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Endopeptidase Cleavage Generates a Functionally Distinct
Isoform of C1qg/Tumor Necrosis Factor-related Protein-12
(CTRP12) with an Altered Oligomeric State and Signaling
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ficity and function of a hormone.
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(Bacl(ground: CTRP12 is an insulin-sensitizing adipokine that exists in two isoforms.

Results: CTRP12 is a multimeric glycoprotein subjected to multiple posttranslational modifications. Cleavage generates an
isoform with an altered oligomeric state and signaling specificity.

Conclusion: Differential proteolytic processing generates functionally distinct isoforms of CTRP12.

Significance: Cleavage-dependent modulation of oligomeric state represents a novel mechanism controlling signaling speci-
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Adipose tissue-derived adipokines are an important class of
secreted metabolic regulators that mediate tissue cross-talk to
control systemic energy balance. We recently described Clq/
TNF-related protein-12 (CTRP12), a novel insulin-sensitizing
adipokine that regulates glucose metabolism in liver and adi-
pose tissue. However, the biochemical properties of CTRP12
and its naturally occurring cleaved isoform have not been char-
acterized. Here, we show that CTRP12 is a secreted hormone
subjected to multiple functionally relevant posttranslational
modifications at highly conserved residues. For example, Asn>’
is glycosylated, whereas Cys®> mediates the assembly of higher
order oligomeric structure. Endopeptidase cleavage at Lys®'
generates a cleaved globular gCTRP12 isoform, the expression
of which is increased by insulin. PCSK3/furin was identified as
the major proprotein convertase expressed by adipocytes that
mediates the endogenous cleavage of CTRP12. Cleavage at Lys®!
is context-dependent: mutation of the charged Arg® to Ala on
the P2’ position enhanced cleavage, and triple mutations
(K90A/K91A/R93A) abolished cleavage. Importantly, the two
isoforms of CTRP12 differ in oligomeric structures and are func-
tionally distinct. The full-length protein forms trimers and larger
complexes, and the cleaved isoform consisted of predominantly
dimers. Whereas full-length fCTRP12 strongly activated Akt sig-
naling in H41IIE hepatocytes and 3T3-L1 adipocytes, gCTRP12
preferentially activated MAP kinase (ERK1/2 and p38 MAPK) sig-
naling. Further, only fCTRP12 improved insulin-stimulated glu-
cose uptake in adipocytes. These results reveal a novel mechanism
controlling signaling specificity and function of a hormone via
cleavage-dependent alteration in oligomeric state.
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Adipose tissue-derived adipokines are an important class of
metabolic regulators (1, 2). These secreted hormones and cyto-
kines function in an autocrine, a paracrine, and/or an endocrine
manner to modulate whole body insulin sensitivity and energy
balance, either acting directly on metabolic tissues (e.g. skeletal
muscle and liver) or indirectly through their regulatory roles on
inflammatory processes (1, 2).

Our recent effort to discover novel metabolic regulators has
led to the identification of a family of 15 secreted proteins des-
ignated as CTRP1-CTRP15> (3-7). CTRPs are part of the
larger Clq family, all of which share a C-terminal globular
domain homologous to the immune complement Clq (8).
Recent studies suggest that CTRPs regulate glucose and fatty
acid metabolism (3-7,9-11), as well as playing diverse roles in
the immune (12, 13), skeletal (14, 15), vascular (16, 17), and
sensory systems (18 —20).

CTRP12 is an insulin-sensitizing adipokine produced pre-
dominantly by adipose tissue in humans; in mice, it is more
widely expressed (10). Whereas expression and circulating lev-
els of CTRP12 are decreased in the obese state, antidiabetic
drugs such as rosiglitazone enhance its expression in adi-
pocytes. Recombinant CTRP12 administration acutely lowers
blood glucose in wild-type mice, as well as in various mouse
models (leptin-deficient 0b/0b and diet-induced obese) of obe-
sity and diabetes. Further, a moderate increase in circulating
levels of CTRP12 via adenovirus-mediated overexpression is
sufficient to improve insulin sensitivity in obese and insulin-
resistant mice, in part by enhancing Akt signaling in liver and
adipose tissue as well as by reducing the circulating levels of
resistin known to induce hepatic insulin resistance. Indepen-
dent of insulin, CTRP12 promotes glucose uptake in adipocytes

3 The abbreviations used are: CTRP, C1q/TNF-related protein; Bis-Tris, N,N-
bis(2-hydroxyethyl)-2-aminoethanesulfonic acid; fCTRP, full-length CTRP;
gCTRP, globular CTRP; HMM, higher molecular mass; LMM, lower molecu-
lar mass; PC, prohormone convertase; PCSK, proprotein convertase subtil-
isin/kexin type; PNGase F, protein:N-glycosidase F.
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and suppresses de novo glucose production in hepatocytes via
the PI3 kinase-Akt signaling pathway (10).

Although the general metabolic function of CTRP12 has
been established, important questions concerning its regula-
tion remain unanswered. Recombinant and endogenous
CTRP12 exist in two isoforms: the full-length protein and a
proteolytically processed globular isoform. In the present
study, we provide evidence that the two naturally occurring
isoforms differ in higher order oligomeric structure due to dif-
ferential processing by an endopeptidase. Proteolytic cleavage
generates a functionally distinct isoform with altered signaling
specificity, revealing a novel cleavage-dependent mechanism
controlling CTRP12 function.

MATERIALS AND METHODS

Antibodies and Chemicals—Mouse monoclonal anti-FLAG
M2 antibody was obtained from Sigma. Rabbit antibodies that
recognize IRS1, phospho-AKT (Thr?°®), Akt, phospho-p44/42
MAPK (Thr?*?/Tyr***), phospho-p38 MAPK (Thr'*°/Tyr'#?),
p44/42 MAPK, and p38 MAPK were obtained from Cell Signal-
ing Technology. Anti-phospho-IRS1 (Tyr®'?) was obtained
from BIOSOURCE. Anti-CTRP12-specific antibody was devel-
oped as described previously (10). Recombinant insulin was
obtained from Sigma. PNGase F was obtained from New Eng-
land Biolabs.

Site-directed Mutagenesis—High fidelity Pfu polymerase
from Stratagene was used in site-directed mutagenesis of
CTRP12 cDNA to generate N39A, C85A, and R93A single-sub-
stitution proteins or the (K90A/K91A/R93A) triple-substitu-
tion protein (designated as 3M) according to the manufactur-
er’s protocol. Primers used in site-directed mutagenesis were as
follows: N39A forward, 5'-CGTGTGGATTCCCCCGCTAT-
TACCACGTCCAAC-3' and reverse, 5'-GTTGGACGTGGT-
AATAGCGGGGGAATCCACACG-3'; C85A forward, 5'-
GTCCTCTAGAAAACGGGCTCGTGGCCGGGACAAG-3' and
reverse, 5'-CTTGTCCCGGCCACGAGCCCGTTTTCTAG-
AGGAC-3'; R93A forward, 5'-CCGGGACAAGAAGTCGGC-
AGGCCTCTCAGGTCTC-3' and reverse, 5'-GAGACCTGA-
GAGGCCTGCCGACTTCTTGTCCCGG-3'; triple mutant
(3M) forward, 5'-CGGTGTCGTGGCCGGGACGCGGCGT-
CGGCAGGCCTCTCAGGTCTC-3" and reverse, 5'-GAGAC-
CTGAGAGGCCTGCCGACGCCGCGTCCCGGCCACGAC-
ACCG-3'. The R93A mutant was used as a PCR template to
generate 3M. Successful mutagenesis was confirmed by DNA
sequencing.

Protein Purification—Recombinant CTRP12 and its R93A
mutant and triple mutant (3M) were produced and purified as
described (10). In brief, GripTite™ 293 cells (Invitrogen) were
transfected with pcDNA3.1 encoding a C-terminal FLAG-
tagged CTRP12 and its single or triple mutants using the cal-
cium phosphate method. To generate gCTRP12, we cloned the
entire globular isoform (corresponding to residues 92-308)
downstream of the endogenous signal peptide (residues 1-21).
Supernatants (serum-free Opti-MEM; Invitrogen) of cells were
collected and subjected to affinity chromatography using anti-
FLAG M2 Affinity Gel (Sigma) according to the manufacturer’s
protocol. Protein was eluted with 100 ug/ml FLAG peptide in
PBS buffer. Protein was dialyzed against HEPES buffer (20 mm
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HEPES, 135 mm NaCl, pH 8.0) in a 10-kDa cut-off Slide-A-
Lyzer dialysis cassette (Thermo Scientific), concentrated using
a 10-kDa cut-off Amicon Ultra centrifugal filter (Millipore),
aliquoted, and stored at —80 °C. Protein concentration was
determined using the Coomassie Plus Protein Assay Reagent
(Thermo Scientific).

Cell Culture—GripTite™ 293 cells were cultured in DMEM
(Invitrogen) containing 10% fetal bovine serum (FBS), 2 mm
L-glutamine, 100 units/ml penicillin, and 100 ug/ml streptomy-
cin. Mouse 3T3-L1 preadipocytes were cultured in high glucose
DMEM containing 10% calf serum and antibiotics. 3T3-L1 adi-
pocytes were differentiated as described previously (9). In brief,
mouse 3T3-L1 preadipocytes were cultured until fully conflu-
ent. Differentiation was induced 2 days after cells reached con-
fluence by culturing cells for 2 days in DMEM with 10% FBS
supplemented with 1 pg/ml bovine insulin (Sigma), 0.25 um
dexamethasone (Sigma), and 0.5 mm 3-isobutyl-1-methylxan-
thine (Sigma), followed by DMEM/FBS containing only insulin
(1 pg/ml) for an additional 2 days. Differentiated adipocytes
were maintained thereafter in DMEM/FBS for another 4 days.
Rat H4IIE hepatocytes were cultured in DMEM containing 10%
FBS and antibiotics.

Western Blot Analysis—For Western blot analyses of signal-
ing proteins, cells were serum-starved for 2 h and then treated
as indicated in the figure legends. Cells were subsequently
washed once with PBS and lysed in cell lysis/loading buffer (50
mM Tris, 2% SDS, 1% B-mercaptoethanol, 6% glycerol, 0.01%
bromphenol blue). Cell lysates were then sonicated and incu-
bated at 100 °C for 5 min. Proteins were separated in 4—12%
Bis-Tris NuPAGE gel (Invitrogen), immunoblotted onto 0.2 um
Protran BA 83 nitrocellulose membrane (Whatman),
blocked with 2% nonfat milk for 1 h, and probed with pri-
mary antibodies overnight. Inmunoblots were washed three
times (10 min each) in PBS containing 0.1% Tween 20 and
incubated with horseradish peroxidase-conjugated second-
ary antibody (Amersham Biosciences) (1:5000) for 1 h. Blots
were washed three times (10 min each) in PBS containing 0.1%
Tween 20, developed in ECL reagent (Millipore) for 2—5 min
and visualized with Multilmage III FluorChem Q (Alpha Inno-
tech). Quantifications of signal intensity were performed using
Alphaview Software (Alpha Innotech).

Lentiviral-mediated Knockdown of Furin in Adipocytes—
Lentivirus particles containing an empty pLKO0.1 vector or
pLKO.1 encoding an shRNA against furin were obtained from
Sigma. Differentiated 3T3-L1 adipocytes (day 8) were treated
with the control or furin-shRNA lentivirus at a multiplicity of
infection of 1:100. Infected adipocytes were subsequently
selected by medium containing 1 ug/ml puromycin for 4 days.
Adipocytes were then harvested for immunoblot analyses.

Glucose Uptake Assay in Adipocytes—Glucose uptake assay
was performed as described previously (10). Briefly, differenti-
ated 3T3-L1 adipocytes were serum-starved in low glucose
DMEM for 2 h. Adipocytes were treated with vehicle or 10
pg/ml gCTRP12 or 10 pg/ml fCTRP12 for 30 min, with or
without insulin (100 nm) for 15 min. Cells were then incubated
with uptake medium containing 0.5 wCi/ml 2-deoxy-p-[1-
Clglucose in Krebs-Ringer-HEPES buffer (25 mm HEPES-
NaOH, pH 7.4, 120 mm NaCl, 5 mm KCl, 1.2 mm MgSO,, 1.3 mm
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CaCl,,1.3 mm KH,PO,) supplemented with 0.5% BSA for 10
min. Uptake was stopped by aspirating the medium and wash-
ing extensively with ice-cold PBS buffer. Cells were lysed with
0.1% Triton X-100 in PBS buffer. An aliquot of cell lysate from
each sample was obtained for protein content analysis using
bicinchoninic acid assay kit (Pierce). Radioactivity of cell lysates
was counted in Ecoscint® scintillation mixture (National Diag-
nostics) using a Beckman LS-6000 Liquid Scintillation Counter.
Radioactivity in each sample was normalized against protein
content.

Gel Filtration Chromatographic Analysis—Supernatants
(500 wl) from transfected HEK 293T cells containing FLAG-
tagged CTRP12 (WT), gCTRP12, R93A mutant, and triple
mutant (3M) were sequentially loaded onto an AKTA FPLC
and fractionated through a 10/30 GL Superdex 200 column (GE
Healthcare) in PBS. The collected fractions (0.5 ml each) were
subjected to Western blot analysis using the anti-FLAG
antibody.

Quantitative Real-time PCR Analysis—For expression anal-
yses of Pcsk genes, total RNAs were isolated from cells using
TRIzol (Invitrogen) and reverse-transcribed using Superscript
II RNase H-Reverse Transcriptase (Invitrogen). Quantitative
real-time PCR analyses were performed on an Applied Biosys-
tems 7500 Sequence Detection System. Samples were analyzed
in 25-ul reactions according to the standard protocol provided
in the SYBR Green PCR Master Mix (Applied Biosystems). All
expression levels were normalized to corresponding 18 S rRNA
levels. Primers used in real-time PCR included the following:
PCSK1 forward, 5-TCTGCCATCGCCGAAGAAC-3’' and
reverse, 5'-CCCACGTCACACGATCATCAT-3'; PCSK2 for-
ward, 5'-GTGTGATGGTTTTTGCGTCTG-3' and reverse,
5'-GGGAGCTTTCGGACTCCAA-3'; PCSK3/furin forward,
5'-TCGGTGACTATTACCACTTCTGG-3' and reverse, 5'-
CTCCTGATACACGTCCCTCTT-3'; PCSK4 forward, 5'-
CGCTACACACCCAACGATGAG-3' and reverse, 5'-CCTC-
CAATTCTAGCATTGAAGGC-3'; PCSK5 forward, 5'-CCA-
TGCCCAGTCAACCTACTT-3' and reverse, 5'-CAGGCTC-
CTTCGATATTCATGTC-3'; PCSK6/PACE4 forward, 5'-
CTTCCATCCAAGGCTCTCCTA-3" and reverse, 5'-GGTC-
TGCATTGGGACCATCA-3'; PCSK7 forward, 5'-GTCCAG-
CCTACTGGGCATAG-3' and reverse, 5'-TGAAGTGGATA-
CTGCGCTTGG-3'; 18 S rRNA forward, 5'-GCAATTATTC-
CCCATGAACG-3' and reverse, 5'-GGCCTCACTAAA-
CCATCCAA-3".

Statistical Analysis—Comparisons were performed using
two-tailed Student’s ¢ tests. Values were considered to be sig-
nificant at p < 0.05. All data are presented as means = S.E.

RESULTS

Cleavage, Glycosylation, and Oligomerization of CTRPI12—
Mouse CTRP12 contains four recognizable domains, three
potential N-linked glycosylation sites that conform to NX(S/T)
motif (21), four Cys residues, and an endopeptidase cleavage
motif, KKXR, located in the N terminus (Fig. 1A). These fea-
tures suggest that the protein likely undergoes multiple types of
posttranslational modification. Importantly, the four Cys resi-
dues, the cleavage motif, and one of the N-glycosylation sites
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(Asn®®) are highly conserved in divergent vertebrate species
(Fig. 1B).

Two isoforms of the protein, differing in size, were produced
when FLAG epitope-tagged CTRP12 was expressed in mam-
malian HEK 293T cells (Fig. 24), indicating proteolytic
processing of the recombinant CTRP12. Cleavage is physiolog-
ically relevant: endogenous CTRP12 secreted from differen-
tiated 3T3-L1 adipocytes and CTRP12 circulating in human
and mouse serum also exist in two isoforms: full-length
fCTRP12 (~40 kDa) and a cleaved gCTRP12 (~25 kDa) (10). In
serum, gCTRP12 is the predominant isoform. Because both iso-
forms were found in cell pellet and supernatant of CTRP12-
expressing HEK 293T cells, proteolytic processing most likely
occurred inside the cell prior to protein secretion (Fig. 2A).
N-terminal sequencing of purified mouse recombinant
gCTRP12 (Fig. 2B) indicated that cleavage occurred at Lys-91,
at the predicted endopeptidase cleavage site (K*°K** | X?*R®3)
(10). Cleavage appears to be regulated; only a fraction of
fCTRP12 is processed into gCTRP12.

Broad banding of fCTRP12 on immunoblot indicated the
presence of a carbohydrate moiety (Fig. 2A). Consistent with
this, treatment of PNGase F reduced the apparent molecular
mass of f{CTRP12 on an immunoblot (Fig. 2C), confirming the
presence of N-linked oligosaccharides. Of the three potential
N-glycosylation sites (Asn*°, Asn*®”, and Asn®?), only Asn®? is
conserved from zebra fish to humans (Fig. 1B), suggesting that
Asn® is likely the glycan attachment site. Indeed, mutation of
Asn®? to Ala resulted in a similar mobility shift on immunoblot,
comparable with PNGase F (Fig. 2D), confirming that N-termi-
nal Asn®” is posttranslationally modified with oligosaccharides.
Treatment of gCTRP12 with PNGase F did not result in mobil-
ity shift of the protein on immunoblotting (Fig. 2E, left), sug-
gesting the absence of N-linked glycans. Consistent with this,
gCTRP12 protein harboring an N287A single mutation or
N287A/N297A double mutations also showed no mobility shift
on immunoblotting compared with wild-type gCTRP12 (Fig.
2F, right), indicating that Asn®®” and Asn**” were not glycosy-
lated when expressed in HEK 293T cells.

Members of the CTRP family form trimers and higher order
multimeric complexes, mediated by conserved N-terminal Cys
residues (5). Denaturing but nonreducing SDS-PAGE/immu-
noblot analysis indicated that CTRP12 also forms disulfide-
linked oligomers (Fig. 2F). Oligomeric complexes can be dis-
rupted by the addition of reducing agent (8-mercaptoethanol).
As with other CTRPs (5), the conserved N-terminal Cys®® of
CTRP12 mediates the higher order structure formation; muta-
tion of Cys® to Ala abolished multimeric complex formation
(Fig. 2F). Together, these data indicate that CTRP12 is a
secreted oligomeric glycoprotein subjected to endoproteolytic
processing.

Insulin Enhances Endogenous CTRP12 Cleavage—W e tested
whether proteolytic processing of endogenous CTRP12 is con-
stitutive or potentially subjected to hormonal regulation. We
have shown previously that insulin can increase the expression
of CTRP12 in mouse 3T3-L1 adipocytes (10). We therefore
tested whether insulin plays a role in regulating the cleavage of
CTRP12. As shown in Fig. 3, treatment of 3T3-L1 adipocytes
with 10 nMm insulin increased the expression of both f{CTRP12
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FIGURE 1. Domain structure and conserved features of CTRP12. A, four domains of CTRP12 protein: a signal peptide (SP); an N-terminal domain with the
highly conserved N-glycosylation site (Asn®?), Cys®, and polybasic cleavage motif KKXR; a collagen domain with six Gly-X-Y repeats; and a globular C1g/TNF-
like domain with three conserved Cys residues (Cys'®?, Cys**', and Cys>*®) and two potential N-glycosylation sites (Asn?®” and Asn?%”). Endopeptidase cleavage
atLys®' (indicated by arrow) generates the gCTRP12 isoform. B, sequence alignment of mouse, human, chicken, Xenopus, and zebra fish CTRP12. Highlighted are
the conserved Asn®? shown to be glycosylated in this study, the cleavage motif KKXR, and the Cys®® shown in this study to be important for disulfide-linked

multimerization of CTRP12.

and gCTRP12. However, the insulin-induced increase in
gCTRP12 protein levels in adipocytes was greater and occurred
earlier compared with fCTRP12, indicating that insulin
enhanced the cleavage of f{CTRP12. Modulation of CTRP12
processing by a metabolic hormone suggests that proteolytic
cleavage of the protein may be functionally relevant.

Mutation That Enhances or Suppresses Cleavage—Amino
acids surrounding a proteolytic cleavage site influence the spec-
ificity of endopeptidase cleavage (22). Interestingly, when the
charged Arg” (at the P2’ position of CTRP12) was substituted
with Ala, the R93A mutant exhibited enhanced cleavage com-
pared with WT CTRP12 (Fig. 44). In contrast, proteolytic
cleavage was largely abolished as expected when the polybasic
residues KKXR were converted to Ala, as in the triple mutant,
K90A/K91A/R93A (3M) (Fig. 4B). These results suggest that

GRS
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the two mutants can be used to investigate the functional sig-
nificance of proteolytic cleavage.

CTRP12 Is Cleaved by a Member of the Proprotein
Convertases—Endoproteolytic cleavage of CTRP12 after a basic
residue suggests the involvement of serine proteases of the pro-
protein convertase (PC) family. Nine members compose the PC
family (designated as PCSK1-9) (23). Only the first seven mem-
bers cleave C-terminal to a single (K/R) or pairs of basic resi-
dues ((K/R)(K/R)). Of these, PCSK3/furin shows the highest
expression in adipose tissue and differentiated mouse 3T3-L1
adipocytes (Fig. 5, A and B). At the protein level, furin is
expressed at higher levels in differentiated 3T3-L1 adipocytes
and adipose tissue relative to undifferentiated 3T3-L1 preadi-
pocytes (Fig. 5C). Because insulin increased the cleavage of
CTRP12 (Fig. 3), we explored whether insulin also influences

JOURNAL OF BIOLOGICAL CHEMISTRY 35807



Differential Signaling Induced by CTRP12 Isoforms

A Control CTRP12-FLAG B C CTRP12 D CTRP12
e Coomassie blue staining
PeP® - + PNGaseF WT N39A
97 -[ = 64 -
64.- - 51- 51-
51| - Glycosylated
. « |5
> 39- .. “ 39-..
39~ . « fCTRP12 301 § 8|« fCTRP12 Under-Glycosylated
B | 20 28
28 - 28-!
B @ |« CTRP12 b | «gCTRP12 19 19,
194 19-/"w
E g-CTRP12 F
,@ WT_ C85A
&
<§ B-ME - + - +
PNGase F N %Y' <+ Higher order oligomers
$PY 191
- ¢ S S 97 « Trimer
514
64
391 51
28| - - ® & ==« gcTRP12 9]+ WM | + Monomer
191 28

FIGURE 2. CTRP12 is a secreted multimeric glycoprotein. A,immunoblot analysis of CTRP12 expressed in HEK 293T cells. Empty vector (pcDNA3.1) was used
as negative control. P, pellet; S, supernatant. B, Coomassie Blue staining of purified recombinant CTRP12 on a SDS-PAGE gel. C, CTRP12 treated with (+) or
without (—) PNGase F. D, immunoblot analysis of wild-type (WT) CTRP12 and its N39A mutant. £, immunoblot analysis of gCTRP12 treated with (+) or without
(—) PNGase F (left) and the gCTRP12 mutants. f, immunoblot analysis of WT CTRP12 and its C85A mutant treated with (+) or without (—) B-mercaptoethanol
(B-ME). Arrows indicate the monomeric, trimeric, and higher order molecular mass oligomeric form of CTRP12.
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FIGURE 3. Insulin increases the expression and cleavage of CTRP12. A, immunoblot analysis of endogenous CTRP12 produced by 3T3-L1 adipocytes
stimulated with vehicle control or insulin (10 nm for 6 or 12 h) using a CTRP12-specific antibody. The blot was stripped and reprobed with the anti-B-tubulin
antibody as loading controls. B, quantifications of gCTRP12 and fCTRP12 expression levels based on immunoblot shown in A. *, p < 0.05; **, p < 0.01. Results

shown are means =+ S.E.

the expression of furin in adipocytes. Indeed, insulin treatment
enhanced the expression of furin protein in adipocytes (Fig.
5D). Endogenous furin is also expressed robustly in HEK
293T cells (Fig. 5E), a cell type that supports the cleavage of
CTRP12. Consistent with furin being a candidate convertase
that can cleave CTRP12, co-expression of PCSK3/furin with
WT CTRP12 in HEK 293T cells led to enhanced cleavage of the
protein in a dose-dependent manner: increasing the expression
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of furin led to a proportional reduction in fCTRP12 and a simul-
taneous increase in cleaved gCTRP12 secreted into the condi-
tioned medium (Fig. 5F). In contrast, co-expression of PCSK3/
furin with the triple mutant (3M) largely abolished proteolytic
cleavage of CTRP12, confirming that the cleavage site of furin is
indeed at the polybasic KKSR motif (Fig. 5C). Minor residual
cleavage of the 3M mutant may be the result of cleavage at
nonpreferred basic residues (e.g. Arg’* and Arg’®) adjacent to
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the Arg”! by furin or other members of the PC family expressed
at low levels in HEK 293T cells. Consistent with this, residual
gCTRP12 generated from the 3M mutant had a slightly larger
apparent molecular mass on immunoblotting relative to
gCTRP12 generated from the WT protein (Fig. 5F). This sup-
ports minor cleavage of the 3M mutant upstream of the pre-
ferred furin cleavage site at Lys”'. Importantly, lentivirus-me-
diated knockdown of furin in adipocytes led to decreased

Differential Signaling Induced by CTRP12 Isoforms

cleavage of endogenous CTRP12 (Fig. 5G). Together, these
results indicate that PCSK3/furin is likely the endopeptidase of
the proprotein convertase family that generates the naturally
occurring gCTRP12 isoform in adipocytes.

Signaling Specificities of fCTRPI2 and gCTRPI2 in
Hepatocytes—The availability of recombinant wild-type, single,
and triple mutant forms of CTRP12 enabled us to address the
functional relevance and significance of fCTRP12 versus

gCTRP12 isoforms. We have shown previously that recombi-

A WTR93A B WT 3M nant CTRP12 induces the phosphorylation of IRS1, Akt, and
974 97- p44/42 MAPK (also referred to as ERK1/2) in rat H4IIE hepa-
tocytes (10). Compared with WT CTRP12, R93A mutant (with

64+ 64- enhanced cleavage) had a reduced ability to induce IRS1 and
51+ 51- Akt phosphorylation in H4IIE hepatocytes (Fig. 6, A and B).
39| e @ - 39{e@ |~ fCTRP12 Conversely, the 3M mutant (uncleaved fCTRP12) retained its
288 CTRP12 ability to stimulate IRS1 and Akt phosphorylation in a manner

28 e |+ 194 9 comparable with WT CTRP12 (Fig. 6, A and B). These results

suggest that fCTRP12 preferentially activates Akt signaling.
However, opposite results were obtained when we examined
the ability of WT, R93A, and 3M mutant to activate MAPKSs in
HA4IIE hepatocytes. Both WT CTRP12 and R93A mutant were
comparable in their ability to induce p44/42 (ERK1/2) and p38

FIGURE 4. CTRP12 mutants with enhanced or suppressed cleavage.
A, immunoblot analysis of secreted WT CTRP12 and its R93A mutant. B,immu-
noblot analysis of secreted WT CTRP12 and its triple mutant (K90A/K91A/
R93A; designated as 3M). Media containing the recombinant proteins from
transfected HEK 293T cells were collected 48 h after transfection and sub-
jected to immunoblot analysis.
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FIGURE 5. PCSK3/furin cleaves fCTRP12 at the K°°KSR motif. A and B, relative mRNA levels of different PC family members (PCSK1-7) in epididymal fat tissue
(A) and in differentiated 3T3-L1 adipocytes (B). All quantitative real-time PCR values were normalized to 18 S rRNA. The expression of PCSK1 was set to 1, and
expression levels of other PC family members were normalized against PCSK1. C, immunoblot analysis and quantification of furin expression in 3T3-L1
preadipocytes, mature 3T3-L1 adipocytes, and adipose tissue (mouse epididymal fat pad). Quantification of furin expression was normalized to B-tubulin.
D, immunoblot blot analysis and quantification of furin expression in adipocytes treated with insulin (10 nm) for various time points. E, comparison of furin
expression in HEK 293T cells and 3T3-L1 adipocytes. F, HEK 293T cells were co-transfected with wild-type (WT) CTRP12 or its 3M mutant construct and an
increasing amount of plasmid DNA encoding PCSK3/furin (lanes 2-9). As a control, HEK 293T cells were also transfected with empty pCDNA3.1 plasmid (lane 1).
Shown is the immunoblot analysis of secreted WT or 3M mutant protein found in the supernatant of transfected cells. NS, nonspecific band. G, knockdown of
furinin adipocytes resulted in decreased endogenous CTRP12 cleavage. 3T3-L1 adipocytes were infected with lentiviruses encoding an empty vector or shRNA
against furin. *, p < 0.05; **, p < 0.01. Error bars, S.E.
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MAPK phosphorylation (Fig. 6, C and D). The 3M mutant
(uncleaved fCTRP12), however, only modestly stimulated p38
MAPK phosphorylation and had completely lost its ability to
induce p44/42 MAPK phosphorylation (Fig. 6, C and D).
Together, these results suggest that the two isoforms of
CTRP12 are functionally distinct; whereas gCTRP12 preferen-
tially activates p44/42 and p38 MAPK signaling, the full-length
protein preferentially activates Akt signaling.

Signaling  Specificities of fCTRP12 and gCIRPI2 in
Adipocytes—To address whether the preferential activation of
different signal transduction pathways by the two isoforms of
CTRP12 is restricted to H4IIE cells, we compared the ability
of gCTRP12 and fCTRP12 to activate Akt and MAPK signaling
in differentiated mouse 3T3-L1 adipocytes. The 3M mutant
robustly induced Akt phosphorylation in a manner similar to
the WT protein, whereas the R93A mutant only minimally

35810 JOURNAL OF BIOLOGICAL CHEMISTRY

enhanced Akt phosphorylation (Fig. 7, A and B). Conversely,
the R93A mutant induced p44/42 MAPK phosphorylation in a
manner comparable with the WT protein, whereas the 3M
mutant failed to do so (Fig. 7, A and C). These results confirm
and extend our findings that f{CTRP12 and gCTRP12 isoforms
are functionally distinct with regard to the signaling pathways
they preferentially activate in different cell types.

To ensure that gCTRP12 is indeed the isoform that activates
p44/42 MAPK signaling in 3T3-L1 adipocytes and H4IIE hepa-
tocytes, we generated and tested the effect of recombinant
gCTRP12 (corresponding to amino acid residues 92—-308) on
adipocytes and hepatocytes. Purified recombinant gCTRP12
migrated with the same apparent molecular mass on immuno-
blotting as the naturally cleaved gCTRP12 isoform generated
from the full-length protein (Fig. 84). Stimulation of 3T3-L1
adipocytes with recombinant gCTRP12 and fCTRP12 protein
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Differential Signaling Induced by CTRP12 Isoforms

A  Control WT R93A 3M
O W W o——— ——— vy  Aki-P
S — C — G S——— w— Wy Akt
————._ 7 - —— [44/42-P
——- - p— p44/42

vy

Akt-P/Akt (Fold)

WT R9A 3M

Control

p44/42-MAPK

>
<

g
=)

p44/42-PIp44/42 (Fold) O
5 B

g
=)

WT R93A 3M

Control

FIGURE 7. fCTRP12 and gCTRP12 preferentially activate Akt or MAPK signaling in 3T3-L1 adipocytes. A, immunoblot analysis of Akt (Thr*°%) and p44/42
MAPK (Thr?®?/Tyr?®%) phosphorylation in 3T3-L1 adipocytes stimulated with vehicle control or 10 ug/ml recombinant CTRP12 for 15 min. Blots were also
probed for total IRS1 and Akt protein. Band C, quantification of Akt (B) and p44/42 MAPK (C) phosphorylation as shown in A, normalized to their respective total
protein and then normalized to value obtained from cells treated with vehicle control. ¥, p < 0.05; **, p < 0.01; #, p < 0.001 (n = 3). Error bars, S.E.

(uncleaved 3M mutant) indicated that f{CTRP12 has a stronger
ability to activate Akt signaling, whereas gCTRP12 is more
potent at activating p44/42 MAPK signaling (Fig. 8B). Similar
results were also obtained in H4IIE hepatocytes (Fig. 8C). These
data confirm that gCTRP12 is indeed the isoform that activates
p44/42 MAPK signaling. Further, our results also suggest that
the C1q globular domain, and not the cleaved N-terminal por-
tion (residue 22-91) derived from the full-length protein, is
responsible for the activation of MAPK signaling.

Next, we performed a glucose uptake assay in adipocytes to
determine whether preferential activation of distinct signaling
pathways by the two isoforms of CTRP12 has functional signif-
icance. As shown in Fig. 8D, both gCTRP12 and fCTRP12
(uncleaved 3M mutant) modestly increased glucose uptake in
adipocytes without insulin. However, in the presence of insulin,
only fCTRP12 further increased glucose uptake in adipocytes,
in accordance with stronger activation of Akt phosphorylation
by fCTRP12 (Fig. 8B). These results indicate that the two iso-
forms of CTRP12 have overlapping but different functions,
with fCTRP12 better at improving insulin-stimulated glucose
uptake in adipocytes.

The Two Isoforms of CTRP12 Differ in Oligomeric Structure—
Because the conserved Cys®® that mediates disulfide-linked
higher order structure formation is located N-terminal to
Arg®!, proteolytic cleavage is predicted to affect the oligomeric
state of CTRP12. We performed gel filtration chromatographic
analysis to test this possibility. For WT CTRP12, FPLC analysis
revealed two oligomeric forms: the higher molecular mass
(HMM, ~120 kDa or larger) oligomer consisting of full-length
protein and the lower molecular mass (LMM, ~45 kDa) olig-
omer consisting of the cleaved gCTRP12 isoform (Fig. 94).
Based on the molecular mass makers and the peak elution frac-
tions, the HMM oligomers consist of trimers (fractions 27 and
28) and larger complexes (fractions 18 —-26), and the LMM olig-
omers (fractions 30 -32) are predominantly dimers. In accord-
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ance, recombinant gCTRP12 and the R93A mutant consist pre-
dominantly of the LMM oligomeric form (Fig. 9, B and D),
whereas fCTRP12 (the uncleaved 3M mutant) consists pre-
dominantly of the HMM oligomeric form (Fig. 9C). These
results suggest that the signaling specificity of full-length versus
globular isoform of CTRP12 may;, in part, be due to differences
in their oligomeric structure (Fig. 10).

DISCUSSION

In this study we provide a detailed biochemical characteriza-
tion of CTRP12, an insulin-sensitizing adipokine that we and
others have recently identified (10, 24). CTRP12 contains mul-
tiple types of posttranslational modifications likely relevant to
its function. Its highly conserved Asn®® at the N terminus is
glycosylated. Secreted proteins often contain N-linked oligo-
saccharides to facilitate proper folding in the endoplasmic
reticulum, to enhance the half-life of the protein in circulation,
and/or to provide an epitope recognized by receptors (25).
Because proteolytic cleavage occurs after Asn®?, the cleaved
gCTRP12 isoform is predicted to be nonglycosylated. Indeed,
PNGase F treatment of gCTRP12 did not result in mobility shift
of the protein on immunoblot, indicating a lack of N-linked
glycan. gCTRP12 with a single or double mutations of Asn'®”
and Asn'®” also did not migrate differently on immunoblotting,
further confirming the lack of N-glycosylation in the globular
domain. In human and mouse serum, gCTRP12 is the predom-
inant circulating isoform. Thus, it remains to be determined
whether N-glycosylation affects the half-life of the protein or its
target tissues in vivo.

Unique among all the CTRPs described to date is the proteo-
lytic processing of CTRP12 that resulted in the generation of a
cleaved gCTRP12 isoform that circulates in serum (10). Endo-
proteolytic processing occurs at Lys®' prior to protein secre-
tion. Many secreted growth factors and hormones are pro-
cessed by a family of nine highly conserved proprotein
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CTRP12 with distinct function: fCTRP12 preferentially activated Akt; gCTRP12 preferentially activated MAPK signaling in hepatocytes and adipocytes. Unlike
the gCTRP12, f{CTRP12 can increase insulin-stimulated glucose uptake into adipocytes. These results revealed a novel mechanism controlling signaling and
functional specificity of CTRP12 via cleavage-dependent alteration in oligomeric state.

convertases (PCSK1-PCSK9) (23). The first seven members
(PCSK1-7) cleave C-terminal to a single (K/R) or pairs of basic
residues ((K/R)(K/R)), and PCSK8 and PCSK9 cleave C-termi-
nal to nonbasic residues (23). PCSK5, 6, and 7 are widely
expressed, but expression of other PCSKs is restricted to select
tissues and cell types (23). We show that PCSK3/furin is likely
the endogenous endopeptidase that cleaves CTRP12 to gener-
ate the gCTRP12 isoform in adipocytes. Human CTRP12 is also
secreted as full-length and cleaved globular isoforms (10). In
fact, Lys®! within the KKXR polybasic motif is conserved from
Xenopus to humans (Fig. 1B). In teleost (e.g. zebra fish), the
corresponding amino acid is Lys instead of Arg. Thus, endopro-
teolytic processing of CTRP12 is an evolutionarily conserved
feature and likely reflects the distinct function of the two
isoforms.

A shared biochemical feature of CTRPs is the formation of
higher order oligomeric complexes. All CTRPs form trimers as
their basic structural unit, mediated by the globular Clq
domain (5). Several CTRPs are further assembled into disul-
fide-linked higher order structures greater than a trimer via the
conserved N-terminal Cys residues (4—6). Similarly, secreted
CTRP12 also forms disulfide-linked multimers, mediated by
the conserved N-terminal Cys®*. Because proteolytic cleavage
occurs at Lys”" (C-terminal to Cys®), it is predicted that the
gCTRP12 isoform that lacks Cys®* will differ from the
uncleaved full-length protein in its oligomeric structure.
Indeed, gel filtration chromatographic analysis revealed two
distinct oligomeric forms of CTRP12 (HMM and LMM oligo-
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mers), which presumably correspond to the trimeric (and larger
complexes) and dimeric form of CTRP12, respectively.

Differences in oligomeric state may account for the differen-
tial signal transduction pathway (Akt versus MAPK) activated
by the two isoforms of CTRP12 in H4IIE hepatocytes and
3T3-L1 adipocytes. Although uncommon, such an oligomeric
state-dependent mechanism controlling signaling specificity
has been demonstrated previously for adiponectin, an impor-
tant insulin-sensitizing adipokine. Adiponectin trimers were
shown to preferentially activate AMP-activated protein kinase
signaling in isolated rat muscle, whereas the octadecameric
form (18-subunit) of adiponectin was shown to preferentially
activate NF-«B signaling in myotubes (26, 27). Because the
assembly of hexameric and octadecameric forms of adiponectin
requires the conserved N-terminal Cys®?, it has been suggested
that the redox environment in the endoplasmic reticulum may
dictate the proportion of hexameric/octadecameric versus tri-
meric form of adiponectin being secreted (28). In the case of
CTRP12, our data suggest that the proportion of different olig-
omeric forms produced may be dependent on regulated cleav-
age by an endopeptidase such as PCSK3/furin.

Importantly, the two isoforms of CTRP12 differ in oligomeric
state are functionally distinct. We demonstrate that fCTRP12
preferentially activated Akt, and, in contrast, gCTRP12 preferen-
tially activated MAPK signaling in H41IIE hepatocytes and 3T3-L1
adipocytes. A functional assay revealed that fCTRP12, but not
gCTRP12, increased insulin-simulated glucose uptake into adi-
pocytes. These results illustrate that signaling and functional spec-
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ificity of a hormone can be controlled by different oligomeric
forms of a protein generated by endoproteolytic cleavage (Fig. 10).
This differs from the many neuropeptides and hormones in which
endopeptidase processing of the prohormones is a requisite step
needed to generate mature and functioning hormones (23). Col-
lectively, our biochemical characterizations established multiple
posttranslational modifications of CTRP12 important for its bio-
logical function and revealed a novel mechanism controlling
CTRP12 signaling and functional specificity via cleavage-depen-
dent alteration in oligomeric state.
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