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1 Introduction
Growth differentiation factor 15 (GDF15) is a stress induced cytokine involved in body weight regulation.
High serum levels of GDF15 are also associated with many diseased conditions including different types of
cancers, heart and kidney diseases, diabetes, inflammation and tissue injury. The physiological blood serum
level of GDF15 is between 100-1200 pg/ml but under stress conditions such as a diseased state or nutritional
stress, the levels can increase enormously by activation of the integrated stress response (Patel et al., 2019).
This upregulation has severe impact on health, especially in cancer progression along with anorexia and
cachexia and other diseases such as chronic cardiac and renal failure (Vicky W. W. Tsai et al., 2012). Due to
its high expression in different pathological conditions, GDF15 has been proposed to be a bio marker of allcause mortality (Wiklund et al., 2010).
In humans, the protein is mainly expressed in placenta (Lawton et al., 1997) and prostrate (Paralkar et al.,
1998) but is also expressed in lower levels by heart (Wang et al., 2017), adipocytes (Ding et al., 2009), kidneys,
lung, liver, pancreas, intestine and colon (Paul J. Emmerson, Duffin, Chintharlapalli, & Wu, 2018).

1.1 Discovery
The protein was first discovered in 1997 by three different research groups and was also reported by others
in the following years. Based on its possible role and site of its expression, the cytokine was named differently
by each group. For instance, macrophage inhibitory cytokine 1 (MIC-1) (Bootcov et al., 1997) placental bone
morphogenetic protein (PLAB) (Hromas et al., 1997), placental transforming growth factor Beta (PTGFB)
(Lawton et al., 1997), prostrate derived factor (PDF) (Paralkar et al., 1998), NSAID activated gene-1 (NAG 1)(S.
J. Baek, Kim, Nixon, Wilson, & Eling, 2001) and growth and differentiation factor 15 (GDF15) (Bottner, SuterCrazzolara, Schober, & Unsicker, 1999). The name GDF15 will be used hereafter.

1.2 Structure
GDF15 is an evolutionary distant member of the transforming growth factor-beta (TGF-β) superfamily of
cytokines. The protein contains the conserved seven cysteine domain which is a characteristic feature of the
TGF β superfamily but does not share enough sequence homology to any of the family members and was
thus classified as a novel member of the superfamily (Bootcov et al., 1997) (Figure 1). The protein is
synthesized as a pro-GDF15 monomer of 308 amino acid with a signal peptide at the N-terminal and a
conversed cysteine domain at the C-terminal. The signal peptide is involved in correct folding and intracellular
trafficking of the protein. While at the C-terminal, the cysteine residues form a single disulfide bond between
two pro-GDF15 monomers producing the inactive pro-GDF15 dimers. These inactive dimers are cleaved at
the N-terminal by furin- like enzymes at an RXXR site, separating the mature GDF15 dimer and the propeptide sequence (Figure 1).
The functionally active mature GDF15 dimer is 25-kDa, contains 224 amino acids and circulates in blood once
secreted out of the cell. The cleaved pro-peptide sequence, the pro-GDF15 monomer and the inactive proGDF15 dimer are also released from the cell but remain in the extracellular matrix, potentially acting as
reserve of mature GDF15 (Seung Joon Baek & Eling, 2019; V. W. W. Tsai, Husaini, Sainsbury, Brown, & Breit,
2018).
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Figure 1. Schematic representation of GDF15 domain organization. Red arrow marks
the RXXR site for pro-peptide cleavage. The numbers underneath indicate first amino
acid for each domain. SP stands for signal peptide and N &C indicate respective protein
terminals.

1.3 GDF15 as a weight regulator
Different studies have demonstrated that elevated levels of GDF15 cause weight loss in mice, humans and
non-human primates (Seung Joon Baek & Eling, 2019; Chrysovergis et al., 2014; Johnen et al., 2007; Macia et
al., 2012; Mullican et al., 2017; V. W. Tsai et al., 2013; V. W. Tsai et al., 2014; V. W. Tsai et al., 2019; Xiong et
al., 2017). One of the earliest evidence came from study of advanced prostate cancer patients where high
serum levels of GDF15 corelated with cancer related cachexia (Johnen et al., 2007). Xenograft mouse models
of prostate cancer expressing increased levels of GDF15 lead to reduced food intake and in turn substantial
loss of weight and lean tissue. This effect however, was reversed by introducing antibody against GDF15
(Johnen et al., 2007). Johnen et al. observed similar weight loss effect also in transgenic mice that
overexpressed GDF15 and also in normal mice that were administered GDF15 systematically. The study
showed that high level of GDF15 is related to cancer induced anorexia by acting as an appetite regulator
(Johnen et al., 2007). In another study, transgenic mice overexpressing GDF15 displayed weight and fat loss
when fed a normal chow diet or high fat diet. The proposed reason for this weight and fat loss was reduced
intake of food while energy expenditure remained unchanged (Macia et al., 2012). Conversely, Chrysovergis
et al. demonstrated that anti-obesity effect of GDF15 is not due to reduced food intake but because of higher
energy expenditure. They observed fat reduction in adipocytes in both transgenic mice that overexpress
GDF15 and in obese mice after introduction of GDF15 expressing xenografts (Chrysovergis et al., 2014). Both
studies however observed improved glucose tolerance in GDF15 transgenic mice indicating its role in glucose
homeostasis also. Extensive studies on GDF15 have been carried out by Tsai et al. and convincing evidence
have been published by them on its weight loss effect. In 2013, they compared GDF15 knockout mice with
control wild type mice to study the weight regulatory effect of GDF15. It was observed that GDF15 knockout
mice gained more weight as compared to control mice when measured up to 1 year of age. Furthermore,
decrease in body weight and food intake was noticed in both GDF15 knockout and wild type mice when
administered with human GDF15 at comparable physiological levels (V. W.-W. Tsai et al., 2013). In a different
article, they displayed that inhibiting GDF15 function by using blocking antibody caused rapid increase in
body weight in mice fed with high fat diet. The weight gain was followed by lowered insulin and glucose
tolerance (V. W. Tsai et al., 2019).
The breakthrough came from another publication from Tsai et al. where the authors provided evidence for
the site of action of GDF15. They demonstrated that GDF15 activates neurons of the area postrema (AP) and
the nucleus of the solitary tract (NTS) in the brainstem of mice and the weight regulatory effect of GDF15 is
inversed in mice with both AP and NTS removed as compared to control mice (V. W. Tsai et al., 2014). Xiong
et al. also obtained results showing that GDF15 exerts its effect by activating a complex neuronal network in
the area postrema (AP) of the brainstem, which in turn causes delayed gastric emptying and eventually
weight loss due to reduced food intake. They also showed that obese rats, mice and humans have significantly
7

higher blood concentrations of GDF15 as compared to their normal lean counterparts and overexpression of
GDF15 caused weight loss and improved metabolic activity in obese rat, mice and cynomolgus monkeys
(Xiong et al., 2017). Supporting evidence for role of GDF15 in weight regulation of non-human primates is
also reported by Mullican et al. where obese male cynomolgus monkeys, subcutaneously administered with
GDF15 loose considerable weight due to reduced energy intake as compared to animals treated with vehicle
(Mullican et al., 2017). Baek et al. have also comprehensively reviewed other similar investigations confirming
that GDF15 is a major regulator of body weight (Seung Joon Baek & Eling, 2019).

1.4 Role in Cancer
The expression levels of GDF15 have been found to be elevated in multiple cancer types like prostate,
pancreatic, colon and brain cancers. Its unusually high levels are detected in serum from patients with
different cancer and can be used as clinical marker for detection and management of the disease (Bauskin et
al., 2006). These findings lead to further investigation of role of GDF15 in different types of cancer. Lee et al.
demonstrated that GDF15 is readily expressed in cancerous gastric tissues but is not expressed in normal
gastric cells. Moreover, treatment with recombinant GDF15 or it’s over expression increased invasiveness of
human gastric cells and thus might be contributing to progression of gastric cancer (D. H. Lee et al., 2003).
Similar observations were made by Boyle et al. in melanoma cells where metastatic melanoma cell lines
express significantly higher levels of GDF15 as compared to normal and primary melanoma cells lines. Also
inhibiting GDF15 expression, significantly decreased the growth of metastatic tumors in nude mice (Boyle et
al., 2009). In glioblastoma patients, high levels of GDF15 are detected in their serum and cerebrospinal fluid
which correlates to high GDF15 expression in tumor cells and to poor prognosis of such patients (Codó et al.,
2016; Roth et al., 2010). By using short hairpin RNA (shRNA) inhibition of GDF15 expression, Roth et al.
revealed that endogenously produced GDF15 is involved in promoting tumor cell growth and makes glioma
cells resistant to T-cell mediated immune response (Roth et al., 2010). Related effect of GDF15 was indicated
by Codό et al. where in vitro silencing of GDF15 decreased migration of glioma cells but didn’t affect cell
viability. On the other hand exogenous addition of GDF15 lead to increased migration of the cancer cells
(Codó et al., 2016). Other than facilitating tumor invasion, GDF15 also tends to confer drug resistance on
cancer cells. Proutski et al. showed that inhibiting GDF15 expression in colorectal cancer cells increase their
sensitivity to drug induced apoptosis but the effect was reversed when cells were treated with recombinant
GDF15 (Proutski et al., 2009). Similarly prostate cancer cells that endogenously express high levels of GDF15
are resistant to apoptosis induced by docetaxel as compared to GDF15 silenced prostate cancer cells
(Mimeault, Johansson, & Batra, 2013).
The role of GDF15 in cancer is complex. Contradictory to the pro-cancer effects of GDF15, some studies have
also demonstrated its anti-tumour properties. Most of such studies are based on in vivo experiments where
tumor formation is induced in GDF15 over expressing transgenic mice. Results have shown that such
transgenic mice are resistant to intestine, lung and colon tumour formation (Seung Joon Baek & Eling, 2019;
Breit et al., 2011). On the other hand in tumour xenograft mouse models, that are usually immuno-deficient
and imitate late stage cancer biology, GDF15 promotes cancer metastasis (V. W. W. Tsai et al., 2018). In short,
the role of GDF15 in cancer development is still not clear. It can be speculated that the effect of GDF15 varies
based on type of cancer, site of cancer origin, interaction of cancer cells with its environment and whether it
is studied in vitro or in vivo. It is also possible that it might act as an anti-cancer agent during early stage
cancer, but as the cancer progresses it starts behaving as pro-cancer agent (Breit et al., 2011). Further studies
are required to conclude any effect, whether pro or anti, with confidence.

1.5 Role in other physiological processes
Apart from its role in body weight regulation and cancer, GDF15 is also known to have an effect on glucose
metabolism, disease related inflammation, microbial infections and immune cells. The role of GDF15 in
improving glucose metabolism and insulin tolerance became evident while its anti-obesity role was being
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studied as these phenomena are physiologically related. Macia et al. and Chrysovergis et al. demonstrated
that GDF15 enhances glucose and insulin tolerance in GDF15 overexpressing transgenic mice (Chrysovergis
et al., 2014; Macia et al., 2012). Similar results were reported by Tsai et al. when they observed improved
glucose metabolism and insulin tolerance along with reduced expression of pro-inflammatory cytokines in
mice fed on high fat diet (HFD) and treated with recombinant GDF15. Also, treatment of HFD fed mice with
antibody against GDF15, decreased glucose and insulin tolerance and increased levels of inflammatory
mediators (V. W. Tsai et al., 2018; V. W. Tsai et al., 2019). Furthermore, Lee et al. determined that GDF15 is
responsible for the insulin sensitivity and improved glucose metabolism mediated by T-helper type 2 (Th2)
cytokines in wild type mice fed with HFD but this effect was not seen in GDF15 knockout mice, on similar diet
(S. E. Lee et al., 2017).
In case of inflammation, the effect of GDF15 is still contradictory. Most studies claimed that the growth
factor has an anti-inflammatory and protective effect when studied in rheumatoid arthritis (RA), cardiac and
renal injuries and infection related inflammation (Abulizi et al., 2017; Breit et al., 2011; Luan et al., 2019).
However, Wu et al. showed that lung inflammation caused by viral infection is increased in transgenic mice
over expressing GDF15, indicating its pro-inflammatory role (Wu et al., 2018). Moreover, they also
demonstrated that GDF15 facilitates Human rhinovirus (HRV) infection both in vivo and in vitro by promoting
viral replication and release (Wu et al., 2018). Similar results were reported by Si et al. where GDF15
augmented Hepatitis C virus (HCV) infection and its inhibition lead to suppressed viral replication (Si et al.,
2011). GDF15 is also proposed to play an immune suppressive role by preventing maturation of dendritic
cells and as a result can avert immune rejection in heart transplantation (Zhang et al., 2018; Zhou et al.,
2013).

1.6 The GDF15 receptor, GFRAL
In order to identify the receptor for GDF15, which belongs to the TGF-β superfamily, all the receptors binding
to members of TGF-β superfamily were first investigated. Some studies claimed that GDF15 can utilize TGFβ receptor type I and type II to initiate downstream signalling pathways (Artz, Butz, & Vestweber, 2016; Zhang
et al., 2018). But these claims were considered unreliable due to reports of contamination of GDF15 stock
with other proteins of the same family (Olsen, Skjærvik, Størdal, Sundan, & Holien, 2017). Eventually, 20
years after the initial discovery of the protein, four independent research groups identified, Glial cell linederived neurotrophic factor (GDNF) Receptor-Alpha Like, or in short GFRAL, as the main receptor for GDF15
(P. J. Emmerson et al., 2017; Hsu et al., 2017; Mullican et al., 2017; Yang et al., 2017). Extensive screening of
numerous cell surface receptors was performed to detect binding of GDF15 which showed that GDF15
specifically binds to GFRAL and not to any other TGF- β receptors and GDF15 is the only ligand for GFRAL (Hsu
et al., 2017; Yang et al., 2017).
GFRAL is a distant member of a group of receptors called Glial cell line-derived neurotrophic factor (GDNF)
receptor-alpha (GFR-α). The protein GFRAL was originally identified as a result of a blast search using known
GFR-α protein sequences as queries against the mouse genome database (Z. Li et al., 2005). It is a
transmembrane protein of 393 amino acids with molecular weight of 43.9 kDa and comprises a hydrophobic
signal peptide at N-terminal, a single transmembrane domain and a short C-terminus tail (Figure 2). It also
contains three cysteine rich domains which are hallmark of GFR-α receptor family. GFRAL-B, a less abundant
isoform, is suggested to be a soluble protein with a short hydrophilic tail at the C- terminal. Sequence analysis
of mouse GFRAL in human genome database reveals 70% sequence identity with its human counterpart (Z.
Li et al., 2005).

9

Figure 2. Schematic diagram of GFRAL domain organization. The Extracellular domain contains three
cysteine rich domains marked as D1, 2 & 3. The single transmembrane domain and short cytoplasmic
tail are also shown. The numbers underneath indicate first amino acid for each domain and N &C
indicate respective protein terminals.

The vital role of GFRAL in GDF15 mediated weight regulation was demonstrated when both GFRAL KO mice
and wild type mice were administered with GDF15 and observed for differences in energy homeostasis. Wild
type mice showed reduced food intake, progressive weight loss and improved glucose tolerance but all these
affects were not observed in GFRAL KO mice (P. J. Emmerson et al., 2017; Hsu et al., 2017; Mullican et al.,
2017; Yang et al., 2017). The effect of dietary stress however is inconsistent in GFRAL KO mice. Mullican et
al. and Hsu et al. observed increased body weight and glucose intolerance in GFRAL KO mice when fed high
fat diet but Yang et al. didn’t observe this phenotype when compared to wild type mice. Later on, Tsai et al.
generated GFRAL KO mice using adeno-associated virus shRNA and confirmed that GFRAL KO mice kept on
high fat diet did show an increase in body weight along with adiposity, suggesting that the inconsistency in
earlier observations could be due to the undesirable phenotypic effects that could arise due to germline
deletion of GFRAL (V. W. Tsai et al., 2019).
The expression of GFRAL is highly restricted to the brainstem in mice, rat and humans and it seems to be
absent from any peripheral tissues. In rodents the receptor has been specifically localized to area postrema
(AP) and the nucleus of the solitary tract (NTS) by employing techniques like immunohistochemistry (IHC)
and in situ hybridization (ISH) (P. J. Emmerson et al., 2017; Hsu et al., 2017; Mullican et al., 2017; Yang et al.,
2017). Also when treated with GDF15, activation of the AP and NTS region is significantly reduced in GFRAL
KO mice as compared to wild type mice, which further supports the fact that the receptor for GDF15 resides
in those neuronal regions (V. W. Tsai et al., 2019).

1.7 The GFRAL co-receptor, RET
GFRAL, like other members of the GFR-α receptor family requires a tyrosine kinase receptor, RET, to initiate
downstream signalling pathways (Mullican et al., 2017; Yang et al., 2017). Unlike GFRAL, RET mRNA is present
in multiple peripheral tissues but is also expressed in brain cells notably in area postrema (AP). This coexpression indicated that both receptors might interact with each other (Hsu et al., 2017; Yang et al., 2017).
Further evidence came from experiments where different cell lines over expressing both GFRAL and RET were
treated with GDF15 and resulted in increased downstream phosphorylation. But in cells where either GFRAL
or RET was lacking, this phenomenon was not observed. Blocking RET alone also prevented the signalling
mediated by GDF15, demonstrating that both GFRAL and RET are required to initiate downstream signalling
elicited by GDF15 (Hsu et al., 2017; Mullican et al., 2017; Yang et al., 2017).

1.8 The interaction of GDF15 with the GFRAL-RET complex
The discovery of the receptor GFRAL lead to postulate the mechanism by which GDF15 interacts with its
receptor. It is proposed that after the mature dimeric GDF15 is secreted out of the cells, it circulates in the
blood and reaches the area postrema (AP) of the brain stem. Importantly, the AP is one of the
circumventricular organs, which do not have a blood brain barrier and can interact directly with molecules
circulating in the blood stream. Once it reaches the AP, GDF15 binds to its receptor GFRAL leading to
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activation of neurons in this region of the brain, which in turn causes other parts of the brain such as the
central amygdala and parabrachial region to act and regulate appetite (P. J. Emmerson et al., 2017; V. W. W.
Tsai et al., 2018).
In its mature dimeric form, GDF15 engages two molecules of GFRAL. Each GDF15-GFRAL complex then binds
to the co receptor RET (Figure 3). This complex (one GDF15 dimer bound to two of GFRAL and two RET
molecules) initiates subsequent signalling through phosphorylation of ERK, AKT, and PLC-γ1 (Mullican et al.,
2017; Yang et al., 2017). The X-ray crystal structure of the extracellular domain of GFRAL bound to GDF15
shows that GDF15 binds to the D2 domain of GFRAL at a hydrophobic region (P. J. Emmerson et al., 2017;
Hsu et al., 2017). Despite the overall structure of ligand-receptor complex is conserved as compared to other
members of the GFR- α family, there are some features that are unique to GFRAL-GDF15 complex. GFRAL,
instead of having the common RRR motif like other GFR- α receptors, contains a SKE sequence, which effects
the hydrogen bond formation with GDF15 (Hsu et al., 2017; Saarma & Goldman, 2017). Also, Cryo-EM studies
of GDF15 bound to GFRAL: RET complex showed that the angle between two GDF15 molecules in the
receptor complex is shorter (~60°) as compared to other GFRα-RET complexes bound to their respective
ligands. This difference in angle, could in turn effect the binding of GDF15: GFRAL complex to RET and its
subsequent signalling and possibly explain how a single protein, RET, is able to initiate different signalling
cascades and functions when bound to different ligands (J. Li et al., 2019).

Figure 3. Scheme representing interaction of GDF15 with GFRAL and co receptor RET.
The angle between two molecules of GDF15 while bound to GFRAL (~60°) is also
indicated. GFRAL bound to GDF15 interacts with RET and initiates downstream
signaling.

1.9 Internalization and intracellular trafficking of GDF15: an open question
The binding of GDF15 to its receptor initiates the process of endocytosis by which a cell internalize the ligandreceptor complex into membrane vesicles which then deliver the cargo to its final destination inside the cell.
Cells utilize different mechanism to internalize solutes, nutrients and portions of their plasma membrane.
Among the different types of endocytic processes identified so far, the best characterized is Clathrin
mediated endocytosis (CME). CME involves assembly of clathrin protein at the cytoplasmic face of the plasma
membrane, marking the site from where cargo will be internalized. Accumulation of clathrin molecules along
with the adopter proteins causes invagination and bending of the plasma membrane which is further
supported by actin polymerization, leading to formation of the clathrin coated vesical. The excision of this
coated vesical from the plasma membrane occurs with the help of dynamin along with BAR domain (Bin,
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amphiphysin and Rvs) proteins. Once the vesical is separated from the PM, disassociation of the clathrin coat
takes place and the naked vesical is then transported to its required destination (Kaksonen & Roux, 2018).
Apart from CME, there are also other endocytic pathways that are clathrin- independent but can be
dependent or independent of dynamin and/or actin. For example, endocytosis by caveolae (small pit like
invaginations of PM mainly composed of Caveloin-1 protein), and small G-proteins like RhoA and ARF6 are
dynamin dependent. Flotillins are another group of proteins that also form Caveolae like invaginations in PM
to mediate endocytosis which can be both dynamin dependent or independent (Doherty & McMahon, 2009).
On the other hand, macropinocytosis and phagocytosis; processes that involve extension of PM to uptake
extracellular fluid or large particles, respectively do not require dynamin and instead are actin dependent
(Sandvig, Kavaliauskiene, & Skotland, 2018).
As of now, there is no published study that explains the endocytic mechanism of GDF15. Most of the studies
done so far have been focused on the physiological role of GDF15 in weight regulation and cancer therapy.
But now, the recent discovery of its unique receptor GFRAL has led to the possibility to answer questions like
what endocytic pathway does GDF15 engage to enter the cell and what factors can effect this process? Is the
co-receptor RET needed for GDF15 uptake or GFRAL alone is enough? Is internalization of GDF15 required
for its signalling and what are the possible post endocytic events?
The aim of this thesis was to answer all these questions by developing a system through which interaction of
GDF15 with its receptor GFRAL can be visualized and studied. For that purpose, techniques like flow
cytometry and high throughput imaging were utilized. The role of actin and Dynamin along with activation of
Phosphatidylinositol 3-kinase (PI3K) signalling in the process was then studied by using inhibitors against
each. Different endocytic cargos like Transferrin (marker for CME, actin and dynamin dependent) (Doherty &
McMahon, 2009), Cholera toxin B subunit (Clathrin independent endocytosis) and Epidermal growth factor
(under goes CME at low concentrations, but Clathrin and dynamin independent at high concentrations)
(Bakker, Spits, Neefjes, & Berlin, 2017) were used as controls.
We demonstrated that GDF15 endocytosis could be actin dependent and might require activation of the
Phosphatidylinositol 3-kinase (PI3K). The role of dynamin still remains to be addressed but while trying to do
so, we identified that in primary cell lines such as MEF, overexpressed receptor GFRAL is not transported to
the PM but is trapped in the Golgi apparatus suggesting the presence of a Golgi-retention signal in the
protein.

2 Materials and methods
2.1 CELL CULTURE
HeLa cells (American Type Culture Collection [ATCC]) and Mouse Embryonic Fibroblasts, triple knockout for
dynamin 1,2,3 (MEF TKO) (Park et al., 2013) were cultured using Dulbecco’s Modified Eagle Medium (DMEM
[gibco, REF# 41966-029, SIGMA D6429]) containing 10% fetal calf serum (gibco REF#10500-064), 1X
glutamine (GlutaMAX™, gibco REF# 35050-038) and 1X non- essential amino acid solution (MEM, NEAA
SIGMA REF# M7145) in 75 cm2 Cellstar® cultivation flasks with filter caps (Greiner bio-one REF # 658 175).
The cells were incubated at +37°C with 5% CO2.

2.2 PLAMSMIDS
Wild type Human GFRAL (hGFRAL) plasmid (pCDNA3.1, from collaborator Saarma group) was used for
transfecting cells. eGFP-N1 (addgene #54767), mRuby-2N1(addgene) and VSV-G-GFP plasmids (Presley et al.,
1997) were used as controls.
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hGFRAL plasmid was extracted using NucleoBond Xtra Midi kit (Macherey-Nagel REF# 740410.50) by
following the instructions provided with the kit. The Plasmid DNA was resuspended in 150 ul of miliQ water
in the final step. The transformant bacterial stock was provided by Saarma group and the culture was grown
in the presence of Ampicillin (100ug/ml) over night at +37°C with shaking.

2.3 Reagents
2.3.1 Antibodies
Human GDF15 goat IgG (R&D systems, CAT# AF957) and Humanized GFRAL antibody (a kind gift from
icosagen). Donkey anti-goat IgG 488nm & 647nm (Invitrogen 488nm REF# A11055, 647nm REF# A21447) and
goat-antihuman 568nm (Invitrogen REF# A21090). Fluorescent markers GM130 (Cis/Medium Golgi cisternae)
and GRASP55 (Medium/Trans Golgi cisternae) (kind gift from Eija Jokitalo).

2.3.2 Endocytic cargos
Growth differentiation factor 15 (GDF15) (kind gift from icosagen), Transferrin (Tf) 647nm & 488nm
(Invitrogen REF# T23366 & T13342 respectively), Cholera Toxin B subunit647nm (CTB647) (Thermo Fisher
scientific Cat. # C34778) and Epidermal Growth Factor647nm (EGF647) (Thermo Fisher scientific Cat. # E35351)

2.3.3 Drugs
Latrunculin B (Sigma L5288), Wortmannin (MERK Cat.# W1628) 4-OH-tamoxifen (MERK Cat.# H6278) and
Dimethyl Sulfoxide (DMSO) (MP Biomedicals, LLC. CAT# 196055).

2.4 Transfection of mammalian cell lines
2.4.1 By Lipofection
For transfection, HeLa cells were seeded in 96 well (Perkin Elmer REF# 6005182), 6 and 12 well plate (Greiner
bio-one, CAT# 657160 & 665180). The transfection mix was prepared by combining plasmid DNA, Turbofect
transfection reagent (TF) (Thermo scientific CAT# R0531) and DMEM as mentioned in Table 1. The
transfection mix was vortexed immediately and incubated for 20 min at room temperature (RT) before
adding on to the cells. The cells were incubated at +37°C for 4h. After the incubation, the transfection mix
was removed, and warm growth media was added. The cells were then incubated overnight at +37°C with
5% CO2.
For 96 well plate only, the overnight growth media was replaced by fresh warm growth media 1 h prior to
transfection. The different amounts of DNA and transfection reagent tested, along with number of cells
seeded for different tissue culture plates are indicated in table 1.
Table 1Transfection mix preparation for HeLa cells.
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2.4.2 By Electroporation
Electroporation was done to transfect MEF and HeLa cells. The cells were first trypsinized to a suspension
and then pelleted by centrifugation at 400xg for 5 min at RT. The supernatant was removed completely, and
cells were resuspended in 100 ul of PBS and then added into a 0.2 cm cuvette (Bio rad CAT# 165-2086) already
containing 5ug of plasmid DNA. Cells were electroporated using Bio Rad Gene Pulser Xcell Electroporation
system with single pulse of 160 V, 500 uF capacitance and  resistance. Quickly after electroporation, 1 ml
of warm growth media was added to the cuvette and mixed properly. The electroporated cells were then
transferred to a falcon tube already containing 15 ml of warm growth media and mixed thoroughly. Vigorous
pipetting was done to resuspend any remaining cell clumps. Cells were counted using Bio Rad TC20
automated cell counter and seeded in 96 well plate accordingly. The plates were incubated overnight at
+37°C with 5% CO2.

2.5 Uptake of GDF15
For setting up the initial assay to study GDF15 endocytosis by automated imaging, 10ng/ ml of GDF15 was
added to HeLa cells transfected with GFRAL encoding plasmid. The cells were incubated at +37°C for 2h. In
some of the samples, GDF15 was removed after 1h by washing once with growth media and kept again at
+37°C for 1 hour more. The cells were fixed by adding 4% paraformaldehyde (PFA) for 20 min at RT and kept
in PBS until immune-fluorescent staining.

2.6 Time course of GDF15 endocytosis
GFRAL expressing HeLa cells were used to study GDF15 entry at different time points. GDF15 (60ng/ml) was
added in 1ml of ice cold growth media and kept on ice for 1h for binding to the receptor. After 1h, the media
was removed, and 2 ml warm media was added. The plates were incubated at +37°C for 5, 15, 30, 60 and 120
min respectively. 1 plate was kept on ice for 120 min with ice cold growth media as a negative control for
endocytosis. At each time point, growth media was removed and cells were washed once with 2 ml ice cold
PBS on ice. 450 ul of 1X trypsin-0.2% EDTA (Sigma REF# T3924) was then added and incubated on ice for 20
min or until cells detached. Equal amount (450 ul) of ice cold growth media was then added and cells were
resuspended properly and then transferred to a tube containing 900 ul of 8% PFA. The tubes were incubated
at RT for 20 min in a 360° spin rotator and continued to immune-fluorescent (IF) staining for flow cytometry
analysis as described in section XX.

2.7 Effect of drugs on GDF15 endocytosis
Two different experimental setups were optimized to study the effect of Latrunculin B (3ug/ml) and
Wortmannin (0.5uM) on GDF15 endocytosis. DMSO (0.1%) was used as a negative control for drug effect.
For Flow cytometry, with pre-binding of GDF15 with drug on ice: GDF15 (60ng/ml) along with the respective
drug was added to GFRAL expressing HeLa cells and incubated on ice for 1h. After 1 h, the media was removed
and 2 ml warm media containing the drug only was added again. The plate was incubated at +37°C for 30
min. One plate as a negative control for endocytosis was kept on ice for 120 min with ice cold growth media.
After the incubation, the samples were trypsinized and fixed using 8% PFA as described in section (time
course). Tf647nm (2 ug/ml) was also used as a control endocytic cargo.
For automated imaging, Without Ice pre-binding: Firstly, the drug was added to the transfected HeLa cells
in warm media and incubated at +37°C for 15 min. After the incubation, the ligands GDF15 (30ng/ml), Tf647nm
(2 ug/ml) was added and incubated again at +37°C for 30 min. Tf488nm (500 ng/ml) with EGF647nm (200 ng/ml)
was also used as control endocytic cargos and incubated also for 30 min at +37°C. After the incubation,
growth media was removed and washed 3x with ice cold growth media, completely removing it in the last
wash. The cells were then treated with Acid buffer (0.2M acetic acid in 0.5M NaCl, pH 2.8) for 2 min and
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washed 3x with cold PBS. The cells were fixed with 4% PFA for 20 min at RT and immuno stained for high
content imaging as described in section 2.10

2.7.1 Role of Dynamin in GDF15 endocytosis
MEF (TKO) cells were used to study the role of dynamin in GDF15 endocytosis. Dynamin knock out condition
was induced by adding Tamoxifen (TMX)(3uM) to MEF cell culture and incubating for 4 days at +37°C before
electroporation. The day after electroporation, GDF15 (100ng/ml) with Tf647nm (5ug/ml) was added and
incubated at +37°C for 30 min. Tf488 (5ug/ml) along with CTB647nm (250ng/ml) was also used as controls for
endocytosis and incubated also for 30 min at +37°C . After the incubation, cells were treated with acid buffer,
fixed with 4% PFA and stained for image analysis.

2.8 Immuno fluorescent (IF) staining
For imaging: The cells were first treated with 50mM NH4Cl in PBS for 15 min at RT to block unspecific binding
of antibodies. To permeablize the cells, 0.1% TritonX in PBS containing 1ug/ml Hoechst was used. The cells
were incubated for 10 min at RT and then washed twice with PBS. Primary antibody diluted 1:500 in 0.2%
Dulbecco’s Bovine serum albumin (DBSA) was then added and incubated over night at +4°C. The following
day, the unbound primary antibody was washed three times with PBS and then secondary antibody diluted
1:1000 in 0.2% DBSA was added and incubated in dark for 1h at RT. After 1 h, the cells were washed three
times with PBS, covered and kept at +4°C until imaging with high content imaging.
For flow cytometry: The samples after fixation were centrifuged at 2000xg for 5 min to remove PFA. 1 ml of
DBSA buffer (1% DBSA containing 0.5% saponin [Sigma REF# 47036]) was added for washing the cell pellet
and centrifuged as above. After removing the supernatant, 100 ul DBSA buffer with primary antibody against
GDF15 (diluted 1:500) was added and incubated 1h at RT in 360° spin rotator. After 1 h, 1ml of DBSA buffer
was added and the sample was kept overnight at +4°C. The next day, sample was centrifuged for 5 min at
2000xg and washed once with 1 ml DBSA buffer to remove the primary antibody. 100 ul DBSA buffer
containing secondary antibody (donkey anti goat 488nm, dilution 1:1000) was added and incubated 1h at RT
in spin rotator. After 1 h, 1 ml of DBSA buffer was added, and cells were centrifuged as above. Cells were
washed again, once with 1 ml DBSA and then with 1 ml PBS and were re suspended in 400 ul PBS to be
analyzed later.

2.9 Automated imaging
High content imaging was performed using MolecularDevices imageXpress® Nano, at the Light Microscopy
Unit (LMU), University of Helsinki. The images were generated by using the 20x air objective and were
analysed using Cell profiler 3.1.8 software (www.cellprofiler.org). For image analysis, a pipeline was created
that could detect GDF15 containing GFRAL positive cells by first identifying the primary object ‘Nuclei’ using
the fluorescent signal from Hoechst (378nm) (figure 4A-Upper panel). The secondary object designated as
‘Cell’ was identified using fluorescent signal from Transferrin (Tf 647nm) (figure 4A-lower panel) and the tertiary
object ‘Cytoplasm’ was generated by subtracting nuclei from the cell (figure 4B-upper panel). The cytoplasm
was then classified as GFRAL positive or negative based on intensity of fluorescent signal detected from
568nm wavelength above the manually assigned threshold (figure 4B-lower panel). Within GFRAL positive
cells, the intensity of GDF15 (fluorescent signal from 488nm) and Tf 647nm was then detected to identify cells
positive for both cargos respectively.
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For identifying positive cells for control cargos, EGF647nm and Tf488nm, the intensity of the respective fluorescent
signal was measured in the expanded area around the nuclei. A manual threshold for intensity was set to
classify cells as positive or negative for the respective cargo. The data from Cell profiler was collected in the
form of a CSV file which was then used to perform further statistical analysis. Fiji ImageJ v1.52 software
(Schneider, Rasband, & Eliceiri, 2012) was also used to create over lay images by merging channels of
different wavelengths into one image.

Figure 4. Image Analysis using cell profiler. A) Identifying nuclei and cell as primary and secondary object respectively. The zoomed area shows the
accuracy of detecting each object. B) Classifying the tertiary object, Cytoplasm into positive and negative based on GFRAL signal intensity, within
GFRAL positive cytoplasm, signal for GDF15 and Tf was then detected.

2.10 Flow cytometry
Flow cytometry was performed using BD LSRFortessa Flow Cytometer analyser located at flow cytometry
unit, Biocenter University of Helsinki. The analyser operates with BD FACSDiva Software v8.0 which generates
FCS raw data files that are further analysed by BD Flowjo v10.6.1.
For analysis, the negative control sample was examined first to create the reference gate for the test samples.
The parent population was selected using the dot plot (FSC vs SSC) (figure 5C) and then the gating of positive
and negative cell population was done using histograms for each fluorescent signals (figure 5A-B). The
median and geometric mean fluorescence along with percentage of positive cells was determined using
Flowjo software.

Figure 5. Gating of cell population using negative control sample. A) Gating GDF15 positive and negative cells using
Alexa fluor 488 laser. B) Gating Tf positive and negative cells using PE-Cy5-A laser. C) Gating of parent population on
the scatter plot.
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3 Results
3.1 Flow Cytometric Analysis
3.1.1 Kinetics of GDF15 endocytosis
To study the time course of GDF15 endocytosis, HeLa cells transfected with GFRAL encoding plasmid were
incubated with GDF15 on ice for 60 min, then shifted at +37C for 5, 15, 30, 60 and 120 min respectively.
Controls samples were left on ice for 120 min to prevent endocytosis. Flow cytometry was performed and
FlowJo software was used to obtain the percentage of GDF15 positive cells and their respective median
fluorescence (MF) and geometric mean fluorescence (GMF) values.
The results indicated that the fluorescence signal of GDF15 is detected at the earliest time point (5 min),
where it already reached near to maximum value and did not increases significantly with further increase in
time (Figure 6B&C). The overlay histogram of positive cells for each sample also indicate that the difference
between time points is not very significant as the histograms overlap each other (Figure 6-D&E). Overall, the
fluorescence signal of GDF15 was not very high as indicated by low geometric mean (GMF), and mean
fluorescence (MF) values, and low number of GDF15 positive cells. There was also large variation in the GMF
and MF values between different time points (Figure 6A-C). The experiment was performed twice to confirm
the reproducibility of results and limit the use of expensive reagents (i.e. purified GDF15). The results of the
two repetitions were very similar.
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Figure 6. Analysis of time course for GDF15 endocytosis using flow cytometry. A) Average percentage of GDF15 positive cells, with highest
number (approx. 22%) reaching at 120 min. B) Average geometric mean fluorescence (GMF) of GDF15 positive cells at each time point. The GMF
value already reaches near to maximum at 5’ time point. C) Average median fluorescence of GDF15 positive cells. MF values show similar pattern
as of GMF values i-e, reaching near to maximum already at 5’ time point but showing variation between different time points. The intensity of
fluorescence signal remained low however in all the time points tested. D&E) Histogram overlays from each time point as generated by FlowJo
for repeat I and II respectively. The zoomed area shows that the histogram of negative control has the lowest Alexa-Flour 488 signal as expected,
while for the rest of the samples the values overlap each other closely and cannot be differentiated clearly.

3.1.2 Role of actin and PI3K
The role of actin and PI3K in GDF15 endocytosis was analyzed using flow cytometry. Actin polymerization
was inhibited using Latrunculin B (Lat B) while wortmannin (wort) was used for inhibition of PI3K. Dimethyl
Sulfoxide (DMSO) was used as a positive drug control.
Transferrin (Tf) was tested first as a control endocytic cargo. As its uptake is known to be actin independent,
it was tested only with Lat B. HeLa cells, transfected with GFRAL encoding plasmid, were pre-incubated on
ice with Tf and drugs (DMSO or LatB) for 1 h, the ligand was then removed, and cells were incubated, in the
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presence of the same drugs, at +37C for 30 min. The effect of the drug was confirmed by the change in
morphology that cells underwent after actin depolymerization (assessed by visual inspection at the bright
field microscope). Cells without Tf and drugs were used as negative controls.
The analysis by FlowJo revealed that endocytosis of Tf is not affected by actin de-polymerization as indicated
by comparable number of Tf positive cells along with GMF and MF values in both, DMSO and Lat B treated
samples (Figure 7A-C). Also, the overlay histograms of Tf positive cells (Figure 7D, magenta curves) are well
separated from the negative controls (gray curves) but for Lat B and DMSO samples overlap each other
(magenta and blue curves) , indicating no effect of Lat B on uptake of Tf (Figure 7D).

Figure 7. Effect of Latrunculin B on endocytosis of Transferrin. A) Average percentage of Tf positive cells for both treatments, with DMSO showing
highest number, 73% of positive cells. B&C) Average GMF and MF values of Tf positive cells. The values are not affected by Lat B treatment and are
comparable to that of DMSO. D) Overlay histograms of Tf positive cells. The histograms of treated samples are separated from the negative control,
but they overlap each other closely. The voltage of PE-cy5-A laser was not adjusted properly nonetheless the effect of Lat B could be detected.

The high number of Tf positive cells (around 73%) with high GFM and MF values showed that the
internalization of this ligand is efficient in most cells and that the setup for flow cytometry analysis worked
well. A similar setup was then used to test GDF15 uptake.
GDF15 along with drugs (Lat B and Wortmannin) was added to GFRAL expressing HeLa cells and pre incubated
on ice for 1 h. The ligand was then washed away, and cells were incubated only with respective drug at +37C
for 30 min. Cells where then trypsinized to detach them from the culture dished and at the same time remove
non internalized GDF15 from the plasma membrane (PM). Cells without GDF15 were used as negative
controls.
Obtained results showed weak fluorescence signal for GDF15. The number of GDF15 positive cells, as
compared to Tf, were low (Figure 8A, left graph). The experiment was performed in duplicates, both showing
similar results. In this experiment the treatments with LatB and wortmannin did not inhibit GDF15 uptake.
However, it was later realized that in this set of experiments the drugs were solubilized and left in solution
for more than 15 minutes before cell treatments. Since these drugs are very unstable in aqueous solutions,
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the whole experiment was repeated this time adding the drugs to the cells immediately after solubilization
in cell culture media. The results of these new experiment, performed in duplicates, indicated that actin
deplolimeryzation decreased the number of GDF15-positive cells. Wortmannin, although to a lesser extent
compared to LatB, also inhibited GDF15 uptake.
Based on these results, it appeared that GDF15 uptake depended on a functional actin cytoskeleton. As the
fluorescence signal for GDF15 was very low in all the experiments performed so far using FACS, and to limit
the amount of reagents used, it was decided to further validate the role of actin using image-based
approaches.

Figure 8. Effect of Wortmannin and Latrunculin B on endocytosis of GDF15 by flow cytometry. Figures from experiment 1 and 2 are marked as repeat
1 & 2 respectively. A) Percentage of GDF15 positive cells after treatments with indicated drugs. The experiment of repeat 2 (rightmost graph) was
performed with drugs immediately added to cells after solubilization in cell culture media. . B) Overlay histograms of GDF15 positive cells. The zoomed
area shows the shift in fluorescence caused by each drug treatment.

3.2 Analysis by high content imaging.
3.2.1 Optimization of transfection.
Transfection of Hela cells was first optimized for studying GDF15 endocytosis by automated microscopy. Cells
were transfected with GFRAL encoding plasmid using two different amounts of the transfection reagent. To
identify cells expressing functional GFRAL, the respective ligand GDF15 was added the following day, and
cells were incubated for 60 at 37 C and either fixed or washed and allowed to internalize cell-bound ligand
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for further 60 min at 37 C (total 120 min) before fixation and immune fluorescence analysis using an antiGDF15 antibody.
Using an automated, epifluorescence microscope, the images obtained showed that transfection of Hela cells
was efficient already with 0.1ul/well of transfection reagent (TF), and even more so when using 0.2 ul/well,
as indicted by the increase of GDF15 positive cells (Figure 9A). Same results were obtained when cells where
co-transfected with GFP and RFP expressing plasmids (Figure 9B). For further experiments involving
transfection for automated image analysis, 0.1ul of transfection reagent along with 0.1ug of DNA were used.
Imaging of GDF15 revealed that the ligand is internalized by GFRAL expressing HeLa cells. After 120 min of
incubation the fluorescence signal of GDF15 was localized around the perinuclear area, where endosomes
and lysosomes are usually located (Figure 9 A, 120 min, insets). In cells where the ligand was incubated for
60 min, the fluorescent signal in numerous cells was localized also at the PM as well as in the perinuclear
region (Figure 9 A, 60 min, inset).

Figure 9. Transfection optimization of Hela cells using different amounts of Turbofect (TF) transfection regent. A) Upper panel: Cells transfected with
GFRAL encoding plasmid using 0.1 ul TF and incubated with GDF15 for 60 and 120 min. Lower panel: Transfection carried out using 0.2 ul TF. As
compared to 0.1ul, there are increased number of transfected cells but it also caused more cell intoxication. Zoomed area shows PM bound and
internalized GDF15 in respective time points. B) Co-transfection of Hela cells with GFP and mRuby encoding plasmids, using 0.1 ul (upper image) and
0.2ul (lower image) TF. Co-transfected cells appear yellow while GFP and m Ruby (RFP) expressing cells appear green and red respectively. Nuclei are
stained in blue and GDF15 Red

3.2.2 Effect of actin depolymerization
The assay to study endocytosis of GDF15 was first set up by using control cargos including Tf (marker of actinindependent endocytosis) and EGF (marker of actin-dependent endocytosis at 100 ng/ml). The experimental
setup did not involve pre-binding of ligand. Instead, the drugs Lat B, and DMSO as a control, were added in
warm growth media, 15 min before adding the ligands. The cells were then incubated at +37C for 30 min.
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Figure10A. Effect of actin de-polymerization on EGF and Tf endocytosis. Upper panel, EGF: Hela Cells incubated with EGF and treated with DMSO and
Lat B, with and without acid wash. Treatment with Lat B blocks EGF uptake, indicated by no fluorescence signal. Lower panel, Tf: Hela cells incubated
with Tf and treated with DMSO and Lat B, with and without acid wash. Treatment with Lat B didn’t not effect uptake of Tf. Acid wash removed
extracellular proteins and non-acid washed cells show increased fluorescence signal for both cargos. Change in cell morphology due to Lat B treatment
can also be seen which resulted in higher fluorescence intensity as compared to DMSO for both cargos

The results indicated that actin de-polymerization inhibited EGF endocytosis but Tf internalization was not
affected by the same treatment (Figure 10 A). There was no visible fluorescence signal of EGF in Lat B treated
and acid washed samples while samples with similar treatment but not acid washed showed extracellularly
bound ligand. Because the acid washed treatment removes PM bound EGF, this results indicate that actin
depolymerization arrested the ligand at the cell surface. As expected, EGF signal was detected in both (with
or without acid wash) DMSO treated samples, indicating efficient internalization (Figure 10-upper panel). On
the other hand, fluorescence signal from Tf was detected in all the samples treated with Lat B or DMSO
regardless of the acid wash (Figure 10-lower panel). These results also confirmed the effectiveness of the
acid wash in removing the extracellular, PM bound proteins. The quantification of these control experiment
by image analysis, expressed as the percentage of EGF and Tf positive cells is shown in figure 10B and table
2.
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Figure 10B. Bar chart representation of average of EGF and Tf positive cells (%) for DMSO and Lat B treatment, with acid wash. For Tf (red chart) Lat
B treatment had no effect on the uptake but for EGF (green chart) it considerably reduced uptake of the ligand. The increased intensity in Lat acid wash
samples (as compared to DMSO treated samples) for Tf is caused due to cell shrinkage.

Table2. Percentage of EGF and Tf positive cells as calculated by cell profiler. The average of each treatment is represented in bar chart above. For Tf,
values marked in yellow are outliers

These results indicated that the setup for automated imaging can be used to study endocytosis of GDF15.
Similar experimental setup was performed in HeLa cells expressing GFRAL to study the effect of actindepolymerization on GDF15 uptake. Tf was used in these experiments as a negative control.
Initial image analysis indicated an increase in signal intensity of GDF15 in Lat B treated cells when compared
to DMSO suggesting that the internalization is actin independent. The internal control Tf also displayed
similar pattern. This increase in fluorescence intensity could partially be explained by an artifact of Lat B
induced cell shrinkage, as noticed with control cargo in earlier experiment. The change in cell morphology
could be readily visualized in the images of Lat B treated cells (Figure 11A, Lat B, inset). The effectiveness of
acid wash in removing extracellular GDF15 is also shown here (Figure 11B).
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Figure 11. Effect of actin depolymerization on GDF15 endocytosis. A) Hela cells incubated with Tf and GDF15, treated with DMSO and Lat B and acid
washed to remove PM bound extracellular proteins. The zoomed area shows internalized GDF15. The effect of lat B on GDF15 endocytosis cannot be
visually detected because of artifact created by cell shrinkage. GFRAL staining was also done to indicate that not all GFRAL transfected cells efficiently
uptake GDF15. Zoomed area indicate over expression of GFRAL in same cells that are positive for GDF15. B) Efficiency of acid wash in removing
extracellular proteins. Zoomed area and whit arrows indicates towards more background fluorescence signal in cells that are not treated with acid
wash.

Further analysis using cell profiler was done to confirm whether GDF15 has some degree of sensitivity to
actin disruption as compared to Tf. The median intensity for both GDF51 and Tf was obtained and then the
ratio of average median intensity of GDF15 to average median intensity of Transferrin was calculated. The
results showed that uptake of GDF15 is decreased in cells treated with Lat B as compared to transferrin
(Figure 12C and D), suggesting that GDF15 might follow a pathway which is different from transferrin and is
possibly actin dependent, albeit to a lesser extent of EGF.
While further studies are clearly required to clarify to which extent actin plays a role in GDF15 internalization,
image analysis of GFRAL stained cells indicated that not all cells that express the receptor, internalize GDF15.
This could partially explain the fluctuations in the results obtained from one experiment to the other and
why the overall signal of GDF15 is so low (Figure 12A and B).

Figure 12. Effect of actin depolymeriaztion on GDF15 endocytosis, analysis by cell profiler. A) Transfection efficiency of GFRAL plasmid. Note that out
of total cells, considerably lesser cells express the receptor protein. Treatment with lat B causes cell to detach and hence lesser number of total cell
count in the respective treatment. B) Number of GDF15 and Tf positive cell in GFRAL expressing cells for each treatment. Almost all GFRAL expressing
cells uptake Tf but considerable less number internalize GDF15. C) Average median intensity of GDF15 and Tf in DMSO and Lat B treated cells. The
median intensity of Tf is higher than GDF15 in both treatments. For GDF15, the median intensity increased with Lat B which is most likely an artifact
of change in cell morphology. B) Ratio of average median intensity of GDF15 to average median intensity of Tf, indicating that uptake of GDF15 is
decreased in Lat B treated cells when compared to Tf.
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3.2.3 Role of Dynamin in GDF15 endocytosis.
To study the role of dynamin in GDF15 endocytosis, dynamin 1,2 ,3 conditional triple knockout (TKO) cells
were used (Park et al., 2013). In these cells, the genes encoding dynamin 1, 2 and 3 isoforms are knocked out
upon addition of 4-OH-tamoxifene. The TKO cells were electroporated using GFRAL plasmid and following
day, GDF15 was added along with Tf and incubated for 30 min at +37 C. Fluorescently conjugated Tf together
with Cholera toxin B (CTB) were used as control endocytic cargoes. After automated microscopy, images
showed that uptake of Tf and Cholera toxin B was significantly reduced in dynamin 4-OH-tamoxifene treated
MEF cells as compared to WT cells (Figure 13). Although I did not measure directly the decrease in dymamin
levels, the results of this qualitative experiment indicated that cells treated with 4-OH-tamoxifene had a
defect in dynamin dependent endocytosis of known cargoes.

Figure 13. Effect of dynamin depletion. A) Endocytosis of Tf and CTB by dynamin TKO MEF cells. The uptake of Tf and CTB is significantly reduced in
dynamin TKO cells. The low signal intensity for CTB is most likely due to the lower concentration used.

Unexpectedly, in cells previously electroporated with GFRAL expressing plasmid, no signal for GDF15 was
observed. When the receptor GFRAL was stained in Hela and MEF cells to inspect the transfection efficiency,
it became apparent that in MEF cells the localization of GFRAL was not at the PM, where a receptor for
extracellular cargoes should be, but its fluorescence signal seemed to be localized around the nucleus,
possibly in the Golgi compartment judging from the morphology of the intracellular staining (Figure 14-MEF
inset). In this experiment, the cells were co-transfected with plasmids expressing a GFP-fusion of the vesicular
stomatitis virus G surface protein (VSV-G-GFP), a transmembrane glycoprotein that is efficiently transported
from the secretory compartments to the PM (Figure 14, VSV-G-GFP panels). In HeLa cells, the expression
levels of GFRAL were much higher and the distribution of fluorescence of the receptor were through-out the
cell body (Figure 14, HeLa, inset). The absence of GDF15 signal in GFRAL-expressing MEF cells could thus be
due to the absence of the receptor on the PM and consequently lack of ligand binding. Although this made
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it impossible to address the role of dynamin in this cell system, it was decided to investigate in which
intracellular compartment GFRAL is trapped in MEF cells.

Figure 14. Comparison of VSV-G-GFP and GFRAL expression and localization in HeLa and MEF cells. Both HeLa and MEF cells express VSV-G-GFP
protein efficiently and it is exported to PM in both cell lines. For GFRAL, HeLa cells over express the receptor as indicated by the high signal intensity
throughout the cell. In MEF cells however, GFRAL expression is restricted to area around the nuclei and is not transported to the PM

3.3 hGFRAL is retained in the Golgi compartment.
To identify if the intracellular compartment in which GFRAL was localized was, indeed, the Golgi, we used
immunofluorescence analysis using antibodies against Golgi resident proteins GM130 (Cis/Medium Golgi
cisternae) and GRASP55 (Medium/Trans Golgi cisternae). VSV-G-GFP was used as a positive control for
efficient transport to the PM. The experiment was performed first in HeLa cells co-transfected with GFRAL
and VSV-G-EGFP plasmids and processed for immunofluorescence using the Golgi markers indicated above.
First the colocalization of the two Golgi markers GM130 and GRASP55 was investigated. In HeLa cells, as
expected, the two proteins colocalized in a confined area close to the nucleus (Figure 15 A). The VSV G
transmembrane protein was localized partially in the GM130 positive intracellular regions as well as at the
PM (Figure 15 B and insets). This was expected for a transmembrane protein that is exported to the PM via
the secretory pathway. GFRAL, on the other hand, was localized throughout the cell body only in highly
expressing cells (Figure 15 C). Cells with lower expression levels, displayed a GFRAL signal localized in the
GM130 compartment (Figure 15 C, inset). In MEF cells (Figure 16), where the overall expression levels of
GFRAL are lower, in the vast majority of the cells the receptor was localized in the GM130 region, indicating
that at moderate expression levels the protein undergoes strong Golgi retention (Figure 16 B and inset).
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Figure 15. Localization of GFRAL in HeLa cells. A) Hela cells transfected with GFRAL (not stained) expressing plasmid where immunostained with
GM130 (red) and GRASP55 (green) and imaged by fluorescence microscopy. Enlarged areas are marked my light blue lanes. B) Fluorescence
microscopy images of HeLa transfected with VSV.G-GFP (green) and GFRAL (not stained) expressing plasmids and stained with GM130 (red). The white
arrowhead indicates cells with PM localization of VSV-G-GFP. C) Fluorescence microscopy images of HeLa transfected with VSV.G-GFP (not shown)
and GFRAL expressing plasmids and stained with anti-GFRAL (green) and GM130 (red). The white arrow head in the insets and in the merge image
indicate cells with Golgi localization of GFRAL
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Figure 16. Localization of GFRAL in MEF cells. A) MEF cells transfected with GFRAL (not stained) expressing plasmid where immunostained with GM130
(red) and GRASP55 (green) and imaged by fluorescence microscopy. Enlarged areas are marked my light blue lanes. B) Fluorescence microscopy images
of MEF cells transfected with GFRAL expressing plasmid and stained with anti-GFRAL (green) and GM130 (red). The white arrowhead in the inset and
asterisks in the merge image indicate cells with Golgi localization of GFRAL
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4 Discussion
The aim of this thesis was to study mechanisms of GDF15 endocytosis, which was addressed by first
optimizing experimental setups for automated imaging and flow cytometry. My preliminary results suggested
that the process might involve the PI3K signalling pathway and is possibly actin dependent. Due to the
impossibility to perform GDF15 uptake studies in dynamin KO cells, the role of dynamin remains yet to be
investigated. Interestingly, I also discovered that the receptor GFRAL is retained in the Golgi compartment in
MEF cells and is not transported to the plasma membrane (PM).
In agreement with our results, earlier studies have shown that GDF15 internalization activates PI3K/AKT
pathways (Adela & Banerjee, 2015; Mullican et al., 2017; Yang et al., 2017). The effect of PI3K inhibition on
GDF15 uptake was mild in my study. One reason could be that we tested GDF15 internalization with the
binding receptor GFRAL only, without the co-receptor RET. Other studies involved RET along with GFRAL and
if either one was absent, subsequent signalling was not detected (Mullican et al., 2017; Yang et al., 2017).
This is supported by the fact that the short C-terminal domain of GFRAL does not initiate any downstream
signalling and requires RET as a co receptor for down-stream signal transduction (Yang et al., 2017). Further
experiments with co transfection of GFRAL and RET are needed to study the activation of PI3K pathway during
GFRAL/RET signalling and if the activation of this lipid-modifying enzyme is needed for GDF15 endocytosis.
For the role of actin, there is no published study to date to compare my results with. I therefore included in
my studies two well characterized endocytic cargoes, Tf (marker of clathrin mediated endocytosis) and EGF
(marker of actin-dependent endocytosis when used at concentrations higher than 10 ng/ml. The results
obtained indicated that, similar to EGF, GDF15 uptake was decreased when actin cytoskeleton was disrupted,
suggesting that the two cargoes could use a similar entry pathway. We used transferrin as an internal control
as it is known to follow clathrin mediated endocytic pathway and its uptake is largely actin independent. This
comparison provided a clue that these two ligands do not seem to follow the same endocytic pathway. We
can speculate that endocytosis of GDF15 could be clathrin independent and possibly actin dependent. This
experiment should be repeated for better statistical significance and perhaps using other methods to
interfere with actin dynamics.
While investigating the role of actin, we also encountered large variations in our results among the two
independent experimental repetitions. This is probably due to the low stability of the drug latrunculin B, used
for inhibiting actin polymerization. The drug is unstable in aqueous solution and its effect tends to vary based
on temperature, solvent used to dilute it, and time of incubation. We diluted the drug in DMEM containing
10% FBS which could also interfere with drug function causing ambiguous results. These effects can be
ameliorated by adding the drug to cells immediately after solubilization and by omitting FSC and albumins
from the medium during the short time of the endocytic assay.
In an attempt to study the effect of dynamin in GDF15 uptake, we discovered that GFRAL is retained in Golgi
compartment in HeLa and, even more so, in MEF cells. In HeLa cells, only cells that expressed very high levels
of exogenous GFRAL showed a distribution of the receptor thought out the cell body. But even in Hela cells,
moderate expression levels resulted in Golgi retention. In MEF cells, where the overall expression levels of
the receptor were lower compared to HeLa cells, the retention effect was very strong. This probably explains
why the endocytic assays to study GDF15 fluctuated so much, because only few of the transfected cells can
bind efficiently to the cargo and this effect was not under our experimental control. In the future making
stable cell lines expressing more homogenous levels of GFRAL could help improving the uptake experiments.
The finding that GFRAL harbours a potential Golgi retention signal leads me to speculate a lot of possibilities
to investigate. First of all, could this Golgi retention be due to the fact that the receptor and the cell line are
from different species? Will the situation remain the same if we introduce mouse GFRAL in MEF or use human
GFRAL in human primary human cells lines? Another important fact to consider is that the expression of
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GFRAL is extremely specific to neuronal cells in area postrema (AP) and nucleus of the solitary tract (NTS) of
brainstem in human and mouse (Hsu et al., 2017; Mullican et al., 2017; V. W. Tsai et al., 2019) and the effect
of GDF15 seem to exert only under stress conditions, for example in cancerous cells, high fat diet fed mice
and treatment with stress inducers (Patel et al., 2019). So, could it be a possibility that in neuronal cells, under
normal physiological conditions, GFRAL is retained in Golgi and is transported to plasma membrane only
under influence of stress signals? This would explain how GRFAL/GDF15 are regulated by stress. Area
postrema lies outside blood brain barrier so it can react to stress signals present in the blood (Ahima & Antwi,
2008; P. J. Emmerson et al., 2017). This hypothesis could be tested by staining GFRAL in cells from AP/NTS,
under normal and stressed conditions, and by monitoring GDF15 binding under these conditions. Another
interesting question to investigate is that if the expression of GFRAL is restricted to neuronal cells only, how
GDF15 exerts its effects on cancer cells in other organs? Is the receptor GFRAL expressed in cancerous cells
due to altered gene expression but not in normal cells of same type? Also, in my study, HeLa cells that
expressed very high levels GFRAL showed localization of the receptor also on the plasma membrane and,
accordingly, uptake of GDF15. But in MEF cells, which are primary cell lines, GDF15 uptake was undetectable
and the receptor stuck inside the cell. Is this due to expression levels only or are these results hinting towards
a regulatory retention mechanism that was bypassed in HeLa cells. This would explain how cancer cells could
use GFRAL if they express it.
Apart from this, there is also a possibility that GDF15 could bind to another receptor in other cell types as
indicated by some earlier studies claiming TGF- β receptors binding to GDF15 (Artz et al., 2016). Some of the
reports with similar results even came out recently after the discovery of GFRAL as the sole receptor (Tarfiei
et al., 2019; Zhang et al., 2018). Based on these findings, the idea of another binding receptor for GDF15
cannot be ruled out completely.
In addition to these possibilities, there is one more fact to be considered. The less abundant isoform of GFRAL,
GFRAL-B is suggested to be a soluble protein (Z. Li et al., 2005) implying that once secreted out of the cell, it
can be responsible for GDF15 mediated effects in non-neuronal cells. This could be tested by detecting serum
levels of soluble GFRAL isoform in in vivo mice models or in cancer patients.
If provided with relevant cell lines and drugs to influence different physiological process it could be possible
to attempt to answer the above mentioned speculations. In the lab, also thanks to my efforts, we have now
developed system to visualize and analyse the endocytic process. The different techniques I used have their
advantages and short comings, which are discussed below.

4.1 Flow cytometry vs automated imaging
For both techniques it was necessary to remove the un-internalized ligand from extra cellular matrix for
accurate analysis. For flow cytometry, trypsinization was done which removed all the extracellular proteins
including those that were bound to the PM and also detached the cells. For automated imaging, we used acid
wash buffer (pH 2.8) that removed extracellular proteins without detaching the cells.
With imaging, the effect of drug treatment on cell morphology created an undesired artefact during image
analysis. We encountered this problem while using Lat B. As it caused cells to shrink and round up, the
fluorescence signal in Lat B treated samples always was higher as compared to DMSO, due to out-of focus
imaging but also increased concentration of fluorophores in a smalled area. Also, the acid wash buffer used
is not of physiological pH (2.8) and might produce harmful effects on cell and cause them to detach. For
future experiments, a more physiological buffer, like pH 5.5 (using MES hydrate, for instance) can be tested
for improved results. Despite of these issues, by using Tf as an internal control for normalizations, I visualized
and compared drug treatments and how they affected morphology of the cell. The advantage of using 96
well plate setup, is that a lot of different conditions can be tested at the same with less reagents consumed.
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On the other hand, Flow cytometry detected fluorescence signal with high sensitivity, fast output and as all
the samples were trypsinized and cells become round in all cases, we expected that change in cell
morphology due to different drug treatments did not affect the analysis. But, the amount of material used
was at least 10x mores as compared to that used in 96 well plate for imaging and the IF staining process was
more laborious and time consuming. Also, in last of drug experiment using flow cytometry (with GDF15 and
Tf) there was no signal for Alexa-fluor 488nm for any of our samples, indicating that the more laborious
procedure and low signal to start with could lead to failure of the whole experiment

4.2 Future plans
The preliminary results obtained so far direct us to investigate further into two main directions. One is to
continue with testing different factors involved in GDF15 endocytosis and eventually propose an endocytic
pathway for the ligand. In this case, a more powerful and appropriate automated confocal microscope,
capable of appreciating and measuring morphological changes in 3D, is now used in the lab. The other by
focusing on the receptor GFRAL, is to figure out the regulatory mechanism by which it is retained in Golgi and
not exported to the plasma membrane in some cells types.
To study the endocytic pathway, the future experiments will include RET. RET is not required for the uptake
of GDF15, but it is needed for the downstream signalling, which in turn can affect the endocytic process. In
order to avoid any co- transfection related issues, we intent to develop cell lines that stably express either
GFRAL or RET or both using lentivirus vectors. This would eliminate the variation related to transfection and
will improve the quality of the results for both flow cytometry and imaging.
To investigate Golgi retention of GFRAL, we now need to analyse the DNA and protein sequence of the
receptor and compare it with proteins that might follow similar post translational regulations. Furthermore,
as VSV-G-GFP protein is transported to plasma membrane in MEF cells, we plan to construct plasmids with
sequences of GFRAL exchanged with that of VSV-G-GFP to determine which region of the receptor is involved
in post translational regulation.
The work done so far and what is planned ahead will help us in understanding the interactions of GDF15 with
its receptors GFRAL and RET and how this interaction can influence subsequent cellular processes especially
in pathological conditions like cancer and obesity. This can potentially lead to develop a therapeutic strategy
to manage one of the biggest health burdens globally.
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