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Abstract

Caldecrin was originally isolated from the pancreas as a
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factor that reduced serum calcium levels. This secreted
serine protease has chymotrypsin-like activity and is also
known as chymotrypsin C; it belongs to the elastase
family. Although intravenous administration of caldecrin
decreases the serum calcium concentration even when
its protease activity is blocked, this effect does require
cleavage of caldecrin’s pro-peptide by trypsin, converting
it to the mature enzyme. Ectopic intramuscular expression
of caldecrin prevented bone resorption in ovariectomized
mice. Caldecrin inhibited parathyroid hormone-stimulated
calcium release from fetal mouse long bone organ cul-
tures. Furthermore, caldecrin suppressed the formation
of osteoclasts from bone marrow cells by inhibiting the
receptor activator of nuclear factor-x B ligand (RANKL)-
stimulated phospholipase Cy-calcium oscillation-calcineurin-
nuclear factor of activated T-cells, cytoplasmic 1 pathway.
Caldecrin also suppressed the bone resorption activity
of mature osteoclasts by preventing RANKL-stimulated
Src activation, calcium entry, and actin ring formation. /n
vivo and /n vitro studies have indicated that caldecrin is a
unique multifunctional protease with anti-osteoclastogenic
activities that are distinct from its protease activity.
Caldecrin might be a potential therapeutic target for the
treatment of osteolytic diseases such as osteoporosis
and osteoarthritis. This mini-review describes caldecrin’s
historical background and its mechanisms of action.

Key words: Serine protease; Osteoclasts; Hypocalcemia;
Chymotrypsin; Bone resorption; Calcium signaling
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Core tip: Caldecrin (also known as chymotrypsin C)
reduces serum calcium levels. This activity is distinct from
its protease activity but also requires trypsin-mediated
cleavage of the pro-peptide, converting caldecrin to its
active form. Ectopic intramuscular expression of caldecrin
prevented bone resorption in ovariectomized mice.
Caldecrin inhibited parathyroid hormone-stimulated calcium
release from fetal mouse long bones. Furthermore,
caldecrin suppressed receptor activator of nuclear factor-
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kappa B ligand-induced activation of intracellular calcium
signaling, thereby reducing osteoclast formation and bone
resorption. Caldecrin is a unique multifunctional protease
that possesses anti-osteoclastogenic activity, resulting in
reduced serum calcium levels.

Tomomura M, Tomomura A. Caldecrin: A pancreas-derived
hypocalcemic factor, regulates osteoclast formation and function.
World J Biol Chem 2015; 6(4): 358-365 Available from: URL:
http://www.wjgnet.com/1949-8454/full/v6/i14/358.htm DOI:
http://dx.doi.org/10.4331/wjbc.v6.14.358

INTRODUCTION

Calcium homeostasis is controlled by intestinal calcium
absorption and calcium resorption in the kidney, as
well as by bone formation and resorption. Clinical and
experimental observations have also linked the pancreas
to calcium homeostasis. Pancreas-derived glucagon?,
amylin®¥, and calcitonin gene-related peptide®® have
been shown to regulate calcium homeostasis, while
acute and chronic pancreatitis have been shown to
associate with hypocalcemia'”.

In the 1960’s, the pioneering work of Takaoka et
al®* demonstrated that a porcine pancreatic extract
had hypocalcemic activity. In 1992, we first successfully
purified a hypocalcemic factor named caldecrin from a
pancreatic extract using chromatographic separation
techniques including ion exchange, gel filtration
chromatography, and high-performance liquid chrom-
atography™. To identify caldecrin, each fraction was
intravenously administered to overnight-fasted mice and
serum calcium concentrations were measured 4 h post-
injection. In addition, the samples were assayed for their
inhibition of parathyroid hormone-stimulated calcium
release from fetal mouse long bone organ cultures.
Caldecrin is an anionic protein (pI: 4.5) with a molecular
weight of about 28 kDa; it was found to be a serine
protease with chymotryptic activity.

In 1995, we isolated rat caldecrin cDNA from pan-
creatic cDNA expression library by immunoscreening
with an anti-caldecrin antibody!!. A partial amino acid
sequence of caldecrin purified from rat pancreas was
completely matched with that encoded by the cDNA.
The nucleotide sequence was almost identical (except
for three nucleotides) to that of a PCR clone referred as
elastase IV (ELA4)™, Comparison of the amino acid
sequences encoded by these two cDNAs indicated that
the central region of caldecrin differed from that of ELA4
due to a frame shift caused by this minor nucleotide
change (Figure 1). The amino acid sequences of the
purified caldecrin fragments, including the central region,
were consistent with the deduced amino acid sequence
of caldecrin but not with that of ELA4. Over-expression
of the ELA4 PCR clone in Sf9 cells caused a complete
loss of secretion, low expression levels, and much lower
protease activity!®. Furthermore, the rat genomic DNA
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Table 1 Amino acid sequence similarity with rat caldecrin

Identity (%) Similarity (%)

100 100
41 55
51 67
59 72
57 71
78 88
41 56
61 74
56 70
57 70
55 69
39 57

Species

Rat

Pancreatic protease

Caldecrin
Chymotrypsin B
Elastase I
Elastase 1T A
Elastase 1B
Caldecrin
Chymotrypsin B
Elastase II A
Elastase I B
Elastase A
Elastase IIB
Chymotrypsin A

Human

Cow

Sequence identity: Percent of same amino residues in a sequence alignment
between 2 sequences; Sequence similarity: Percent amino acid sequence
identity and percent positive substitutions between 2 sequences.

sequence matched that of the caldecrin cDNA, but not
that of the ELA4 clone™®. Therefore, the ELA4 PCR clone
may be a cloning artifact or represent a mutant caldecrin
gene. In 1995, the crystalline structure of bovine chy-
motrypsinogen C was reported™*'® and its amino
acid sequence was very close to that of rat caldecrin,
thereby suggesting a similarity between caldecrin and
chymotrypsin C (CTRC). It is now known that CTRC,
caldecrin, and ELA4 are the same protein, which is
encoded by the CTRC gene and known officially as CTRC
(caldecrin), according to the HUGO Gene Nomenclature
Committee. Table 1 compares the amino acid sequence
of rat caldecrin with that of other members of the rat and
human pancreatic chymotrypsin and elastase families.
Caldecrin shows a greater similarity with elastase than
with chymotrypsin. In addition, expressed recombinant
human caldecrin also showed serum calcium-decreasing
activity, even following phenylmethylsulfonyl fluoride
treatment to abolish its protease activity™”.

In 1996, another research group purified a calcium
metabolism-regulating factor from the porcine pancreas
by determining its stimulatory effects on proliferation
of the osteosarcoma MG-63 cell line and its inhibition
of 1, 25 vitamin Ds-stimulated calcium release in organ
cultures™. The terminal sequence of the 28-kDa protein
that was isolated corresponded to that of human elastase
[ B. Recombinant elastase I B decreased interleukin-
1-induced hypercalcemia and this effect was dependent
on its protease activity. Although both have been isolated
from the pancreas, caldecrin and elastase IlIB were found
to be different molecules that exerted their hypocalcemic
effects via different mechanisms of action.

PROTEIN STRUCTURE AND PROTEASE

ACTIVITY OF CALDECRIN

The human CTRC gene maps to chromosome 1p36.21.
The homologous mouse and rat genes are located on
chromosomes 4E1 and 5g36, respectively. The CTRC
genes consist of 8 exons in these species. Northern blot
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v
rCal: ATG TTG GGA ATT ACG GTC CTC GCT GCC ATC CTG GCC TGC GCC TCT TGC TGC GGG AAC CCC 60
M L G I T \' L A A I L A C A S C C G N P 4
E|a4: .. e e . . . . . . . .. e e e e e e e e . . 60
* * * * * * * * * * * * * * * * * * * * 4
rCal: GCC TTC CCA CCT AAC CTG TCA ACC AGA GTG GTA GGA GGA GAG GAT GCT GTC CCC AAC AGC 120
A F P P N L S T R \' v G G E D A v P N S 24
* * * * * * * * * * * * * * * * * * * * 24
rCal: TGG CCT TGG CAG GTC TCT CTC CAG TAC CTC AAG GAC GAC ACA TGG AGG CAC ACC TGT GGG 180
W P W Q \' S L Q Y L K D D T W R H T C G 44
* A * * * * * * * * * * * * * * * * * * 44
rCal: GGA AGT CTC ATC ACC ACC AGC CAC GTC CTC ACT GCC GCC TGC ATC AAC AAA GAC TTC 240
G S L I T T S H \' L T A A (@ C I N K D F 64
* * * * * * * * * * * * * * * * * * * * 64
rCal: ACT TAC CGT GTG GGC CTG GGG AAG TAT AAT CTG ACA GTG GAG GAT GAG GGC TCC GTG 300
T Y R \' G L G K Y N L T \' E D E G S \' 84
Ela4: G e et e e e e e e e e s e e e e e e e e e e -C - AG GCT CCG TGT 300
* * * * * * * * * * * * * * * A * A P C 84
rCal: TAC GCT GAG GTG GAC ACC ATC TAC GTC CAT GAG AAG TGG AAC CGA CTC TTC CTG TGG AAf 360
Y A E \' D T I Y \' H E K W N R L F L W N 104
Ela4: ACA CTG AGG TGG ACA CCA TCT ACG TCC ATG AGA AGT GGA ACC GAC TCT TCC TGT GGA A 360
T L R W T P S T S M R S G T D S S Cc G 104
rCal: ATC GCT ATC ATT AAG TTG GCT GAG CCT GTG GAA CTG AGC AAC ACC ATC CAG GTG GCC 420
c@ I A I I K L A E P v E L S N T I Q v A 124
* * * * * * * * * * * * * * * * * * * * 124
rCal: TGC ATC CCA GAG GAA GGT TCC CTG CTG CCT CAG GAC TAT CCC TGC TAT GTC ACG GGC TGG 480
C I P E E G S L L P Q D Y P C Y \' T G W 144
Ela4: o o 480
* * * * * * * * * * * * * * * * * * * * 144
rCal: GGT CGC CTC TGG ACC AAT GGT CCC ATC GCT GAA GTG CTC CAG CAG GGC CTG CAG CCC ATC 540
G R L W T N G P I A E \' L Q Q G L Q P I 164
Ela4: e R 540
* * * * * * * * * * * * * * * * * * * * 164
rCal: GTG AGC CAT GCC ACG TGC TCC AGG TTG GAC TGG TGG TTC ATC AAG GTC CGG AAG ACG ATG 600
\' S H A T C S R L D W W F I K \' R K T M 184
E|a4 e . . “ e 600
* * * * * * * * * * * * * * * * * * * * 184
rCal: GTG TGC GCT GGG GGT GAT GGC GTC ATC TCT GCC TGT AAC GGA GAT GGC GGC CCA CTG 660
\' C A G G D G \' I S A C N G D ’I®T G G P L 204
E|a4: . e . e . . .. 660
* * * * * * * * * * * * * * * * * * * * 204
rCal: AAC TGC CAA GCA GAA GAC GGC TCA TGG CAG GTG CAC GGC ATC GTG AGC TTC GGT TCC AGT 720
N C Q A E D G S W Q \' H G I \' S F G S S 224
E|a4: e e e . 720
* * * * * * * * * * * * * * * * * * * 244
rCal: AGC GGC TGC AAC GTA CAC AAG AAA CCG GTA GTC TTC ACC CGA GTG TCT GCC TAC AAT GAC 780
S G C N \' H K K P \' \' F T R \' S A Y N D 244
Ela4: e cee 780
* * * * * * * * * * * * * * * * * * * * 244
rCal: TGG ATC AAC GAG AAA ATA CAA CTG
W I N E K I Q L
Ela4: tot

Figure 1 Nucleotide and deduced amino acid sequences of rat caldecrin (rCal) and elastase IV (Ela4). The nucleotide (upper row) and amino acid (lower row)
sequences of the indicated molecules are shown. The dots and asterisks indicate nucleotides and amino acid residues, respectively, that are conserved between rCal

and Ela4. Circle: Charge-relay system; Vertical arrowhead: Proteolytic cleavage site.

analysis has indicated that caldecrin is mainly expressed
in the pancreas (Figure 2A).

CTRC (caldecrin) is a single protein consisting of 268
amino acids, with a signal peptide (16 amino acids), pro-
peptide (13 amino acids), and the mature protein (239
amino acids; Figure 2B). The three-dimensional structure
demonstrated that five disulfide bridges were formed at
Cys1-Cys125 (according to the chymotrypsin numbering),
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Cys43-Cys59, Cys139-Cys206, Cys170-Cys186, and
Cys196-Cys227 (Figure 2B). CTRC (caldecrin) was shown
to have a two-barrel structure, each composed of 6-7
B-sheets and a C-terminal a-helix long tail™**®' (Figure 2C).
Following tryptic cleavage at Arg13-Val14, the caldecrin
pro-peptide remains associated with the mature enzyme
via the Cys1-Cys125 disulfide bridge; this generates a
structure resembling those of chymotrypsin A and B, as
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Figure 2 Caldecrin expression and protein structure. A: Caldecrin
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well as elastase II A, but not those of elastase 1 , I A, and
I B, where the pro-peptide is removed from the mature
enzyme after tryptic activationt*****®,

CTRC (caldecrin) is a serine protease with the charac-
teristic charge-relayed catalytic triad (His58, Asp105,
and Ser200), located in the active site cleft between the
barrel structures™™**®, After tryptic activation, caldecrin
changes its structure to a substrate-accessible catalytic
cleft form. Active caldecrin hydrolyzes the leucyl bond
(e.g., in the N-Succinyl-Ala-Ala-Pro-Leu-p-nitroanilide
substrate) more efficiently than chymotrypsin A and B;
Caldecrin also cleaves the phenylalanyl bond (e.g., in
the N-Succinyl-Ala-Ala-Pro-Phe-p-nitroanilide substrate)
and the tyrosyl bond (e.g., in the N-Succinyl-Leu-Leu-
Val-Tyr-p-nitroanilide substrate)!***?!l, The protease
activity of caldecrin is inhibited by serine protease
inhibitors (phenylmethylsulfonyl fluoride or diisopropyl
fluorophosphate), chymotrypsin inhibitor (chymostatin),
and the Bowman-Birk trypsin and chymotrypsin inhibitor.
The amino acid sequence and protease activity of caldecrin
indicate that it is a hybrid of chymotrypsin and elastase.

CALDECRIN AND BONE METABOLISM

Caldecrin produces dose-dependent decreases in serum
calcium concentrations!®. The administration of purified
porcine and rat caldecrin via the tail vein of mice decreased
their serum calcium concentration dose-dependently and
the maximum effect was attained 2-4 h post-injection
with 20-100 pg (about 0.7-3.6 nmol)/kg body weight. The
hypocalcemic potency of caldecrin was almost equivalent
to that of porcine calcitonin (1 nmol/kg body weight,
Tomomura et ai*® data not shown). The caldecrin proform
(pro calderon), purified from the porcine pancreas in the
presence of diisopropyl fluorophosphate, appeared to
show time- and concentration-dependent chymotryptic
activity following cleavage by trypsin. Administration
of activated caldecrin reduced the serum calcium level
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expression was analyzed by Northern blot. 18S, 28S: 18S, 28S
‘ ribosomal RNA; B: Domain structures of caldecrin. Black box:
| signal peptide; orange box: pro-peptide; blue box: mature protein;
red line: disulfide bridges with cysteine number; the H (histidine),
D (aspartic acid), S (serine) catalytic triad; C: Ribbon diagram of
the crystal structure of human caldecrin (adapted from PDB ID:
4HAF, prepared from [16]). Red line: Disulfide bridge; Yellow line:
Pro-peptide; Arrow: 3-sheet structure; Cylinder: a-helix structure.

in mice, even after treatment with the serine protease
inhibitor, phenylmethylsulfonyl fluoride, which abolished
the chymotryptic activity. However, administration of
procaldecrin did not decrease serum calcium levels®®?,
Recombinant rat'*! and human™ caldecrin also decreased
serum calcium levels. In addition, rat protease activity-
deficient caldecrin mutants (with His58Ala or Ser200Ala
substitutions) decreased the levels of serum calcium.
Therefore, the effect of caldecrin on serum calcium levels
in vivo requires its activation by trypsin cleavage. An
intramolecular responsive region required for this calcium
decreasing activity may therefore be exposed by trypsin
activation.

The caldecrin-induced serum calcium decrease
occurred concomitantly with a decrease in the serum
concentration of hydroxyproline, which is a marker of bone
resorption. This observation suggested that this serum
calcium decrease may be due to the suppression of
bone resorption™®. The effects of caldecrin on osteoclast
function have also been investigated; recombinant wild-
type and protease activity-deficient mutant caldecrin
produced concentration-dependent suppression of bone
resorption in isolated rabbit mature osteoclasts®®.,

Osteoclasts execute bone resorption, which is
modulated by macrophage colony-stimulating factor
and receptor activator of nuclear factor-kappa B (NF-«B)
ligand (RANKL), produced by osteoblasts and osteocytes.
An imbalance between bone formation and resorption
leads to bone diseases, including osteoporosis. Osteoclast
differentiation and maturation involves the following three
steps: (1) Osteoclast precursor cells are generated from
bone marrow cells in response to macrophage colony-
stimulating factor; (2) osteoclasts begin to differentiate
from the precursor cells following stimulation by RANKL;
and (3) at the later stage of differentiation, osteoclasts
fuse to become multinucleated giant cells, leading to
the cytoskeletal actin ring formation required for bone
resorption. These processes are tightly regulated to
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RANKL Caldecrin

o

. NF-kB c-Fos | ca* signal | —
MAPK | \ l
Differentiation
NFATc1 i
Bone matrix

Osteoclast precursors

Caldecrin

Src/Syk l
Pyk2

Ca* signal
MAPK \ i
T Actin ring i

Mature osteoclasts

Figure 3 Caldecrin suppresses RANKL-induced osteoclast differentiation and bone resorption. RANKL binds to its receptor (RANK) on the osteoclast
precursor, leading to simultaneous activation of two pathways: the NF-xB/ MAPK/c-Fos axis and the Syk/PLCy-calcium oscillation- NFATc1 axis. In mature
osteoclasts, RANKL also activates the NF-kB/MAPK and Src/Syk/Pyk2-TRPV4 channel-calcium entry-actin ring formation axes. Caldecrin inhibits the latter pathways
(but not the NF-kB/MAPK pathway) in the precursor and mature osteoclasts. TRPV4: Transient receptor potential vanilloid channel 4; MAPK: Mitogen-activated
protein kinase; RANKL: RANK ligand; PLCy: Phospholipase Cy; Pyk2: Proline-rich tyrosine kinase 2; NFATc1: Nuclear factor of activated T-cells cytoplasmic 1; NF-

«B: Nuclear factor-kappa B; Syk: Spleen tyrosine kinase.

maintain bone homeostasis, and many molecules are
involved in osteoclast differentiation®**', The key molecule
involved in osteoclastogenesis is RANKL, which is a
member of the tumor necrosis factor superfamily that is
expressed by osteoblasts and osteocytes in membrane-
bound and secreted forms™>*, RANKL induces osteoclast
differentiation by activating two signaling pathways: the
mitogen-activated protein kinase (MAPK), NF-xB, and
c-Fos activation axis and the phospholipase C y (PLCy)-
mediated calcium oscillation-calcineurin-nuclear factor of
activated T-cells, cytoplasmic 1 (NFATcl) axis. Caldecrin
did not inhibit macrophage colony-stimulating factor-
induced osteoclast progenitor formation from bone
marrow cells but did inhibit RANKL-induced osteoclast
differentiation, even in the absence of protease activity™".
Caldecrin inhibited the RANKL-stimulated spleen tyrosine
kinase- and PLCy-induced calcium oscillation, leading to
an inhibition of calcineurin and NFATc1 activity (Figure 3).
Caldecrin also inhibited the RANKL-mediated actin ring
formation in mature osteoclasts, which is associated with
RANKL-evoked calcium entry via the transient receptor
potential vanilloid channel 4. Caldecrin significantly
inhibited RANKL-stimulated phosphorylation of c-Src in
association with spleen tyrosine kinase, which is upstream
of transient receptor potential vanilloid channel 4 and
actin ring formation. On the other hand, caldecrin did
not inhibit RANKL-mediated stimulation of MAPK, NF-«B,
and c-Fos activation in osteoclast precursors or mature
osteoclasts®**, Therefore, caldecrin antagonized the
RANKL-stimulated calcium signaling pathway involved in
both osteodlast differentiation and activation.

Caldecrin is a therapeutic target in osteoporosis.
The ovariectomizedmouse provides a model of postmen-
opausal osteoporosis and exhibits an increased serum
calcium level due to elevated bone resorption. This is
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evidenced by an increase in the bone surface to bone
volume ratio, increased trabecular separation, decreased
bone volume density, and decreased trabecular thickness
and number. Expression of the caldecrin plasmid vector,
which harbors the wild-type rat caldecrin cDNA, in
the femoral muscle of this mouse model reversed this
increase in serum calcium levels and restored bone
resorption parameters to normal levels®,

An important, but unaddressed, question relates to
how the caldecrin released from the pancreas targets
the bone. Recently, osteocalcin, which is osteoblast-
derived, stored in the bone matrix, and then released by
osteoclastic bone resorption, was shown to increase insulin
secretion from pancreatic islets™>. This activity appears
to provide a physiological link between bone and pancreas,
in relation to the regulation of energy metabolism. It
is possible that some of the caldecrin derived from
the pancreas enters the circulation and then inhibits
osteoclasts, in order to regulate calcium homeostasis.
The physiological activation and functions of caldecrin are
not defined; however, considering its obvious effects on
serum calcium levels and osteogenesis, caldecrin might be
an intrinsic calcium regulating factor. The expression and
distribution of caldecrin, peptide fragments of caldecrin,
and its binding proteins should be explored in order to
determine their physiological roles in bone metabolism.

OTHER BIOLOGICAL ASPECTS

The CTRC gene modulates risk for pancreatitis. Ros-
endahl et al® reported that CTRC gene mutations
were significantly associated with hereditary chronic
pancreatitis. Masson et a/*” also identified a CTRC
mutation in patients with idiopathic chronic pancreatitis.
CTRC hydrolyzes the pro-peptide and calcium-binding
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loop of the trypsinogens, enhancing their activation and
degradation, respectively™ . Loss-of-function CTRC
variants increase the risk for chronic pancreatitis. CTRC is
also a susceptibility gene for tropical calcific pancreatitis,
which is a juvenile form of chronic nonalcoholic pancreatitis
that occurs in Asians and Africans and is associated with
nearly 90% pancreatic calcium deposition**,

It is of clinical interest that five decades ago,
Takaoka et alf®***! administered pancreatic extract to
patients diagnosed with myasthenia gravis and muscular
dystrophy. The symptoms of the patients treated with
the extract improved progressively, suggesting that the
hypocalcemic effect of the extract could have contributed
to protecting them against the development of muscular
dystrophy. The effect of caldecrin was also investigated
in the dy/dy muscular dystrophic mouse model™*. These
mice genetically lack M-laminin and exhibit defective
muscle basement membranes. Peritoneal administration
of caldecrin protein or intramuscular expression of a
caldecrin vector inhibited muscular destruction in the
dy/dy mice. This indicated that caldecrin was responsible
for the effects of the pancreatic extract on muscular
dystrophy.

In 2011, Lacruz et ai” found that CTRC (caldecrin)
was expressed by ameloblasts and was up-regulated
during enamel maturation, suggesting that caldecrin
might be involved in tooth development.

CTRC (caldecrin) has been reported to be associated
with pancreatic cancer, where its expression is drastically
reduced. Individuals with chronic pancreatitis who show
low or no activity of caldecrin show an increased risk
for pancreatic cancer®., Furthermore, Wang et a/t*”’
demonstrated that overexpression of CTRC (caldecrin)
downregulated the migration of human pancreatic
adenocarcinoma Aspc-1 cells, whereas the knockdown
of CTRC (caldecrin) increased cell migration. It would
be interesting to explore the potential use of caldecrin in
pancreatic cancer diagnosis and treatment. In addition,
breast cancer is highly associated with osteolytic
metastatic disease. RANKL is important in mammary
gland development and also in the progression of
metastatic breast cancer cells®>!!, RANKL may partly
contribute to the activation of metastatic breast
cancer via the calcineurin/NFAT pathway™, which is
modulated by caldecrin. It would therefore be interesting
to investigate whether caldecrin suppresses RANKL-
dependent tumor metastases.

CONCLUSION

The serum calcium-decreasing factor, caldecrin, was
discovered in the pancreas. Caldecrin inhibits osteoclast
differentiation and bone resorption in mature osteoclasts
via inhibition of RANKL-induced intracellular calcium
signaling. This effect occurs independently of its inherent
protease activity. Therefore, caldecrin might be a
potential therapeutic target for the treatment of osteolytic
diseases such as osteoporosis and osteoarthritis.
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