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Cleavage and maturation of FNDC5

Abstract

FNDC5 corresponds to an irisin precursor that iases with exercise. Studies suggest that irisin
mediates beneficial effects in adipose tissuedetemuscle, bone, and brain. However, the cleavag
and maturation processes of FNDC5 have not beangiéentified. This study aimed to show that the

signal peptide and transmembrane domain of FNDCBEe vessociated with the secretion of its

ectodomain. Localization studies identified thensigpeptide that was responsible for endoplasmic
reticulum targeting activity of nascent FNDC5 ahdwed that the FNDC5 ectodomain corresponding to
irisin could be transported across the membrana liygnsmembrane domain. Analysis of cleavage
constructs revealed that the ectodomain of FNRGBId be cleaved from its signal peptide and

transmembrane attachment. Genetic ablation ofigimalspeptide cleavage site blocked N-glycosylation
of FNDCS5. Identification of the FNDC5 maturatioropess should facilitate our understanding of irisin
secretion.

Introduction

FNDCS5 (fibronectin domain-containing protein 5) wiagially discovered and characterized by two
research groups with a focus on the fibronectire thp repeat domain and the peroxisomal targeting
motif, respectively (Ferrer-Martinez et al., 2002ufel et al., 2002). In examining the metabolindfés

of exercise that are expressed by muscle in resepgor8GC- activation, irisin has been identified as a
myokine that is produced after cleavage of the dmrtwin portion of the type | membrane protein,
FNDCS5 (Bostrom et al., 2012).

Following the initial description of irisin, many#hors have tried to identify its physiologicaleol
Studies suggest that irisin mediates certain beiagéffects in adipose tissues, skeletal musdeeband
brain (Colaianni et al., 2015; Reza et al., 2017ai et al., 2013; Xiong et al., 2018). In partaulrisin
has been shown to mediate the thermogenesis of atlipose tissue (Bostrom et al., 2012; Zhang et al
2014). Since the peptide was first described, @stein its therapeutic potential has increasedbmsh
linked to a wide range of therapeutic effects, udahg improved metabolism, energy homeostasis,
cardiovascular health, and cognition (Leal et2018; Young et al., 2019).

The reported circulating concentrations of iriseem to differ dramatically in human serum or
plasma, which have raised doubts about the valafityhe commercial enzyme-linked immunosorbent
assay (ELISA) kits used to detect circulating irisind even about the existence of irisin in humans
(Crujeiras et al., 2015; Polyzos et al., 2015). éimdluation data obtained from tandem mass
spectrometry reveal that irisin circulates at seleat or above the levels quantitated for many rothe
important biological hormones, such as leptin armlilin (Jedrychowski et al., 2015). These findings
confirm the actual existence of irisin in humangefoimation regarding different FNDC5 protein
fragments, the presence of mature or precursorsfafirisin, and glycosylation of the protein prbba
contribute to immunoassay quality and irisin detecaccuracy (Erickson, 2013; Perakakis et al.,7201

The irisin sequence was described in 2012 by Bos&bal. Using mass spectrometry, the irisin
peptide (KDEVTMKE) was found in the medium of thet&minus of FNDC5 (without the signal
peptide) fused with the C-terminus of the FC-donwdiilyG construct (Bostrom et al., 2012). The pagpti
sequence was consistent with amino acids 133-1&0IBXC5 according to UniProt entry Q8K4Z2. The
peptide that was shed into the media might hava beky a small portion of the irisin. The proteiud
be detected in serum, but cleavage site(s) and siz&cboth remain a matter of debate (Sanchis-Goma
et al., 2015). Therefore, the formation sequendbefrisin precursor is needed to better undedsiterv
secreted irisin is formed. In addition, validatwhether irisin is actively cleaved from FNDC5 might
explain the differences in circulating concentnasicof irisin between acute and chronic training and
reveal additional stimulators of irisin secretidie data obtained in this study identify the clemvand
maturation process of FNDC5 by fusing different Fb8protein fragments with DsRed2 and/or EGFP
and should facilitate an improved detection ofririe physiological concentrations.
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Cleavage and maturation of FNDC5

Materials and Methods

Bioinformatic identification of FNDC5

The signal peptide sequence of FNDC5 was analyzedingu SignalP-software
(http://www.cbs.dtu.dk/services/SignalP/) (Peterseal., 2011). Sequences with positive C, Y, $ an
D-scores were considered positive for a signal eecgeL The transmembrane domain of FNDC5 was
analyzed in the Phobius web interface (http://pbsiogb.ki.se) (Kall et al., 2008 hobius provides a list

of the location of the predicted transmembranekslif the whole sequence is labeled as cytoplasmic or
non-cytoplasmic, the prediction is that it contaiesmembrane helices.

Plasmid construction

To express FNDC5 and its different domains as EGFPsRed2 tagged fusion proteins, the DNA
sequences coding FNDC5 and its different domainee vatoned into pEGFP-C1, pEGFP-N1, or
pDsRed2-C1 vectors (Clontech, USA), respectivalypitoduce the following: N-terminus of FNDC5
fused with EGFP (pEGFP-C1-FNDCS5); C-terminus of FNCfused with EGFP (pEGFP-N1-FNDC5);
N-terminus of signal peptide fused with EGFP (pEG&FRSP); N-terminus of signal peptide fused with
DsRed2 (pDsRed2-C1-SP); N-terminus of transmembcgtuplasmic (C) domains fused with EGFP
(PEGFP-C1-TM-C); and N-terminus of irisin-transmeare-cytoplasmic domains fused with EGFP
(PEGFP-C1-irisin-TM-C). To analyze FNDC5 cleavage, a plasmid called
pDsRed2-C1-FNDC5-EGFP-N1 was constructed. Potemabdomain-cleavage-deficient mutants
(PEGFP-N1-FNDC5deletidi’KE**®)  were  constructed via site-directed mutagenesis  of
pPEGFP-N1-FNDCS5 using the QuikChange strategy wigihfidelity Pfu DNA polymerase (TaKaRa,
China) and verified by sequencing. Signal-peptigevage-deficient mutants (pEGFP-N1-FNDC5
deletiof’AD?), N-terminus of irisin fused with EGFP (pEGFP-Gikih), and N-terminus of
transmembrane domains (TM) fused with EGFP (pEGEP-M) have been previously described (Nie
and Liu, 2017). pDsRed2-C1-EGFP-N1 and pDsRed2-C%-HGFP-N1 were constructed as EGFP
and DsRed2 fusion control plasmids.

Cdll transfection and fluorescence microscopy

Human HelLa and 293T cells were cultured in DMEM mpd(Gibco, USA) supplemented with 10%
fetal calf serum, 100 U of penicillin, and 19@/mL streptomycin. Cells were grown at 37°C in a
humidifier with a 5% CQ@ atmosphere. Cells were transfected with the ineitglasmids using
Lipofectamine™ 2000 transfection reagent (Thermashé&i Scientific, USA) according to the
manufacturer’'s protocol. The fluorescent patters wiawed using a Nikon AIR laser-scanning confocal
microscope.

Antibodies and reagents

The following antibodies and reagents were used=EGc-8334, Santa Cruz Biotechnology, 1:1000,
v/v), irisin (ab174833, Abcam, 1:1000, v/a}tubulin (ab15246, Abcam, 1:100, v/v), FITC labetgzht
anti-rabbit 1gG (ab6717, Abcam, 1:1000, v/v), HRibdled goat anti-rabbit IgG (ab6721, Abcam,
1:10000, v/v), PNGase F (P0704S, New England B®l|aRIPA Lysis Buffer (20-188, Millipore),
Protease Inhibitor Cocktail (P8340, Sigma-AldricRBST buffer (CW0043, Cwbiotech, China), BCA
Protein Assay Kit (23225, Thermo Fisher ScientjfiECL Plus Western Blotting Substrate (32132,
Thermo Fisher Scientific), and Prestained Proteidder (26616, Thermo Fisher Scientific).

Western Blotting analysis

Whole cell lysates were prepared by separatelyngddimL of RIPA Lysis Buffer and pL Protease
Inhibitor Cocktail to each of the groups. After@®@inute incubation on ice, samples were centrifiLate
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Cleavage and maturation of FNDC5

12,000 rpm for 15 minutes at 4°C to pellet cellutaterial, and supernatants were assessed foirprote
concentrations. Protein concentrations were assessag the BCA Protein Assay Kit according to the
manufacturer’'s protocol. Western blotting was perfed as follows: whole cell lysates in RIPA lysis
buffer were mixed with 58DS-PAGE sample buffer. Proteins were subject&DIS-PAGE with a 12%
acrylamide gel. The gel-separated proteins wenasteared to PVDF membranes, incubated with
primary antibodies overnight at 4°C, and probechWRP labeled secondary antibodies for 1 hour at
room temperature. The PVDF membranes with proteiibady complexes were washed three times
using TBST buffer. The proteins on the PVDF memésanere visualized with Thermo Scientific Pierce
ECL Plus Western Blotting Substrate on a Tanon §X@@on, China) detection system. The experiment
was repeated at least three times.

Results

| dentification of potential transport signals within the FNDCS5 protein

As shown in Figure 1A, FNDCS5 in mice contains 2@8ire acids with a 28 amino acid signal peptide
N-terminal, followed by an ectodomain domain, ansraembrane domain spanning 152-170 amino
acids, and a cytoplasmic domain segment. Usingaitg#.1 server, we found that FNDC5 contains an
N-terminal signal peptide sequence and that thevelge site is located betweda and®D (Figure 1B).
Phobius analysis revealed that FNDC5 containedtnambrane helices. The N-terminal sequence of the
transmembrane helices was the non-cytoplasmic gmorind the C-terminal sequence of the
transmembrane helices was the cytoplasmic pork@uce 1C).

Localization of constructs containing transport signals

Constructs containing transport signals were pexpdFigure 2B) and verified by sequencing and
western blotting analysis (Figure 2D) and subcatlidcalization was evaluated. As shown in Figuke 2
DsRed?2 labeled signal peptide (DsRed2-SP fusiamioovas observed in a vesicular-like compartment
around the nucleus in FITC labelladtubulin HelLa cells. To determine the specific eeakir
compartment in which the signal peptide was loealjave co-transfected EGFP labeled signal peptide
(EGFP-SP fusion protein) and pDsRed2-ER vectorERnlabeling marker). The co-localization of
EGFP-SP with DsRed2-ER indicates that the signptigee is an ER transport signal. To identify the
transmembrane domains responsible for the transmagmblocalization of the ectodomain, we
constructed combinatorial fragments of FNDC5 domaiithout a signal peptide. As shown in Figure
2C, EGFP-TM was localized in the cytomembrane. E@BmM-TM-C behaved similarly to
EGFP-TM-C with respect to transmembrane localizatio

FNDCS5 cleavage

We generated non-cleavage cytoplasm localizationtrab by fusing DsRed2 with EGFP, and

non-cleavage nucleus localization control by fusingclear localization signals (NLS) with

DsRed2-EGFP. As shown in Figure 3A, the yellow fastence of DsRed2-EGFP was evenly
distributed throughout the cytoplasm, and the yelftmorescence of DsRed2-NLS-EGFP was evenly
distributed throughout the cell nucleus in HelalsceExploration of the fluorescent pattern of
DsRed2-FNDC5-EGFP showed that the red and greeneBaence were slightly merged (Figure 3B).
The red fluorescence of the DsRed2-FNDC5-EGFP joroteas observed in a vesicular-like

compartment. These results suggested that FNDGBodaring proteolytic cleavage.

In view of the proteolytic cleavage of FNDC5, wergzared DsRed2-FNDC5-EGFP constructs with
constructs containing various transport signatth@lysates of 293T cells by western blotting. éfisc
transfected with the pDsRed2-C1-FNDC5R-EGFP-N1mpidgFigure 3C, lane 5), a 30 kDa cleavage
product was observed, which was in agreement \withsignal peptide cleavage form (DsRed2-SP) of
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Cleavage and maturation of FNDC5

DsRed2-FNDC5-EGFP. Meanwhile, we observed a 50 &leavage product (Irisin-TM-C-EGFP),
which was similar to the EGFP-Irisin-TM-C constr{eigure 3C, lane 3) and the signal peptide cleavag
product of FNDC5-EGFP construct (Figure 3C, lane If) addition, a 36 kDa cleavage product
(TM-C-EGFP) was observed, which was in agreemettt thie EGFP-TM-C construct (Figure 3C, lane
2) and the signal peptide and irisin cleaved prodENDC5-EGFP construct (Figure 3C, lane 6).

Effect of cleavage-deficient mutation on N-glycosylation of FNDC5

To investigate the role of the signal peptide cégev and transmembrane domain cleavage during
FNDC5 maturation, a signal-peptide-cleavage-deficrautant by alanine and aspartate acid deletion
(deletion®®AD?®) and a potential ectodomain-cleavage-deficientamuby lysine and glutamic acid
deletion (deletior*&E®) were forcibly expressed in 293T cells. PNGaseas wsed to remove the
entire N-glycan structure. FNDC5-EGFP (Figure 4Aeld) and FNDC5-EGFP-deletidStiKE** (Figure

4A lane 4) proteins displayed a highly heterogesemwlecular weight pattern. The heterogeneous
pattern changed after PNGase F treatment (Figutardd® 1 and 4), and the latter band was in agneeme
with the predicted molecular weight of FNDC5-EGHBtgin. However, EGFP-FNDCS5 (Figure 4A lane
2) and FNDC5-EGFP-deleti8#hD?*° (Figure 4A lane 3) proteins displayed little or giycosylation
pattern compared to that of the FNDC5-EGFP protdioreover, the pattern was slightly decreased by
PNGase F treatment (Figure 4B lanes 2 and 3). Me#gwthe same result was obtained using
anti-FNDC5 antibody detection (Figure 4C and Fighibg.

Discussion

Irisin is a myokine secreted into circulation bykgtal muscles under certain physiological condgjo
such as aerobic training (Figure 5). Furthermdre ldcalization of irisin sequences alone (EGF§iFJi
has been previously described (Nie and Liu, 20/8.have shown that FNDC5 contains an N-terminal
signal sequence (Figure 1B) and that the signaigepf FNDC5 can result in the retention or retaile

of nascent FNDCS5 in the ER (Figure 2A). The sigregdtide contains two arginines (11R and 15R) in the
middle, and an aromatic amino acid, tryptophan @w 17W), at both ends (Figure 1A) that possibly
conforms to the arginine-based ER localization easas motifb/P/RRXR (Michelsen et al., 2005; Nie
et al., 2016) (wher®/¥ denotes an aromatic or bulky hydrophobic residwkeXarepresents any amino
acid).

Fluorescence analysis of the cleavage construdRpeD2-C1-FNDC5-EGFP-N1) revealed that the
signal peptide and transmembrane domain cleavaghigts were partially merged (Figure 3B). In the
lysates of 293T cells transfected with the cleavegestruct plasmid, the 30 kDa fragment observed
corresponded to the signal peptide cleavage forsR@d2-SP) of DsRed2-FNDC5-EGFP. In addition, a
53 kDa cleavage product (irisin-TM-C-EGFP) wheréie DsRed2-signal peptide was cleaved was
observed (Figure 3C). These results suggestedhbatresence of the signal peptide maintained ER
retention or retrieval of FNDC5 until it was maskaia result of signal sequence cleavage. Thenfisdi
also suggest that FNDC5 maturation includes at l@asproteolytic cleavages: one between the signal
peptide and ectodomain, and the other betweenctbd@mnain and transmembrane domain.

Nascent secretory protein synthesis begins in fRevihich is charged with the tasks of correctly
integrating nascent proteins and ensuring correst-ranslational modification and folding (Barlowe
and Miller, 2013; Dancourt and Barlowe, 2010). Témoval of the signal peptide cleavage site (dmleti
ZAD?®) has a significant effect on the N-glycosylatidrFNDC5, which is mostly retained in the ER
[14]. In addition, the removal of a potential eatathin cleavage site (deletiofiKE**%) was observed,
similar to that of wild type FNDCS5 (Figure 4). Th&periments suggested that signal peptide sequence
cleavage of nascent FNDCS5 occurs before downstiagtycosylation tasks take place.

Once secretory protein FNDC5 has completed itsasigeptide cleavage and N-glycosylation
modification, it becomes capable of forward traffiée have examined the possible contribution oheac
of the transmembrane containing segments of FNDR@&stodomain transmembrane localization, which
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was achieved by chimera constructs (EGFP-TM, EGWMPET and EGFP-irisin-TM-C). The
EGFP-irisin-TM-C construct behaves similarly to B&FM-C with respect to transmembrane
localization and is independent of irisin sequengegure 2C). Therefore, the ability of the FNDC5
transmembrane domain to act as an inserted memtrearsport signal is a striking feature.

Crucial data obtained from co-immunoprecipitaticiudy revealed that aV family integrin
complexes are irisin receptors in osteocyte (Kiralet2019). The findings re-kindled interest iisiim as
a candidate target in the treatment of osteopomusilsraised a concern that its use for the browafng
adipose tissue, might also lead to osteoporosiagtasilakis et al., 2019; Farmer, 2019). Moreaother,
research progress of irisin in heart disease, Aabes disease, and dihydromyricetin stimulation of
irisin secretion has made encouraging progresst(al., 2018; Lourenco et al., 2019; Zhou et &@15).

Our current data allowed us to clearly identify theavage between the signal peptide and ectodpmain
and the other between the ectodomain and transna@elgiomain. Furthermore, based on the results
shown in our Supporting Information, a 35 kDa chage fragment (TM-C-EGFP) was observed in
lysates of 293T cells transfected with the pEGFPANIDC5deletiom®KE*° plasmid. We favor the
possibility that the precise proteolytic cleavage Between the ectodomain and transmembrane domain
position does not occur merely betwé&E and"*M.

In view of the findings reported here, the protéiolgleavages of FNDC5 are evident. FNDC5
maturation includes at least two proteolytic clems one between the signal peptide and ectodomain,
and the other between the ectodomain and transnagmlatomain. Our findings provide experimental
evidence regarding the functioning of the irisitl &NDC5 with the aspect of cleavage and maturation.
Further studies are needed to explore the precied@main cleavage sites and the molecular meamnanis
of cleavage regulation. Moreover, studies on thelragisms involved in the proteolytic cleavages woul
allow us to assess stimulators of irisin secretion.
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Figure 1. Diagram of the structural domain sequences of FBI&) Schematic drawing of FNDC5. The
signal peptide is boxed in red. The fibronectinetyd (FNIII) domain is underlined in yellow. The
transmembrane domain is boxed in green. The cyoptadomain is underlined in blue. (B) Result of
FNDCS5 signal peptide analysis using SignalP-sowéC) Result of FNDC5 transmembrane domain
analysis using the Phobius web interface.
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Figure 2. Identification of construct containing transpodrsal localizations. (A) Representative images
of FNDCS5 signal peptide intracellular localizatigpge GFP-C1-SP and pDsRed2-C1-SP plasmids were
transfected into HelLa cells. pDsRed2-ER vector uwsesd as an ER labeling marker (Clontech, USA).
a-tubulin was detected using an FITC labeled angbdtuclei were stained with DAPI. (B) Schematic
representation of the construction of differentspi@s. (C) Representative images of intracellular
localization of FNDC5 transmembrane domain and ttooson. pEGFP-C1-TM, pEGFP-C1-TM-C,
PEGFP-C1-irisin, and pEGFP-C1-irisin-TM-C plasmigisre transfected into HelLa cells. pEYFP-Mem
vector (Clontech, USA) was used as aplasma memlaaget marker. Nuclei were stained with DAPI.
(D) Western blotting analysis was carried out udtigfFP antibodies on protein extracts collected from
293T cells transfected with pEGFP-C1 (Lane 1), pE&R-SP (Lane 2), pEGFP-C1-TM (Lane 3),
PEGFP-C1-TM-C (Lane 4), pEGFP-C1-irisin (Lane 5)d pEGFP-C1-irisin-TM-C (Lane 6) plasmids.
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Figure 3. Analysis of FNDC5 cleavage. (A) Representative iesagf intracellular localization of
DsRed2-EGFP and DsRed2-NLS-EGFP proteins. pDsR4d2@&FP-N1 plasmid was used as a
non-cleavage cytoplasm localization control. pDSREA-NLS-EGFP-N1 plasmid was used as a
non-cleavage nucleus localization control. Repriedive images of DsRed2-FNDC5-EGFP protein
localization. pDsRed2-C1-FNDC5-EGFP-N1 plasmid wassfected into HelLa cells. (C) Western
blotting analysis was carried out using EGFP aulib® on protein extracts collected from 293T cells
transfected with pEGFP-C1 (Lane 1), pEGFP-C1-TMt@ng 2), pEGFP-C1-irisin-TM-C (Lane 3),
pEGFP-C1-FNDC5 (Lane 4), pDsRed2-C1-FNDC5-EGFP{Nh¢ 5), and pEGFP-N1-FNDC5 (Lane
6) plasmids.
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Figure 4. Effect of mutation on FNDC5 N-glycosylation. 2933ells were transfected with
PEGFP-N1-FNDC5 (Lane 1), pPEGFP-C1-FNDC5 (Lane BGPP-N1-FNDC5-deleticAAD? (Lane
3), and pEGFP-N1-FNDC5-deletiSfKE™ (Lane 4) plasmids. Protein lysates (@protein per lane)
were immunoblotted after treatment (+) or non-tresit ) with PNGase F. Westebiotting analysis
was carried out using EGFP and FNDC5 antibodies.
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Figure 5. Model of FNDC5 maturation and cleavage. Nascent EBIProteins are translated in the ER.
Once the FNDCS5 protein is ready for forward traffignal peptide sequence cleavage activity opetate
ensure that FNDCS5 is not recognized by the retlievaetention machinery before the N-glycosylated
FNDCS is fully folded and assembled. Ectodomairaesége occurs on the cell plasma membrane.
Subsequent to ectodomain cleavage, irisin is géterdhe ectodomain cleavage of FNDC5 must be
tightly regulated, as the permanent release dhiissincompatible with a state of health. In aatdlif it is

an area lacking information regarding the precistodomain cleavage site, and furthermore, the
molecular mechanism of FNDC5 cleavage regulation.




Highlights

The signal peptide responsible for ER targeting of FNDC5 was identified
FNDC5 ectodomain was cleaved from its signal peptide and transmembrane
attachment

Genetic ablation of the signal peptide cleavage site blocked FNDC5
N-glycosylation



