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ABSTRACT Growth differentiation factor 15 (GDF15) is a secreted protein with pleo-
tropic functions from the transforming growth factor B (TGF-B) family. GDF15 is syn-
thesized as a precursor and undergoes proteolytic cleavage to generate mature
GDF15. The strong appetite-suppressing effect of mature GDF15 makes it an attrac-
tive therapeutic agent/target for diseases such as obesity and cachexia. In addition,
clinical studies indicate that circulating, mature GDF15 is an independent biomarker
for heart failure. We recently found that GDF15 functions as a heart-derived hor-
mone that inhibits liver growth hormone signaling and postnatal body growth in
the pediatric period. However, little is known about the mechanism of GDF15 matu-
ration, in particular the enzymes that mediate GDF15 precursor cleavage. We investi-
gated which candidate proteases can cleave GDF15 precursor and generate mature
GDF15 in cardiomyocytes in vitro and mouse hearts in vivo. We discovered that
three members of the proprotein convertase, subtilisin/kexin-type (PCSK) family,
namely, PCSK3, PCSK5, and PCSK6, can efficiently cleave GDF15 precursor, therefore
licensing its maturation both in vitro and in vivo. Our studies suggest that PCSK3, -5,
and -6 mediate a crucial step of GDF15 maturation through proteolytic cleavage of
the precursor. These results also reveal new targets for therapeutic application of
GDF15 in treating obesity and cachexia.
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rowth differentiation factor 15 (GDF15; also known as MIC-1, NAG-1, PTGFB, PDF,

and PLAB) is a distant member of the transforming growth factor 8 (TGF-B) family
(1-7). Basal tissue expression of Gdf15 is low except in the placenta and prostate, but
its expression can be induced in pathological conditions (5, 8). In particular, an elevated
serum GDF15 level has been found in heart disease patients and is associated with
increased morbidity and mortality. GDF15 is therefore used as an independent bio-
marker for heart disease, especially heart failure (9, 10). We recently discovered GDF15
as a heart-derived hormone that regulates postnatal body growth (11). Cardiac Gdf15
expression is highly induced in pediatric heart disease, and circulating GDF15 acts on
the liver to inhibit growth hormone signaling and body growth. Plasma GDF15 is
increased in children with concomitant heart disease and failure to thrive (FTT),
providing a potential explanation for the well-established clinical observation that
children with heart diseases often develop FTT. In addition, it was recently shown that
GDF15 suppresses appetite via activating its receptor GFRAL in the brain stem (12-17).
GDF15 is currently being explored as a potential therapeutic agent or target for a
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FIG 1 pro-GDF15 is cleaved by the PCSK family of proteases. (A) Schematic diagram of pre-pro-GDF15 with its canonical RXXR
cleavage site shown. (B and C) Representative Western blot images showing pro-GDF15 and mature GDF15 in media of HL1
cardiomyocytes (B) and HEK293 cells (C) transfected with GDF15-mf plasmid and treated with different protease inhibitors.
GDF15-mf, C-terminal myc-FLAG-tagged pre-pro-GDF15; ¢, control; PepA, pepstatin A; GM, GM-6001; Benza, benzamidine;
CMK, decanoyl-RVKR-CMK.

variety of indications, including obesity, metabolic disease, anorexia, and cancer ca-
chexia.

So far, most studies on GDF15 have focused on its biological function and disease
biomarker implications. The biochemical properties of the GDF15 protein itself remain
little understood. Like many other protein hormones, GDF15 protein is synthesized as
a biologically inactive precursor protein (pre-pro-GDF15), with an N-terminal signal
peptide important for its intracellular trafficking and secretion (Fig. 1A). After removal
of the signal peptide, the remaining GDF15 propeptide (pro-GDF15; ~30 kDa) under-
goes proteolytic cleavage to yield the C-terminal mature GDF15 (~13 kDa), which forms
a homodimer as the major secreted form of GDF15 found in serum (18). However, the
enzymes responsible for the proteolytic processing and generation of mature GDF15
remain elusive.

The mammalian proprotein convertase, subtilisin/kexin-type (PCSK) proteins are a
family of serine proteinases that share homology with bacterial enzyme subtilisin and
yeast enzyme kexin (19, 20). Among the nine mammalian PCSK enzymes, PCSK9 is well
known for its role in cleaving and degrading low-density lipoprotein receptor (LDLR),
which is crucial in cholesterol metabolism (21). Antibodies targeting PCSK9 (Praluent
and Repatha) constitute the latest therapy for hypercholesterolemia and heart disease
by significantly reducing serum LDL and the risk of cardiovascular events (22). The
substrates of PCSK8 (also known as SKI-1/S1P) include sterol-regulated element
binding proteins (SREBPs), brain-derived neurotrophic factor (BDNF), and soma-
tostatin. PCSK1 to -7 recognize and cleave right after the basic residues Arg/Lys-
X,n-Arg/Lys | (R/KX,,R/K, where X is any amino acid and n = 0 to 3). They are
essential for the cleavage and maturation of many secreted proteins, including
important hormones (i.e., insulin, glucagon, and adrenocorticotropic hormone
[ACTH]I). Intriguingly, PCSK3 (also known as furin) has been reported as the major
enzyme for TGF-B family proteins TGF-B and bone morphogenetic protein 10 (23,
24). In addition, GDF15 contains the canonical RXXR sequence right before the
cleavage site, which can be recognized by PCSK1 to -7. These observations raised
the possibility that one or more of the PCSK enzymes are responsible for the
cleavage and maturation of GDF15.

In this study, we investigated the mechanisms of GDF15 maturation in cardiomyo-
cytes, in which it is highly induced under the condition of heart disease. We found that
PCSK3, PCSK5, and PCSK6 can efficiently cleave pro-GDF15 for maturation both in vitro
and in vivo. These results revealed the long-sought identity of the enzymes responsible
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for GDF15 maturation and uncovered novel means for therapeutic application of
GDF15 in treating metabolic disease, anorexia, and cachexia.

RESULTS

PCSK3, -5, and -6 cleave pro-GDF15 into the mature form in vitro. To determine
the enzyme class that cleaves pro-GDF15, we expressed mouse C-terminal myc-FLAG-
tagged pre-pro-GDF15 (GDF15-mf) in HL1 mouse cardiomyocytes or HEK293 human
embryonic kidney cells. These cells expressed little endogenous GDF15, making them
a good system for analysis. We then treated the cells with different classes of protease
inhibitors: cysteine protease inhibitor E-64, aspartyl protease inhibitor pepstatin, broad-
spectrum matrix metalloprotease inhibitor GM-6001, serine protease inhibitor benz-
amidine, and pan-PCSK inhibitor decanoyl-RVKR-CMK. Western blot analysis revealed
that both benzamidine and CMK could inhibit the processing of pro-GDF15 (decreased
ratio of mature GDF15 to pro-GDF15), while the other classes of protease inhibitors had
no effect (Fig. 1B and C). These results suggest that GDF15 is cleaved by one or more
PCSK family members in these cells.

To determine the specific PCSK protein that cleaves GDF15, we expressed individual
PCSK proteins together with pre-pro-GDF15 in HL1 or HEK293 cells. Western blot
analysis showed that only PCSK3, PCSK5, and PCSK6 (also known as PACE4) effectively
processed pro-GDF15 into mature GDF15 (Fig. 2A). All the other PCSK members
exhibited no GDF15-processing capability. To ensure that all PCSK proteins are ex-
pressed at comparable levels, we also performed these experiments using tagged PCSK
vectors, and we obtained the same results (Fig. 2B). These results suggest that PCSK3,
PCSKS5, and PCSK6 are cell-type-independent enzymes that process pro-GDF15 into the
mature form.

We next investigated whether the PCSK recognition sequence RXXR in pro-GDF15
(ending at position 188 in mouse and position 193 in human pre-pro-GDF15) is
essential for its processing. We mutated the last Arg to GIn (R188Q) to disrupt this RXXR
motif. While coexpression of PCSK3, PCSK5, or PCSK6 could cleave wild-type (WT)
pro-GDF15 into mature GDF15 in both HL1 cell lysate and culture medium, all three
PCSK proteins were ineffective against this RXXR motif mutant pro-GDF15 (Fig. 3).
These results suggest that PCSK3, PCSK5, and PCSK6 cleave pro-GDF15 at its canonical
RXXR sequence.

PCSK3, -5, and -6 catalytic activities are essential for pro-GDF15 cleavage. The
so-called catalytic triad Asp-His-Ser forms the catalytic active sites of PCSK enzymes and
is conserved from bacterial subtilisin and yeast kexin to mammal PCSK (19, 20). We next
investigated whether the catalytic triad of PCSK3, -5, and -6 is essential for pro-GDF15
cleavage. We mutated the individual essential amino acid (Asp to Ala, His to Lys, and
Ser to Ala) in the catalytic triad of PCSK3, PCSK5, and PCSK6. These mutations seem to
increase the stability of PCSK3 and PCSK6 but not PCSK5 (Fig. 4). While WT PCSK3,
PCSKS5, or PCSK6 could cleave pro-GDF15 into mature GDF15 in both HL1 cell lysate and
culture medium, none of the mutant forms were able to cleave pro-GDF15 (Fig. 4).
These results suggest that the catalytic activities of PCSK3, -5, and -6 are essential for
pro-GDF15 processing.

PCSK3, -5, and -6 license GDF15 maturation in vivo. We next investigated
whether PCSK3, PCSK5, or PCSK6 was able to cleave pro-GDF15 in the mouse heart in
vivo. We generated and performed pericardial injection of adeno-associated virus 9
(AAV9) encoding a cardiac troponin (cTnt) promoter-driven pre-pro-GDF15, in combi-
nation with AAV9-cTnt-green fluorescent protein (GFP) (as a control), PCSK3, PCSK5, or
PCSK®6 into postnatal day 3 to 5 C57BL/6 WT mice and collected the hearts 10 days after
injection. We and others have previously shown that pericardial injection of AAV9
achieves stable and cardiac tissue-specific expression of transgenes (11, 25). Quan-
titative PCR (qPCR) results confirmed the expression of individual genes in the
mouse heart (Fig. 5A). GDF15 overexpression alone resulted in increased pro-GDF15
but little change of mature GDF15 protein in the WT mouse hearts (Fig. 5B). In
contrast, coexpression of PCSK3, PCSK5, or PCSK6 significantly increased both
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FIG 2 PCSK3, -5, and -6 cleave pro-GDF15 in vitro. Representative Western blot images show pro-GDF15 and mature GDF15 in media of
HL1 cardiomyocytes and HEK293 cells transfected with GDF15-mf and different PCSK plasmids. (A) Nontagged PCSK; (B) V5H6-tagged
PCSK. In panel B, cellular PCSK protein levels were also determined by Western blotting using V5 antibody. B-Actin served as a loading
control. *, nonspecific bands.
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FIG 3 RXXR motif of pro-GDF15 is crucial for PCSK3, -5, and -6-mediated cleavage. Representative Western blot images of HL1 medium and cell
lysates are shown. HL1 cardiomyocytes were transfected with WT or R188Q mutant GDF15-mf, with or without an equal amount of plasmid
encoding full-length PCSK3 (A), PCSK5 (B), or PCSK6 (C). B-Actin served as a loading control.

pro-GDF15 and mature GDF15, and importantly, the ratio of mature/pro-GDF15.
Furthermore, the presence of PCSK3, PCSK5, or PCSK6 doubled the amount of
circulating, mature GDF15 (18) (Fig. 5C). Together, these results suggest that PCSK3,

PCSK5, and PCSK6 license GDF15 maturation in vivo.

We last examined PCSK3, -5, and -6 expression in a mouse model of heart disease.
We have previously shown that cardiac loss of two transcription factors essential for
normal cardiac metabolism and function, estrogen-related receptor alpha (ERRa) and
gamma (ERRYy), results in postnatal cardiomyopathy, heart failure, and FTT (11, 26).
Gdf15 transcription is highly induced in cardiac ERRa/7y knockout (KO) mice, resulting in
increased pro-GDF15 and mature GDF15 production in the heart. Circulating GDF15, in
turn, inhibits liver growth hormone signaling and pediatric body growth, thereby
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FIG 4 PCSK3, -5, and -6 catalytic activities are essential for pro-GDF15 cleavage. Representative Western blot images of HL1 medium and cell
lysates are shown. HL1 cardiomyocytes were transfected with WT GDF15-mf and an equal amount of plasmids encoding WT or mutant PCSK3
(A), PCSK5 (B), or PCSK6 (C). B-Actin served as a loading control.

coordinating body growth rate with cardiac function. We found that PCSK3, -5, and -6
proteins are present in multiple tissues important in metabolism (heart, liver, brown fat,
and gastrocnemius muscle [Fig. 6A]). Although PCSK3 and PCSK6 abundance were little
changed, both the RNA and protein levels of PCSK5 were significantly increased in
cardiac ERRa/y KO mouse hearts, further supporting significant GDF15 maturation (Fig.
6B and Q). Although further investigations are required to determine whether the
activities of these PCSK enzymes alter under other physiological or pathological con-
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FIG 5 PCSK3, -5, and -6 license GDF15 maturation in vivo. (A) Cardiac Gdf15, Pcsk3, Pcsk5, and Pcsk6 mRNA levels in mice receiving AAV9 pericardial
injection. (B) Representative Western blot images of pro-GDF15 and mature GDF15 (framed) in AAV-injected heart lysates. —, negative control
(GDF15 KO heart lysate); +, positive control (heart lysates from cardiac ERRa/y KO mice). B-Actin served as a loading control. Quantification of
mature GDF15 band density (normalized to B-actin) and mature versus pro-GDF15 ratio is shown at the bottom. (C) Plasma GDF15 levels in
AAV9-injected mice (n = 12 to 18 per group). #, P < 0.0001 versus AAV9-GFP; *, P < 0.01 versus AAV9-GDF15.
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FIG 6 PCSK3, -5, and -6 expression in mouse models of heart disease. (A) Representative Western blot images of PCSK3, PCSK5, and PCSK6
proteins in the heart (H), liver (L), brown fat (B), and gastrocnemius muscle (M) of 16-day-old control aHet/yWT mice. (B) Expression of
Pcsk3, Pcsk5, and Pcsk6 in the hearts of control aHet/yWT and cardiac ERRa/y KO (aKO/yKO) mice (n = 6 to 8). *, P < 0.05. (C)
Representative Western blot images of GDF15, PCSK3, PCSK5, and PCSK6 proteins in the hearts of littermate control aHet/yWT and cardiac
ERRa/y KO mice (n = 4). (D) Diagram summarizing findings of pro-GDF15 cleavage by PCSK3, -5, and -6. B-Actin served as a loading
control in panels A and C.

ditions, these results suggest that PCSK3, -5, and -6 can support GDF15 maturation in
heart disease in vivo.

DISCUSSION

Like most hormones and many other TGF-B family member proteins, GDF15 is
synthesized as a precursor protein and undergoes proteolytic processing to release the
mature form as a secreted hormone. However, little is known about the protein
enzymes that mediate this critical cleavage step. This issue becomes more important
considering the current strong therapeutic interest in GDF15 for treating obesity and
cachexia and its implication in cardiovascular disease. Although a recent report that
focused on PCSK6 in prostate cancer touched on GDF15 as one of the substrates of
PCSK6 (27), this study took a more systematic approach and identified three enzymes
that effectively process pro-GDF15 to maturation. PCSK3, -5, and -6 (but not other PCSK
proteins) can all recognize and cleave the canonical substrate sequence of pro-GDF15
in vitro and in vivo (Fig. 6D). We also showed that the catalytic triad Asp-His-Ser of
PCSK3, -5, and -6 is essential for the members’ enzymatic activities and GDF15 matu-
ration. Together, these studies provided novel mechanistic insights into our under-
standing of GDF15 biology.

We showed that PCSK3, -5, and -6 can all cleave pro-GDF15 in multiple cell types
in vitro and in the mouse heart in vivo. Whether they are essential for GDF15 in vivo
maturation remains unclear at this moment, as inactivation of all three PCSK
enzymes is likely needed to definitively address this question. It remains possible
that one particular PCSK is critical for pro-GDF15 processing in certain cell types or
tissues due to its much higher abundance than other PCSKs. In addition, it is also
possible that in a complex organ (such as the heart) composed of many cell types,
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Gene Species Forward Reverse

Pcsk1 Mouse AGTTGGAGGCATAAGAATGCTG GCCTTCTGGGCTAGTCTGC
Pcsk2 Mouse AGAGAGACCCCAGGATAAAGATG CTTGCCCAGTGTTGAACAGGT
Pcsk3 Mouse TAGCAGGCAATTATGACCCTGG TAAGCTACACCTACGCCACAG
Pcsk4 Mouse CTTTCGCTCTCCTACAGCCG AGTTGTTGTAGCCTTGGCCG
Pcsk5 Human GAGGGACCCACAGTTTCATTTC TGGGCACGACTGAAGTCATAA
Pcsk6 Mouse CAGGCGCGAAGTGACTCTC GACCGACAGCGACTGTTCTT
Pcsk7 Mouse AGAGAGTCTGACGCAACAGG TATGCCCAGTAGGCTGGACAA
Pcsk8 Mouse CTGGTGGTTTTGCTCTGTGG GGCTGTGAAGTATCCGTTGAAAG
Pcsk9 Mouse GAGACCCAGAGGCTACAGATT AATGTACTCCACATGGGGCAA
Gdf15 Mouse CTGGCAATGCCTGAACAACG GGTCGGGACTTGGTTCTGAG
36b4 Mouse AGATGCAGCAGATCCGCAT GTTCTTGCCCATCAGCACC

different PCSKs are essential for pro-GDF15 processing in distinct cell types. Future
studies will address these possibilities. On the other hand, how cellular PCSK3, -5,
and -6 activities are regulated remains little understood. It is possible that certain
physiological stimuli or pathological conditions promote specific PCSK abundance
and/or activity, thereby regulating mature GDF15 availability, as we showed for
PCSK5 in heart disease.

MATERIALS AND METHODS

Animal studies and AAV injection. All animal studies were approved by and performed under the
guidelines of the Institutional Animal Care and Use Committee of the Children’s Hospital of Philadelphia
(CHOP) and comply with the ARRIVE guidelines. The WT C57BL6/) mice were from the Jackson
Laboratory. Cardiac ERRa/y KO mice in the C57BL6/J background were previously described (26). Mice
were maintained in a pathogen-free environment on a 12/12-h light/dark cycle with ad libitum access to
food and water. Both sexes were included in studies. The mouse pups and dams were fed a breeder diet
(LabDiet 5058), while weaned mice were fed a standard chow diet (LabDiet 5L0D). AAV9-cTnt-GFP,
mouse pre-pro-GDF15, mouse PCSK3, human PCSK5, and mouse PCSK6 were generated at the CHOP
Research Vector Core. Pericardial injection of mice at 3 to 5 days of age with 3 X 10'" vector genomes
of AAV9 was performed as previously described (11). Mice were returned to their home cage after AAV
injection and maintained for an additional 10 days before being euthanized.

Cell culture, plasmids, and transfection. HEK293 cells were cultured in Dulbecco’s modified Eagle
medium (DMEM) with L-glutamine, 4.5 g/liter of glucose, sodium pyruvate (Corning; 10013CV), and 10%
fetal bovine serum (FBS; Sigma; F2442). HL1 cardiomyocytes were maintained in Claycomb medium
(Sigma; 51800C) supplemented with FBS (Sigma; F2442), 0.1 mM L-(—)-norepinephrine bitartrate (Cay-
man Chemical; 16673), and 2 mM L-glutamine (Gibco; 25030) as previously described (26). Plasmid
encoding mouse pre-pro-GDF15 was from Origene (MR204247). Plasmids encoding full-length mouse
PCSK1 to -4 and PCSK7 to -9 were generated by PCR cloning from mouse cDNAs into the pcDNA3.1
vector. Plasmid encoding full-length human PCSK5 was from GeneCopoeia (Ex-T3161-M98). Plasmid
encoding full-length mouse PCSK6 with FLAG tag was from Nanopro Biosciences (751729-1). The
V5H6-tagged PCSK1 to -9 vectors were generated by PCR cloning into the pcDNA3.1D-V5H6 vector. The
mutant plasmids GDF15 R188Q, PCSK3 H194L, S368A, and D153A, PCSK5 H212L, S386A, and D171A, and
PCSK6 H236L, S410A, and D195A were generated by site-directed mutagenesis as previously described
(26, 28, 29). HEK293 and HL1 cells were transfected using 1.5:1 and 5:1 ratios of FUGENE 6 (Promega),
respectively.

Protease inhibitors and Western blot analysis. Protease inhibitors used in this study include E-64
(10 wM; Cayman Chemical; 10007963), pepstatin A (10 uwM; Cayman Chemical; 9000469), GM-6001 (50
1M; Enzo Life Sciences; BML-EI300), benzamidine (5 mM; Sigma; B6506), and decanoyl-RVKR-CMK (25 uM;
Cayman Chemical; 14965). Twenty-four hours after transfection, cells were treated with aforementioned
protease inhibitors for 24 h. The culture medium was then collected and briefly centrifuged to remove
cell debris; cells were lysed with radioimmunoprecipitation assay (RIPA) buffer supplemented with
protease inhibitors (Roche; 4693159001). Western blot analysis was performed as previously described
(26, 28, 29) using the following antibodies: GDF15 (Abcam; ab189358), PCSK3 (Santa Cruz; sc-133142),
PCSKS5 (Thermo Fisher; PA5-42378), PCSK6 (Abcam; AB151562), FLAG (Sigma; F1804), V5 (Thermo Fisher;
MA1-81617), and B-actin (Cell Signaling; 4967). Image quantification was performed using ImageJ from
films scanned at 1,200 dots per inch (dpi) in TIFF format by selecting uniform rectangles that enclose the
bands. We separated peaks corresponding to different bands using ImageJ, which allowed accurate
calculation of mature and pro-GDF15 band densities from closely located, nonspecific bands. Relative
ratio was calculated by dividing the value of each band by that of its corresponding control band.

qRT-PCR. Quantitative reverse transcription-PCR (qRT-PCR) was performed as previously described
(26, 30). Primers sequences are listed in Table 1.

ELISA. Mouse blood was collected using a lithium heparin-coated microvette (Sarstedt; CB300LH)
and centrifuged at 3,000 X g for 5 min at 4°C. Plasma GDF15 levels were measured with an enzyme-
linked immunosorbent assay (ELISA) kit (R&D; DY6385) by following the manufacturer’s instructions.
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Statistics. Data are presented means plus standard errors of the means (SEMs). Two-tailed, two-

sample unequal-variance Student’s t test was used to determine the statistical significance. A P value of
<0.05 was considered statistically significant.
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