Statistically
significant results were indicated with asterisks: * = p <0.05. ** = p<0.01, *** = p<0.001, **** = p<0.0001.

Knockdown of two transcription factors (Nrfl, Hesl) impaired FGF8b induced Ucpl
expression (Fig. 25E). Nrfl knockdown partially prevented the upregulation of Ucpl,
while knockdown of Hes1 completely abolished it (Fig. 25E). The most consequential
transcription factor Hes1l was validated with a second DsiRNA, confirming the initial
results of the screening (Fig. 25F-G). These data revealed that the ternary complex
implicated in FGF9 induced Ucpl expression was not required for the upregulation of
Ucpl elicited by FGF8Db. In contrast, it was demonstrated that FGF8b exerts its control
over Ucpl expression via a formerly unknown, and non-canonical transcriptional

regulator Hes1.

3. Summary

Recruitment of brite adipocytes within classical white adipose tissue has potential and
wide-ranging metabolic benefits and therefore has garnered much attention in the
scientific community in the past decade. Brite adipocytes, in contrast to white
adipocytes, are characterized by much higher levels of the energy dissipating protein
UCPL1. The present study aimed to validate and comprehensively characterize the

effect of the paracrine hormone FGF8b on Ucpl expression.

FGF8b was identified as the strongest putative browning agent among all members of
the paracrine FGF protein family (Westphal et al, 2019) and immortalized white
epididymal and inguinal SVF were used to study FGF8b in cell culture. While FGF8b
treatment of white adipocytes induced Ucpl expression, it unexpectedly reduced
transcript levels of other thermogenic and adipogenic genes. As a result, FGF8b
treated adipocytes lacked thermogenic function and lipid stores characteristic of
mature adipocytes. Contrarily, white adipocyte cultures treated with FGF8b showed
signs of preadipocyte proliferation, instead of terminal differentiation and acquired a
pro-glycolytic phenotype, possibly to metabolically support the high rate of proliferation.

FGF8b treatment of undifferentiated preadipocytes recapitulated the strong induction
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of Ucpl seen in adipocyte cultures. Thus, FGF8b acted on preadipocytes and

controlled Ucpl expression in a formerly unrecognized cell type, the preadipocyte.

The effect of FGF8b on brown preadipocytes was subsequently characterized in depth
with the aim to decipher the mechanism of FGF8b induced Ucpl expression. FGF8b
dose-dependently increased Ucpl expression in brown and white preadipocytes.
Other paracrine FGFs were also shown to effectively upregulate Ucpl expression such
as FGF6 and FGF9, but FGF1 remained less effective. The underlying signaling
pathway was demonstrated to rely on a FGFR1 MEK1/2-ERK1/2 axis, independent of
PPARSs, which pointed towards non-canonical regulators in control of Ucpl expression
in preadipocytes. Analysis of gene expression changes upon FGF8b treatment in
preadipocytes revealed the broad and coordinated upregulation of two metabolic
pathways involving prostaglandins and glycolysis. Measurement of prostaglandin
derived lipid mediators in FGF8b conditioned media identified PGE2 as a potentially
regulated mediator in FGF8b induced Ucpl expression. Loss-of-function by gene
silencing and pharmacological inhibition of the PGE2 producing enzyme PTGES1
clearly established that the induction of Ucpl by FGF8b was PGE:2 dependent and
PGE: treatment of preadipocytes was sufficient to drive Ucpl expression in
preadipocytes. However, high micromolar concentrations of PGE2 were necessary to
elicit these effects. The existence of an effect modulator of FGF8b induced Ucpl
expression was therefore hypothesized, possibly linked to the mitogenic and pro-
glycolytic effect of FGF8b.

FGF8 clearly promoted a pro-glycolytic phenotype in preadipocytes, thus a link
between glucose metabolism and FGF8b induced Ucpl expression was investigated.
Inhibition of glycolytic flux through various means significantly reduced FGF8b induced
Ucpl expression. Notably, PGE2 production was not impaired by suppression of
glycolytic flux, highlighting that PGE2 production alone was not able to fully upregulate
Ucpl expression and that FGF8b induced Ucpl expression was dependent on high
glycolytic flux. This was confirmed in FGF1 treated preadipocytes, which were
characterized by intact PGE2 biosynthesis, but insufficient glycolytic flux to upregulate
Ucpl expression significantly. Thus, FGF8b induced Ucpl expression required the
coordinated upregulation of both PGE2 biosynthesis and glycolytic flux to maximize
Ucpl expression.

A second transcriptomic data set was generated with the aim to identify potential
transcriptional regulators of FGF8b induced Ucpl expression. The expression of the
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transcriptional co-activator Lrrfipl, previously implicated in FGF9 induced Ucpl
expression (Shamsi et al, 2020), correlated well with Ucpl expression in preadipocytes
treated with either FGF1, FGF8b or FGF9. However, knockdown studies established
that Lrrfipl was dispensable for FGF8b induced Ucpl expression. Subsequently, two
transcription factors, Nrfl and Hes1, were demonstrated to highly correlate with Ucpl
expression and were shown to be required for FGF8b induced Ucpl expression. In

particular, knockdown of Hes1 completely abolished the induction of Ucpl by FGF8.

Taken together, FGF8b was validated as a potent inducer of Ucpl expression in brown
and white preadipocytes. Mechanistically, the FGF8b signal was transmitted via a
FGFR1-MEK1/2-ERK1/2 axis, independent of PPARs and completely depended on
the transcription factor Hes1l. Two metabolic pathways, coordinately upregulated by
FGF8b, acted in concert to maximize Ucpl expression and failure to induce either one
of them would significantly hamper the magnitude of the induction. Thus, the present
study revealed a novel and non-canonical mechanism for Ucpl expression in a

formerly unrecognized cell type, the undifferentiated preadipocyte
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DISCUSSION

Recruitment of thermogenic adipocytes is a desired clinical outcome inversely
associated with body mass index (BMI), visceral fat and cardiometabolic health in
human subjects (Keeley et al, 2019; Hondares et al, 2011; Becher et al, 2021).
However, despite extensive ongoing efforts, there are still no effective therapeutics
available for clinical use in humans, which utilize the remarkable plasticity of adipose
tissue. In the mouse, brown adipose tissue has been shown to positively regulate
glucose homeostasis, insulin sensitivity and triglyceride clearance (Stanford et al,
2013; Bartelt et al, 2011b), and the recruitment process of thermogenic adipocytes can
be controlled by a multitude of transcription factors, secreted hormones and drugs (Lo
& Sun, 2013; Kaisanlahti & Glumoff, 2019), including the well documented browning
agent FGF21. While the endocrine hormone FGF21 has been shown to positively
regulate metabolism via browning of WAT (Fisher et al, 2012; Kim et al, 2013),
paracrine FGFs have been much less studied. The role of only a small humber of
paracrine FGFs in the recruitment and activation of thermogenic adipocytes has been
investigated, for instance, FGF6 (Shamsi et al, 2020), FGF9 (Shamsi et al, 2020; Sun
et al, 2019) and previous work of our own group on FGF8b (Westphal et al, 2019). In
the latter study, a screening of all 15 paracrine FGFs was performed to identify those
members of the paracrine FGF family with the highest capacity to induce Ucpl
expression in differentiated white adipocytes (Westphal et al, 2019). The highest
induction of Ucpl expression was subsequently demonstrated to be in response to
FGF8b (Westphal et al, 2019).

1. FGF8b - a bona fide browning agent?

Browning of white adipocytes is transcriptionally regulated by canonical transcription
factors such as Ppary, Prdm16 and Pgcla (Maurer et al, 2020; Lo & Sun, 2013) and
recruitment of brown adipocytes can be evaluated using these genes in combination
with classical brown fat markers such as Ucpl and Cidea. In addition, putative brite
marker genes can be used, which have been proposed to identify brite adipocytes.
Surprisingly, FGF8b treated white adipocytes did not show a broad activation of the
thermogenic program, as evidenced by lower expression levels of classical browning
markers, despite high Ucpl induction. In an attempt to validate these unexpected
findings, the brite marker genes Tmem26, Thx1, Cd137, Hocx9, Shox2, Slc27al were
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evaluated (Wu et al, 2012b; Waldén et al, 2012). However, the analysis of brite marker
gene expression levels generated inconclusive results as rosiglitazone treatment did
not elevate most putative brite markers. Indeed, in a recent study none of the six
aforementioned putative brite markers emerged as potential determinants of brown,
brite and white adipocyte identity based on an in-depth characterization of mouse and
human transcriptomes (Perdikari et al, 2018). Moreover, according to the study authors
four of the six putative brite markers rather constituted general adipocyte markers or
markers of specific fat depots, rendering these genes invalid for the evaluation of
browning treatments. The use of these brite markers has therefore not been very
illuminating, and classical brown markers remained the most important tool to
differentiate between white and brite adipocytes. Thus, gene expression analysis of
FGF8b treated adipocytes demonstrated that FGF8b cannot be classified as a bona
fide browning agent, due to the absence of a coordinated induction of thermogenic
gene expression. The effect of FGF8b on Ucpl expression can be interpreted as an
unexpected, browning-independent event, and did therefore not result in increased
thermogenic activity in white adipocytes. On the contrary, FGF8b appeared to act
specifically on preadipocytes, a cell type usually not under consideration as a site for

Ucpl expression.

2. FGF8b induced Ucpl expression is preadipocyte-specific.

FGF8b treatment clearly induced Ucpl expression in cultures of white preadipocytes
and adipocytes. It is important to note that differentiated adipocyte cultures are a
mixture of differentiated adipocytes and undifferentiated preadipocytes and the degree
of differentiation often correlates with the overall Ucpl expression measured in the
respective cell culture. This is mostly attributable to very low or even non-existing basal
Ucpl expression in preadipocytes, whereas during differentiation Ucpl expression is
strongly induced, particularly in the presence of PPARy agonists. Increased Ucpl
expression in adipocyte cultures can thus arise by several different routes. Ucpl
expression can either be induced exclusively in the preadipocyte, in the adipocyte or
in both cell types at the same time. The role of high Ucpl levels in preadipocytes
remains largely speculative, while higher Ucpl expression in fully differentiated
adipocytes should certainly lead to greater UCP1-dependent respiration. Moreover, an
increase in Ucpl expression upon FGF8b treatment that is theorized to be

disproportionately attributable to the mature adipocytes should lead to a smaller Ucpl
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induction, when the same treatment is tested in cell cultures of undifferentiated
preadipocytes. In fact, the opposite was experimentally established in both cases.
FGF8b treated adipocytes did not show higher thermogenic function in a respiratory
assay and pure preadipocyte cultures treated with FGF8b upregulated Ucpl more
effectively than in adipocyte cultures (Ct = 26 in preadipocyte culture; Ci = 29 in
adipocyte culture). The responsiveness to FGF8b treatment is also to some extent a
function of receptor expression. In fact, Fgfrl expression is much higher in
undifferentiated preadipocytes than in differentiated adipocytes, as available RNA-
sequencing data suggest ((Li et al, 2019), E-MTAB-8344). These data supported a
model in which FGF8b induced Ucpl expression is most likely a preadipocyte-specific
and non-thermogenic event. As a consequence, FGF8b failed to increase thermogenic
activity upon norepinephrine treatment in mice (Westphal et al, 2019). Whether these
results reflect a preadipocyte rather than adipocyte-centered role for any possible
experimental setting in living animals remains to be seen, but the literature on other
paracrine FGFs points towards a much more nuanced picture. For instance, FGF9
loss-of function resulted in a significant reduction in maximal thermogenic capacity in
response to cold exposure in mice, and chronic application of recombinant FGF9
improved cold tolerance in mice, highlighting the importance of FGF9 for BAT
thermogenesis (Shamsi et al, 2020). However, no significant changes in brown and
white fat Ucpl mRNA expression were reported in these experiments, possibly
indicating that the metabolic improvements mediated by FGF9 on adaptive
thermogenesis were a result of potential inter-organ crosstalk. Taken together, these
data showed that paracrine FGFs most likely act on preadipocytes rather than
adipocytes, and that different paracrine FGFs may also act differently on processes
such as thermogenic differentiation in cultured cells and thermogenic activity in mice.
As a consequence, conflicting results and interpretations arise easily, but can be
diminished, for instance, by taking into account that preadipocyte are able to express
Ucpl.

3. Resolving conflicting effects of paracrine FGFs in adipocytes.

FGF8b treatment of white adipocytes increased Ucpl expression, whereas FGF8b
treatment of brown adipocytes decreased Ucpl expression relative to untreated
adipocytes, despite suppression of adipogenesis in both cell lines. The absence of an

induction of Ucp1l in brown adipocytes was even more puzzling, as there was evidence
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of an upregulation of prostaglandin metabolism and glucose uptake in these cells (Fig.
8 A), which was demonstrated to control Ucpl expression in brown preadipocytes. On
the other hand, the anti-adipogenic effect of paracrine FGFs has been well
documented in the case of FGF9 (Sun et al, 2019; Shamsi et al, 2020), even though
conflicting results exist with respect to the effect of FGF9 on Ucpl expression in white
inguinal adipocytes (Sun et al, 2019; Shamsi et al, 2020). These conflicting results can
be at least partially resolved, when differences in the intrinsic Ucpl induction capacities
between fat depots are considered. While brown adipocytes possess much higher
transcript levels of Ucpl in absolute terms, white adipocytes show higher fold
increases upon stimulation with browning agents, mostly due to much lower baseline
Ucpl transcript levels within untreated adipocytes (Kalinovich et al, 2017). The most
likely site of FGF8b induced Ucpl expression in brown and white adipocyte cultures
was demonstrated to lie within the undifferentiated preadipocyte fraction, and when
these two facts are taken into account discrepancies between brown and white
adipocytes in response to FGF8b treatment can be resolved to some extent. While
proliferation of preadipocytes with relatively high Ucpl expression can easily surpass
Ucpl transcript levels of untreated differentiated white (epididymal) adipocytes, this is
not the case in brown adipocyte cultures. Here, proliferation of the Ucpl positive
preadipocyte fraction dilutes overall Ucpl transcript levels due to displacement of
differentiated brown adipocytes containing very high amounts of Ucpl. Consequently,
whether FGF treatment induces or reduces Ucpl expression in differentiated
adipocytes significantly depends on absolute and relative Ucpl expression in
adipocytes versus preadipocytes, which may also depend on mouse strains or whether
cells were co-treated with a PPARYy agonist (Li et al, 2014; Xue et al, 2005). A finding
that may be well suited to illustrate the relationship outlined above is that increased
Ptgs2 and Ptgesl transcript levels and tissue PGE:2 concentrations correlated
positively with Ucpl expression in eWAT, but not in IBAT in adipogenesis-deficient
PPARy-KO mice (Garcia-Alonso et al, 2013).

Experiments with the same paracrine FGF occasionally yielded conflicting results in
the literature in supposedly similar cell models. For example, Ucpl expression was
reported to increase in white adipocytes upon treatment with FGF9 (Shamsi et al,
2020), while it was shown to be decreased by others (Sun et al, 2019). A thorough
assessment of the methodological differences is helpful in clarifying whether these
findings are contradictory. In the first study, FGF9 treatment was performed either as

a 6 day pretreatment or as a 1-3 days lasting treatment on top of fully-differentiated
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adipocytes, and led to higher Ucpl expression (Shamsi et al, 2020). In contrast, FGF9
treatment was applied during the entire differentiation procedure under co-stimulation
with a PPARYy agonist in the second study, which resulted in lower Ucpl expression
(Sun et al, 2019). It is conceivable that treatment of inguinal adipocytes with the
browning agent troglitazone markedly elevated Ucpl transcript levels in the control
group, while FGF9 treatment displaced adipocytes with abundant Ucpl expression via
proliferation of the preadipocyte fraction. On the other hand, FGF9 pretreatment or
treatment of fully-differentiated adipocyte cultures did not lead to a significant
displacement of adipocytes by preadipocytes. Moreover, the cells were not treated with
a PPARYy agonist, therefore absolute Ucpl expression levels were on a much lower
level, which were more easily surpassed by preadipocyte-specific Ucpl expression.
Taken together, these considerations showcase the importance of methodological
differences between studies employing the same paracrine FGF, and careful

interpretations are needed to resolve supposed discrepancies between studies.

Another variable potentially contributing to discrepancies between experiments
pertained to the use of immortalized cell lines. Data from the present study, highlighted
large differences in the magnitude of the induction of Ucpl expression upon FGF8b
treatment as a function of passage number of the employed immortalized cell line.
These results indicated that cell cultures undergoing positive selection for highly
proliferative cells change their response to the same treatment regimen. It is important
to note that the immortalization procedure itself represents such a selection process,
since it includes an antibiotic selection step, which most likely enriches the
immortalized cell line with more rapidly dividing cells. Hence, it is highly likely that
immortalized cells per se showed higher sensitivity towards paracrine FGFs than
primary SVF cells throughout the study. This was also evident in the study of Shamsi
et al. (2020), where effect sizes derived from immortalized cells were one order of
magnitude higher than in primary SVF cells. It is therefore imperative to validate any
browning agent in primary cells before arriving to a final conclusion, as done in the
present study. In addition, the use of immortalized versus primary cells needs to be
considered in any comparison between publications such as the one outlined before
in the case of FGF9 and can partially or even fully resolve an apparent lack of
reproducibility.
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4. FGF8b and FGF9 induce Ucpl in a PGE2 dependent manner.

FGF8b and FGF9 induced highly similar gene expression signatures (r = 0.999) in
brown preadipocytes. These similarities suggested a shared molecular mechanism in
control of Ucpl expression between these two FGFs. Indeed, Ucpl expression in
preadipocytes induced by FGF6 and FGF9 treatment was recently reported, and PGE2
biosynthesis was demonstrated to play a key role (Shamsi et al, 2020). Similarly, the
present study provided strong evidence of an activation of the prostaglandin metabolic
pathway by FGF8b, which culminated into a coordinated upregulation of PGE:2
biosynthesis, and PGE: itself was shown to be sufficient to upregulate Ucp1l expression
in cultured preadipocytes. The ability of FGF8b to stimulate PGE:2 biosynthesis has
been documented in cultured chondrocytes, corroborating a model, in which FGF8b
controls prostaglandin metabolism (Uchii et al, 2008). Prostaglandins such as PGE2
and carbaprostacyclin (cPGIz2), a stable analog of PGI2, have been reported to regulate
brite adipocyte recruitment in a PTGS-dependent manner before (Garcia-Alonso et al,
2013; Madsen et al, 2010; Vegiopoulos et al, 2010). Importantly, acute treatment of
progenitor cells, derived from the SVF of white adipose tissue, with PGE:2 resulted in
an upregulation of Ucpl transcription (Vegiopoulos et al, 2010), mirroring the results
obtained in this work. An important conceptual difference between these early studies
and the present one is that activation of the prostaglandin pathway was initially seen
as being a direct downstream effector of the cold-induced B-adrenergic signaling
pathway in white adipocytes. Contrarily, the present work located the prostaglandin
pathway directly downstream of the FGF signaling pathway within preadipocytes.
Interestingly, paracrine FGF9 has been identified as a cold-induced secreted factor in
brown preadipocytes (Shamsi et al, 2020). Conceivably, FGF mediated Ucpl
expression in preadipocytes contributed to the observed prostaglandin-dependent
regulation of Ucpl in murine white adipose. Contrarily, stimulation of cultured human
white adipocytes, which were differentiated from omental preadipocytes, with low
micromolar concentrations of PGE2 did not induce Ucpl expression (Garcia-Alonso et
al, 2016), and treatment of human adipose derived stem cells with the precursor
arachidonic acid inhibited brite adipocyte recruitment in a PGE2-dependent manner
(Pisani et al, 2014). Therefore, whether PGE2 induced Ucpl expression can be

translated to human adipocyte biology remains an open question.
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5. High glycolytic flux is required for PGE2z induced Ucpl expression.

High micromolar concentrations of PGE2 were needed to evoke a significant
upregulation of Ucpl in cultured preadipocytes. Whether this was due to weak stability
under cell culture conditions or unspecific binding to media components such as BSA
remained elusive. However, an unexpected interplay between high glycolytic flux and
PGE2 was observed. Firstly, impeding glycolytic flux in FGF8b treated preadipocytes
by inhibiting glucose uptake, reduced the magnitude of the Ucpl induction despite
elevated PGE: levels. Similarly, FGF1 failed to upregulate Ucpl expression due to a
weak glycolytic response, despite increasing PGE:2 biosynthesis as effectively as
FGF8b. These data illustrated a metabolic dependency of PGE:2 induced Ucpl
expression on high glycolytic flux, essentially limiting the magnitude of PGE: induced
Ucpl expression in non-glycolytic cells. Interestingly, a transmembrane gradient in
lactate has been shown to regulate prostaglandin uptake into cells (Chan et al, 2002),
and inhibition of glycolysis was reported to increase PGE: release (Herman et al,
1977), reminiscent of results presented earlier that showed an upregulation of
prostaglandin metabolism when cellular glucose uptake was inhibited by BAY-876.
These data strongly suggested a direct interaction between prostaglandin biosynthesis

and glycolysis.

It is well known that PGE2 promotes cell proliferation in normal and cancer cells by
autocrine and paracrine mechanisms (Cao & Prescott, 2002). Three main signaling
pathways have been shown to mediate PGE: induced cell proliferation and tumor
growth. These pathways signal either via epidermal growth factor receptor (EGFR),
PPARS or the RAS-MAPK pathway (Wang & Dubois, 2006). The PGE2-dependent
increase in Ucpl expression in response to FGF8b, however, is unlikely to be the
cause of EGFR or PPAR signaling as both EGF treatment and PPAR antagonists did
not affect FGF8b induced Ucpl transcription. In contrast, inhibition of the RAS-MAPK
pathway completely abolished the effect of FGF8b on Ucpl expression. Thus, PGE2
most likely signals via the RAS-MAPK pathway to induce Ucpl expression. Notably,
arachidonic acid, the precursor metabolite for PGE2 biosynthesis, stimulates cell
proliferation in brown preadipocytes via PKC and the MEK1/2-ERK1/2 pathway (Garcia
et al, 2012), confirming the involvement of the MAPK pathway. Conversely, inhibition
of the arachidonic acid pathway by PTGS2 inhibitors celecoxib or indomethacin
suppresses cell proliferation and tumor progression (Leahy et al, 2002; Eli et al, 2001).
Thus, the inhibitory effect of indomethacin on prostaglandin metabolism needs to be

considered in any setting, where the effect of a treatment, e.g. paracrine FGFs, on
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Ucpl expression relies on the action of prostaglandins. This is particularly the case for
in vitro differentiated adipocytes, which are routinely stimulated with high micromolar

concentrations of indomethacin to induce differentiation.

Many proliferative cells, including cancer cells require high rates of glycolytic flux to
meet their metabolic demand (Jeanson et al, 2015). The low effectiveness of FGFL1 to
induce Ucpl expression coincided with its weak mitogenic activity compared to other
FGFs, such as FGF8b and FGF9. Moreover, higher glucose consumption was
observed in FGF8b, than in FGF1 treated preadipocytes. Thus, the potential of
paracrine FGFs to induce Ucpl expression in preadipocytes was linked to their
mitogenic and pro-glycolytic activity. UCP1 expression has been documented by
immunohistochemistry in some forms of human cancers such as non-small cell lung
cancer (NSCLC) and colorectal cancer (Alnabulsi et al, 2019; Alexandra et al, 2017),
and in a mouse xenograft model of breast cancer (Singh et al, 2016), but its relation to
tumor cell proliferation remains poorly understood. Ectopic overexpression of UCP1 in
human SGBS-adipocytes, derived from a patient with Simpson-Golabi-Behmel
syndrome (Fischer-Posovszky et al, 2008), resulted in increased glucose transporter
1 mediated glucose uptake and lactate release, indicating enhanced glycolytic flux,
and the existence of a feedback mechanism between UCP1 expression and glucose
metabolism (Tews et al, 2019). Similarly, forced expression of UCP1l in the
preadipocyte cell line 3T3-L1 increased glucose uptake and lactate release, and was
demonstrated to increase glycolytic flux (Si et al, 2007, 2009). Conversely, knockdown
of Ucp1l in brown fat prevented the uptake of glucose into the tissue during optogenetic
activation of thermogenesis in mice (Jeong et al, 2018). These data supported the view
that Ucpl expression determines glucose uptake rates in adipocytes and that UCP1 is
capable of acting as sink for glucose. However, results obtained from FGF8b treated
brown preadipocytes revealed that the glycolytic phenotype was Ucpl-independent
(Fig. 18E). Thus, the opposite directionality of control over Ucpl has been established
in the case of the undifferentiated FGF8b treated preadipocyte, providing no evidence
to suggest that increased Ucpl expression was the cause for higher glycolytic flux.
Nevertheless, the interplay between glycolysis and Ucpl suggested a potential non-

classical biological role for Ucpl in preadipocytes.
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6. Exogenous lactate amplified FGF8b induced Ucpl expression.

Endogenous lactate production did not mediate the dependence of FGF8b induced
Ucpl expression on high glycolytic flux, but addition of millimolar quantities of
exogenous lactate amplified the induction of Ucpl in FGF8b treated preadipocytes.
The ability of lactate to increase Ucpl gene expression in white adipocytes has been
reported by several independent investigators (Carriere et al, 2014; Bai et al, 2016;
Kim et al, 2017). Lactate induced browning has been proposed to act as an adaptive
regulator during periods of high redox pressure (Jeanson et al, 2015). Large amounts
of lactate are produced from hypoxic adipocytes and high redox pressure is a product
of the oxidation of lactate to pyruvate and leads to a high NADH/NAD" ratio, which acts
as a signal for the upregulation of Ucpl expression in cultured adipocytes. UCP1-
dependent uncoupled respiration alleviates the elevated redox pressure by increasing
the oxidation of NADH. Thus, browning is postulated by some researchers to be a by-
product of a redox pressure alleviating mechanism. Cancer cell lines, which rely
heavily on glycolysis are characterized by high NADH/NAD™* ratios and inhibition of
glycolytic flux decrease, whereas glucose supplementation increase the NADH/NAD*
ratio (Zhao et al, 2015). With this in mind, FGF8b induced Ucpl expression can be
interpreted as a redox regulatory mechanism with the aim to decrease high NADH
concentrations. This is in line with multiple observations during FGF8b treatment in
proliferating preadipocytes. Firstly, the addition of exogenous lactate likely increased
the intracellular NADH/NAD* ratio by formation of pyruvate from lactate and reduction
of NAD* to NADH. Consequently, as a redox regulatory response, Ucpl gene
expression increased. Inhibition or slowing down of glycolytic flux in FGF8b treated
preadipocytes decreased the induction of Ucpl because intracellular redox pressure
was diminished. A recently published report demonstrated a strong correlation with
Ucpl expression and a dependence of lactate fluxes in brite adipocytes on the
monocarboxylate transporter 1 (MCT1) (Lagarde et al, 2021). Interestingly, treatment
of brown preadipocytes with FGF8b and FGF9 markedly upregulated Mctl expression
according to the transcriptomic data, whereas FGF1 did not have an effect, further
supporting the model outlined above. Thus, Ucpl expression upon FGF8b treatment
in proliferating preadipocytes may be a mechanism to alleviate high redox pressure
produced by the glycolytic pathway. This model also explains the association of the
mitogenic potential of individual paracrine FGFs and their capacity to induce Ucpl
expression, as well as the dependence on glycolysis. However, the fact that inhibition
of lactate dehydrogenase (LDH) did not have an impact on Ucpl expression is
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unexpected, given that inhibition of LDH would likely result in a change of the
NADH/NAD* ratio. Thus, even though many findings integrate well into the hypothesis
that preadipocyte-specific Ucpl expression is part of a redox regulatory mechanism,
more research is needed to experimentally validate it. Taken together, paracrine FGFs
with high mitogenicity strongly induced Ucpl expression in a PGE2 and glycolysis-

dependent manner to potentially control cellular redox homeostasis.

7. Transcriptional regulators in control of FGF8b induced Ucpl expression.

The classical cold/norepinephrine induced signaling pathway regulates Ucpl
transcription based on interactions between well-known transcription factors such as
PRDM16 , PGC1A, PPARs and CREBs and regulatory regions within the Ucpl gene
(Villarroya et al, 2017b). Whether these classical transcriptional regulators were
involved in FGF8b induced Ucpl expression, which was experimentally demonstrated
to rely on the MAPK signaling pathway, remained to be investigated. Experiments in
white adipocytes revealed that treatment with FGF8b downregulated Ppary, Pgc1a and
Prdm16 mRNA expression. This was consistent with reports demonstrating
downregulation of the same genes in FGF6 and FGF9 treated brown preadipocytes
(Shamsi et al, 2020). Moreover, pharmacological inhibition of PPAR signaling in brown
preadipocytes did not affect FGF8b induced Ucpl expression. Similarly, FGF6/FGF9
induced Ucpl expression was preserved in PPAR-KO and PGC1A-KO cell models
(Shamsi et al, 2020). Taken together, these results argued against a canonical
transcriptional regulatory mechanism in control of preadipocyte-specific Ucpl
expression. Indeed, Shamsi et al. (2020) elegantly identified ESRRA-FLII-LRRFIP1, a
formerly unknown non-canonical ternary transcriptional complex in control of Ucpl
expression in preadipocytes by using a combination of engineered DNA-binding
molecule-mediated chromatin immunoprecipitation (enChiP) and quantitiative
proteomics. The present work, however, provided strong evidence from loss-of-
function studies that Esrra and Lrrfipl were dispensable for FGF8b induced Ucpl
expression, in spite of virtually indistinguishable gene signatures between FGF8b and
FGF9 treated brown preadipocytes. Two transcription factors, Nrfl and Hesl were
identified as potential regulators of FGF8b induced Ucpl expression based on a
combination of gene correlation analysis and knockdown studies. Even though using
such an experimental strategy is not able to identify and prove direct interactions with
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the Ucpl promoter, it did help to understand the regulatory network necessary to evoke

preadipocyte-specific Ucpl expression.

Nuclear respiratory factor 1 (Nrfl) is known to orchestrate various biological responses
to cellular stress including antioxidant defense, mitochondrial biogenesis and
proteasomal function during ER stress (Kim et al, 2016; Weitzel et al, 2003). PGC1A
induces Nrfl expression during mitochondrial biogenesis, which in turn affects Tfam
expression (Wu et al, 1999). Thus, induction of Nrfl expression is linked to enhanced
oxidative metabolism. However, brown adipocyte specific Nrfl loss-of-function did
neither affect Ucpl mRNA nor UCP1 protein levels, independent of housing
temperature of mice (Goncalves et al, 2018). Taken together, the involvement of Nrfl
in the control of Ucpl expression in the proliferating and highly glycolytic preadipocyte
appeared to be rather counterintuitive, given its role in oxidative metabolism as
opposed to glycolysis and in the absence of any experimental evidence linking it to the

regulation of Ucpl transcription.

Hairy and enhancer of split 1 (Hes1) is a basic helix loop helix transcription factor and
a well-known Notch signaling effector molecule (Ranganathan et al, 2011). During
development Hes1 induces cell proliferation of various cell types and keeps cells in the
undifferentiated state (Kageyama et al, 2000). Activation of Notch signaling or
overexpression of Hesl in 3T3-L1 preadipocyts suppresses adipogenesis (Ross et al,
2006). Notably, Notch signaling has also been shown to be inversely correlated to
Ucpl expression during adaptive thermogenesis in mice (Bi et al, 2014). In summary,
these data indicate that FGF8b induced Ucpl expression is predicated on the fact that
the responsive cells are undifferentiated, further supporting that FGF8b acts on the
preadipocyte fraction to upregulate Ucpl expression in cultured cells. However, no
mechanistic link has been reported in the literature between Hesl and Ucpl so far,
and more research is needed to experimentally validate the non-canonical

transcriptional roles of both Nrfl and Hes1 in Ucpl transcription in preadipocytes.
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8. Conclusion

In conclusion, the present study experimentally established that FGF8b, a member of
the paracrine FGF protein family, activated a FGFR1-MEK1/2-ERK1/2 axis to induce
two metabolic pathways, i.e. the PGE:2 biosynthetic pathway and glycolysis to control
Ucpl expression in preadipocytes. The coordinated induction of the prostaglandin
metabolic pathway enabled a rapid surge in PGE: levels, which was a required event
and to some extent sufficient to regulate Ucpl gene expression. In order to achieve a
full-scale induction of Ucpl in preadipocytes, high glycolytic fluxes were necessary in
the presence of elevated PGE:2 biosynthesis and a failure to enhance this flux, as in
the case with FGF1, negatively affected the ability of paracrine FGFs to induce Ucpl
expression. Importantly, the effectiveness to induce Ucpl gene expression in
preadipocytes correlated with the mitogenic potential of the particular FGF. Thus, Ucpl
gene expression was under the control of both PGE2 and glucose metabolism in the
undifferentiated, proliferating preadipocyte, a cell type formerly unrecognized as a site
of Ucpl expression. Taken together, these data outlined a novel regulatory network,
in control of Ucpl transcription, which was independent of adipogenesis, and provided
some evidence in favor of a potentially redox regulatory function of Ucpl in the
preadipocyte. Thus, the presented model offers the unique opportunity to identify novel
non-canonical regulators of Ucpl expression by dissecting the transcriptional
regulation of Ucpl without any obscuring overlay of the adipogenic or thermogenic

transcriptional program.
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APPENDIX

Table 6. Oxylipin limit of detection (LOD) and lower limit of quantitation (LLOQ)

Metabolite Mean STD LOD LLOQ
[DMEM+ 10% FCS] [DMEM+ 10% FCS] concentration concentration
TXB2 0,653 0,024 3,395 11,311
RvE1l 0,001 0 0,007 0,009
RvD2 0,005 0,001 0,013 0,021
RvD1 0,023 0,004 0,088 0,236
PGF2alpha 0,031 0,007 0,132 0,407
PGE2 0,029 0,008 0,053 0,175
PGD2 0,017 0,008 0,086 0,276
PDX 0,001 0 0,002 0,006
MAR1 0,002 0,002 0,004 0,007
LXA4 0,012 0,003 0,04 0,129
LTE4 0,001 0 0,004 0,005
LTD4 0,001 0 0,001 0,002
LTC4 NA NA NA NA
LTB4 0,003 0,001 0,011 0,024
EPA 6,171 0,099 0,672 2,217
DHA 310,06 19,542 960,762 3200,972
DGLA 4,312 0,513 0,443 1,476
ALA 0,252 0,009 0,033 0,04
AA 39,071 2,962 9,418 31,31
9-HODE 0,71 0,024 3,051 8,708
9-HETE 0,231 0,055 0,61 1,991
9,10-DiIHOME 0,639 0,087 2,983 9,866
8-iso-PGF2alpha 0,006 0,002 0,019 0,035
8,9-EET 0,038 0,013 0,058 0,162
8,9-DHET 0,028 0,008 0,094 0,303
6-keto-PGFlalpha 0,001 0,001 0,009 0,014
5-0X0ETE 0,029 0,006 0,047 0,138
5-HETE 0,452 0,02 3,187 10,601
5-HEPE 0,035 0,006 0,128 0,407
5,6-EET NA NA NA NA
5,6-DHET 0,028 0,004 0,165 0,527
4-HDHA 0,764 0,041 4,068 13,521
20-HETE 0,014 0,003 0,015 0,045
18-HEPE 0,036 0,004 0,087 0,28
17-HDHA 0,069 0,006 0,051 0,157
15-0x0ETE 0,187 0,03 1,674 5,469
15-HpETE NA NA NA NA
15-HETrE 0,24 0,01 2,378 7,748
15-HETE 0,175 0,012 0,672 2,226
15-HEPE 0,064 0,004 0,178 0,572
14,15-EET 0,069 0,035 0,818 2,674
13-HODE 0,732 0,051 3,075 9,072
13-HDHA 0,067 0,013 0,237 0,781
12-0x0ETE NA NA NA NA
12-HETE 6,63 0,233 28,266 94,092
12-HEPE 0,497 0,052 0,778 2,569
12,13-DiHOME 0,56 0,032 2,084 6,899
11-HETE 0,75 0,043 10,404 34,589
11-HDHA 0,13 0,038 0,465 1,516
11,12-EET 0,002 0 0,015 0,024
11,12-DHET 0,074 0,006 0,247 0,818
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