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Abstract

Cholecystokinin (CCK) is a peptide neurotransmitter whose production requires proteolytic
processing of the proCCK precursor to generate active CCK8 neuropeptide in brain. This study
demonstrates the significant role of the cysteine protease cathepsin L for CCK8 production. In
cathepsin L knockout (KO) mice, CCKS8 levels were substantially reduced in brain cortex by an
average of 75%. To evaluate the role of cathepsin L in producing CCK in the regulated secretory
pathway of neuroendocrine cells, pituitary AtT-20 cells that stably produce CCK were treated with
the specific cathepsin L inhibitor, CLIK-148. CLIK-148 inhibitor treatment resulted in decreased
amounts of CCK secreted from the regulated secretory pathway of AtT-20 cells. CLIK-148 also
reduced cellular levels of CCK9 (Arg-CCKS8), consistent with CCKJ9 as an intermediate product of
cathepsin L, shown by the decreased ratio of CCK9/CCKS8. The decreased CCKO/CCKaS ratio also
suggests a shift in the production to CCK8 over CCK9 during inhibition of cathepsin L. During
reduction of the PC1/3 processing enzyme by siRNA, the ratio of CCK9/CCK8 was increased,
suggesting a shift to the cathepsin L pathway for production of CCK9. The changes in ratios of CCK9
compared to CCKS8 are consistent with dual roles of the cathepsin L protease pathway that includes
aminopeptidase B to remove NH,-terminal Arg or Lys, and the PC1/3 protease pathway. These
results suggest that cathepsin L functions as a major protease responsible for CCK8 production in
mouse brain cortex, and participates with PC1/3 for CCK8 production in pituitary cells.
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1. Introduction

Cholecystokinin (CCK) is among the most abundant and widely distributed neuropeptide in
mammalian brain [1,2,5,11,18,27,30,31,33,34,36]. The active CCK8 sequence within proCCK
is flanked by a short carboxyl-terminal segment and a long amino-terminal segment (figure 1).
During the passage of proCCK through the secretory pathway, it undergoes proteolytic
processing at multiple single and double basic residues to generate CCK8. The carboxyl-
terminal glycine is converted to an amide by the amidating enzyme [2,12,29] to generate active
CCKa.

Until recently, the best candidates for the endoproteases that process proCCK was the
prohormone convertase (PC) family of protease enzymes [19,38,40,42]. Members of this
expanded enzyme family are responsible for processing a number of proproteins for generating
peptide hormones, growth factors, neuropeptides, as well as bacterial and viral virulence
factors. Among them, the most likely candidates for CCK8 production are PC1/3, PC2, and
PC5[28,40,42,43]. Analysis of CCKS8 levels in brain regions of PC1/3 and PC2 knockout mice
support the hypothesis that these enzymes are partially responsible for CCK8 production [4,
6,9,32]. PC1/3 KO mice show reduced CCKS8 in hippocampus, amygdala, and pons/medulla,
and PC2 KO mice show reduced CCK8 in hippocampus, septum, thalamus, and pons. PC1/3
plays a major role for CCK production in the intestine, while PC2 seems to be more important
for CCKS8 production in the brain [32]. These findings suggest utilization of processing
proteases for CCK8 production in tissue-specific manner. Notably, none of the PC1/3 and PC2
KO mice showed a complete loss of CCK8 in the brain. The presence of CCK in the absence
of PC1/3 or PC2 suggests the possibility for another protease(s) for the production of CCK8.

Cathepsin L in secretory vesicles has recently been demonstrated to participate in the
proteolytic processing of proenkephalin to generate the enkephalin peptide neurotransmitter
[22,19,46]. Notably, cathepsin L knockout (KO) mice showed substantial decreases in
enkephalin and NPY in brain [16,46], and pronounced decreases in pituitary ACTH, alpha-
MSH, and beta-endorphin peptide hormones derived from the common POMC precursor
[17]. Cathepsin L is colocalized with enkephalin and NPY in secretory vesicles, and undergoes
regulated secretion from these cells induced by nicotinic receptor activation or KClI
depolarization [20,22,46]. Cathepsin L is localized in secretory vesicles with the POMC-
derived peptide hormones ACTH and beta-endorphin in AtT-20 cells [17]. These studies
demonstrate a role for cathepsin L in the production of several peptide neurotransmitters and
hormones in secretory vesicles.

While both the PC (PC1/3 and PC2) and cathepsin L proteases cleave at dibasic prohormone
processing sites, they differ somewhat in their specific cleavage sites. PC1/3 and PC2 are
known to cleave at the COOH-terminal side of dibasic residue processing sites (and
occasionally at monobasic residues), while cathepsin L prefers to cleave at the NH,-terminal
side of dibasic or monobasic sites as well as between the dibasic residues [19,40,42] (figure
2). It is predicted that cathepsin L cleavage of proCCK between Asp-Arg adjacent to the
NH,-terminal side of CCK8 could produce CCK9 (Arg-CCK8). An aminopeptidase would
then be required to remove NH,-terminal Arg to produce CCK8. Aminopeptidase B (AP-B)
has been identified as an exopeptidase step following cathepsin L for neuropeptide production
in secretory vesicles [7,8,13,23]. Cathepsin L cleavage at the COOH-terminal side of CCK8
within proCCK may be predicted to generate CCK8Gly and/or CCK8GIlyArg. CCK8Gly can
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be directly converted to CCK8 amide by the amidating enzyme [12]; CCK8GIlyArg could be
converted to CCK8Gly by carboxypeptidase E [14,45] and then amidated.

To explore the potential role of cathepsin L in CCK8 production, this study evaluated CCK8
levels in brains of cathepsin L knockout (KO) mice and assessed the role of cathepsin L in the
regulated secretory pathway of pituitary AtT-20 cells for CCK8 production. Significantly,
CCKa8 levels in brain cortex were substantially reduced in cathepsin L KO mice. In CCK-
producing AtT-20 cells, treatment with the specific cathepsin L inhibitor CLIK-148 [25]
resulted in decreased amounts of CCK8 produced in the regulated secretory pathway.
Moreover, analyses of CCK8 and CCK9 peptides in AtT-20 cells during inhibition of cathepsin
L, or during reduced expression of PC1/3 by antisense, demonstrated changes in ratios of CCK9
to CCKa8 that are consistent with the joint roles of cathepsin L combined with PC1/3 for CCK8
production.

2. Experimental Materials and Methods

2.1. Cathepsin L knockout mice and CCK8 in brain cortex

Cathepsin L deficient mice were generated by gene targeting in mouse embryonic stem cells
as described previously [35,37]. Genotyping established wild-type (+/+) and cathepsin L gene
knockout (=/=) mice. Cathepsin L and age-matched wild-type control mice were generated in
the C57BL/6J mouse strain. The absence of cathepsin L in the knockout mice has been
confirmed by anti-cathepsin L western blots [37]. Brain cortexes were collected from adult
mice of approximately 3 months of age consisting of 4 female and 4 male cortexes for cathepsin
L KO mice, and 5 female and 5 male cortexes for wild type mice. The neural tissue was
homogenized in 1 N acetic acid, heated at 95% for 10 min., centrifuged (15,000 x g for 15
min.), and the supernatant was analyzed for CCK (amidated CCK) by radioimmunoassay (RIA)
as described previously [4,5]. CCK was assayed with a CCK RIA which detects all the major
amidated CCK peptide forms (consisting of CCK8, CCK9, CCK12, CCK22, CCK23 and
CCK33) [1]; the RIA does not cross-reacts with proCCK. Previous studies have shown that
CCKS8 is the major form expressed in brains of rodents, human, and canine [2,5,11,18,27] and,
therefore, brain CCKS8 is being measured by the CCK RIA in these studies of the cathepsin L
knockout and wild-type mouse brains.

The CCK standards were synthesized [26], HPLC purified, and verified by mass spectrometry.
Cell culture media samples for HPLC were prepurified by passage and elution over C18 SepPak
columns. The columns were washed first with 3 ml of methanol, 20 ml 0.1% TFA, the media
samples were passed three times through the columns, were washed with 20 ml 0.1% TFA and
eluted with 3 ml 90% acetonitrile/water containing 0.1% TFA. They were evaporated to about
100 microliters in a Savant Speed Vac and were then analyzed by HPLC.

Control experiments found that PC1/3 and PC2 were not altered in brains of cathepsin L
knockout mice. Protein concentration in tissue extracts was measured (DC protein assay Kit,
Biorad, CA). Tissue content of CCK per unit amount of protein was calculated.

2.2. CCK production in pituitary AtT-20 cells: CLIK-148 inhibitor of cathepsin L, CCK peptides
analyzed by RIA and HPLC, and PC1/3 reduction by siRNA

AtT-20 cells were cultured as previously described [3,21]. These AtT-20 cells were stably
transfected with the rat proCCK cDNA containing the G418 resistance gene and stable cell
lines were selected with 0.7 mg/ml G418. CCK peptide is produced in these AtT-20 cells that
stably express proCCK [44]. Cells were treated with the specific inhibitor of cathepsin L known
as CLIK-148 (50 uM) [25] for 24 hours, in the presence and absence of forskolin (5 uM) and
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IBMX (0.5 mM), and the media was collected and assayed for CCK by RIA as previously
described [3,4].

For HPLC and RIA analyses of CCK peptides, media from the treated AtT-20 cells was
concentrated and processed by adsorption and elution from Millipore C18 SepPak cartridges
(Waters, Bedford, MA). HPLC of CCK peptides was carried out with a Waters Alliance HPLC
system using a 4.6 x 250 Symmetry Shield RP 18 column. The column was eluted with a 60
minutes gradient of 22.5% to 31.5% acetonitrile in 0.1% trifluoroacetic acid at 1 ml/min. One
minute fractions were collected, aliquots of each fraction were dried down in a Speed Vac for
CCK RIA assays. The elution position of fractions showing RIA positive CCK was compared
to standard CCK peptides consisting of CCK8, CCK®9, as well as CCK22 and CCK33
(synthesized by Dr. Kouki Kitagawa); CCK8 sulfate was obtained from Neosystem
(Strasbourg, France).

CCK peptides were also analyzed by HPLC and RIA from AtT-20 cells with reduced levels
of PC1/3, achieved by siRNA procedures as described previously [6]. The siRNA procedure
resulted in substantial reduction of PC1/3 evaluated by western blots [6].

2.3. Cathepsin L and aminopeptidase B (AP-B) in AtT-20 cells: western blots and
immunofluorescence confocal microscopy

The presence of cathepsin L and AP-B in AtT-20 cells was evaluated by western blots with
anti-cathepsin L (Athens Research and Technology, GA) and anti-AP-B [8,22]. AtT-20 cell
homogenates were prepared and subjected to SDS-PAGE and western blotting as we have
described previously [22].

Characterization of cathepsin L localization in secretory vesicles that contain peptide hormones
was achieved by immunofluorescence confocal microscopy. AtT-20 cells were cultured as
previously described [3,21] on polylysine coated glass chamber slides (Nalge Nunc
International, NY) and fixed with 3.7% formaldehyde in PBS for 10 minutes at room
temperature. After permeabilization with Triton X-100 (0.1%) cells were incubated with PBS
containing 3% BSA for 30 minutes at room temperature. Cells were then double-stained for 2
hours at room temperature in PBS-3% BSA with primary antibodies anti-CCK8 rabbit (1:100,
Millipore, MA, USA), anti-cathepsin L-goat (15 ug/ml, R&D Systems, MN, USA), or with
anti-AP-B (rabbit, custom antisera to AP-B as previously reported [23]). Immunofluorescence
staining was revealed by secondary antibodies in PBS-BSA 3% with donkey anti-rabbit Alexa
Fluor 594 (red fluorescence, 1:200, Molecular Probes, OR) and donkey anti-goat Alexa Fluor
488 (green fluorescence, 1:200, Molecular Probes, OR) incubated for 45 minutes at room
temperature. For studies of ACTH in secretory vesicles, ACTH was colocalized with CCKS,
cathepsin L, and aminopeptidase B using anti-ACTH-mouse (1:100, Abcam, MA) detected
with goat anti-mouse Alexa Fluor 594 (red fluorescence, 1:200 dilution), combined with anti-
CCKa8 rabbit or anti-aminopeptidase B rabbit detected with anti-rabbit Alexa Fluor 488 (green
fluorescence, 1:200), and anti-cathepsin L goat detected with anti-goat Alexa Fluor 488 (green
fluorescence, 1:200). For controls, cells were incubated with secondary antibodies only,
resulting in lack of immunofluorescence staining. Slides were mounted with aqua poly/mount
(Polysciences) and images were taken with the microscope Delta Vision Spectris Image
Deconvolution System on an Olympus 1X70 using the software Softworx Explorer from
Applied Precision.
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3. Results

3.1. Substantial reduction of CCK8 in cathepsin L knockout mouse brain

Evaluation of CCK8 levels in cortex of mouse brains obtained from cathepsin L knockout mice
was conducted to assess the role of cathepsin L in the production of CCK8. CCK8 is the primary
CCK form present in rodent brain [2,5,11,18,27]. Results revealed substantial decreases in
CCKa8 in brains of cathepsin L knockout mice compared to wild-type mouse brains. CCK8
was decreased by 81% in male cathepsin L KO mice, and was decreased by 69% in female
cathepsin L KO mice, compared to age-matched controls of the same gender (figure 3). These
data represent an average decrease of CCK8 by 75% in all cathepsin L KO mice (male and
female) compared to control wild-type mice. The substantial decrease in CCK8 in brain cortex
of cathepsin L KO mice demonstrates an important role of cathepsin L in the production of
CCKa.

3.2. CLIK-148, a specific inhibitor of cathepsin L, reduces CCK8 levels in the regulated
secretory pathway of AtT-20 cells

The production of CCK and other neuropeptides occurs primarily in the regulated secretory
pathway that produces, stores, and releases active CCK. Moreover, cathepsin L in regulated
secretory vesicles participates in the production of enkephalin and NPY neuropeptides [16,
17,46]. To assess the role of cathepsin L to produce CCK in the regulated secretory pathway,
AtT-20 cells that produce CCK in the regulated secretory pathway [3] were treated with
CLIK-148 that specifically inhibits cathepsin L. During this treatment, cells were treated with
or without the secretatogues forskolin and IBMX. Forskolin activates adenyl cyclase to produce
CAMP [39], and IBMX inhibits CAMP degradation by phosphodiesterase [41].

Results showed that the amount of CCK secreted from the regulated secretory pathway, induced
by forskolin/IBMX treatment, was significantly reduced by CLIK-148 treatment of AtT-20
cells (figure 4). Thus, CCK in the regulated secretory pathway was reduced by approximately
60%. It was also noted that CLIK-148 decreased the amount of CCK secreted in the absence
of forskolin/IBMX. These data indicate participation of cathepsin L in the production of CCK
in AtT-20 cells.

3.3. Alterations in ratios of CCK8/CCK9 peptides during treatment of AtT-20 cells with the
cathepsin L inhibitor CLIK-148L, compared to PC1/3 siRNA treatment

The molecular forms of CCK in cell media from proCCK-expressing AtT-20 cells were
examined by HPLC and CCK RIA (figure 5). The HPLC elution positions of CCK peptides
were monitored by RIA, and were compared to synthetic CCK peptide standards. CCK8 was
demonstrated by the HPLC and RIA analyses. However, CCK9 appears to be the major CCK
peptide form, which represents Arg-CCK8. Lower levels of CCK22 and CCK23 were also
present.

Based on the ability of cathepsin L to cleave at the NH»-terminal side of monobasic and dibasic
residue sites, CCK9 (Arg-CCK8) may represent a predicted product of cathepsin L processing.
This prediction would suggest that after treatment of cells with CLIK-148 that inhibits
cathepsin L, levels of CCK9 would be decreased compared to levels of CCK8 to result in a
reduced ratio of CCK9/CCKa&. Indeed, HPLC analyses of secretion media showed that
CLIK-148 treatment resulted in a reduced ratio of CCK9/CCKS8 that was decreased by one-
half (Table 1). These data suggest that during inhibition of cathepsin L, its predicted CCK9
product was decreased compared to CCKS8.

To examine whether the ratio of CCK9 to CCK8 changes with inhibition of endogenous PC1/3
expression, AtT-20 cells were subjected to PC1/3 siRNA treatment which effectively decreases
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PC1/3 expression [6]. HPLC analyses showed that inhibition of PC1/3 expression shifted the
production of CCKS8 to increased levels of CCK9, which resulted in a higher ratio of CCK9/
CCKa8 that was increased by 50% above untreated control cells (Table 1). These data suggest
that with reduced PC1/3 expression, cells shifted to production of CCK9 that may represent a
peptide product of cathepsin L.

3.4. Cathepsin L and aminopeptidase B (AP-B) in AtT-20 cells: colocalization with CCK and

ACTH

The presence of the cathepsin L and AP-B protease pathway in AtT-20 cells was assessed by
western blots. Cathepsin L of ~25-27 kDa [10,15,46] was demonstrated to be present in AtT-20
cells by anti-cathepsin L western blot (figure 6a). Furthermore, AP-B of ~72 kDa was present
in AtT-20 cells, illustrated by anti-AP-B western blot (figure 6b).

To participate in CCK production in the regulated secretory pathway of AtT-20 cells, cathepsin
L is predicted to be localized with peptide hormone containing secretory vesicles of these cells.
Therefore, the colocalization of CCK8 in secretory vesicles with cathepsin L was examined
by immunofluorescence confocal microscopy (figure 7). CCK8 showed a clear punctate pattern
of immunostaining (red fluorescence, figure 7) that represents its secretory vesicle localization.
Similarly, cathepsin L immunostaining (green fluorescence, figure 7) also showed a discrete,
punctate pattern of immunostaining that was very well colocalized with CCK (shown by
merged image of yellow fluorescence, figure 7). An enlarged view showed colocalization of
CCK and cathepsin L in neuritic extensions of these cells (figure 7b). These results demonstrate
excellent colocalization of CCK with cathepsin L in AtT-20 cells.

The ongoing hypothesis of this study that aminopeptidase B (AP-B) follows cathepsin L for
CCKS8 production predicts colocalization of AP-B and cathepsin L in AtT-20 cells. Indeed,
AP-B and cathepsin L showed excellent, punctate colocalization demonstrated by
immunofluorescence confocal microscopy (figure 8). The discrete punctate pattern was similar
to that of CCK and cathepsin L colocalization (figure 7). Furthermore, an enlarged view of
cells showed colocalization of AP-B and cathepsin L in neuritic extensions (figure 8b). These
findings demonstrate the localization of both cathepsin L and aminopeptidase B to secretory
vesicles that produce CCK8 and other neuropeptides.

CCKa8 in AtT-20 cells is colocalized with the peptide hormone ACTH (figure 9) that is known
to be present in secretory vesicles of AtT-20 cells. CCK8 and ACTH were colocalized in a
punctate pattern consistent with localization in secretory vesicles. Furthermore, ACTH was
colocalized with both cathepsin L and aminopeptidase B in neuritic-like extensions of cells in
a discrete fashion (figure 9). These data demonstrate that CCK8- and ACTH-containing
secretory vesicles show the presence of both cathepsin L and aminopeptidase B. These results
are supportive of experiments in this study for a role of cathepsin L and aminopeptidase B in
the production of CCKa.

As control, cathepsin L localization in lysosomes of AtT-20 cells was compared its localization
with CCK8 and ACTH in secretory vesicles. The reason for this study is that cathepsin L is
known to be present in lysosomes and secretory vesicles [17]. Immunofluorescence
microscopy with anti-lamp-1, a marker for lysosomes, and anti-cathepsin L was conducted to
examine their subcellular distribution (figure 10). Results show partial colocalization of
cathepsin L with lamp-1, and much subcellular localization of cathepsin L resides outside of
the lysosomes. These findings are consistent with data from this study showing a large extent
of cathepsin L colocalized with CCK8 and ACTH in secretory vesicles.
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4. Discussion

Our results demonstrate a primary role for cathepsin L in the production of the neuropeptide
cholecystokinin (CCK). In brain cortex of cathepsin L knockout mice, CCKS8 levels were
substantially reduced by an average of 75%, compared to wild-type controls. Reductions in
brain CCK8 were found in both male and female cathepsin L knockout mice. These amounts
of decreased CCKa8 in cathepsin L KO mice are greater than the modest decreases of CCK8
found in brain regions of PC1/3 or PC2 KO mice [4,9,32]. Furthermore, brain cortex of PC1/3
knockout mice shows no change in CCKS8, and brain cortex of PC2 knockout mice show an
increase in CCK8. Therefore, data from the cathepsin L knockout results provide strong
evidence for cathepsin L as the major endoprotease responsible for CCK8 production in brain
cortex.

Furthermore, CCK8 production was substantially reduced in the regulated secretory pathway
of AtT-20 cells treated with the specific cathepsin L inhibitor, CLIK-148 [25]. These AtT-20
cells stably express proCCK, and possess the appropriate proteolytic activities for production
of CCKS8. Treatment of these cells with CLIK-148 to reduce the amounts of CCK secreted
from regulated secretory vesicles, induced with forskolin and IBMX, is consistent with
participation of cathepsin L for the production of CCK that is then secreted.

Analyses of CCK peptide forms from AtT-20 cells by HPLC showed that CL1K-148 decreased
the ratio of CCK9/CCKS8, suggesting a decrease in CCK9 (Arg-CCKS8) as a peptide product
generated by cathepsin L. Moreover, reduction of PC1/3 expression by siRNA led to a shift to
greater levels of CCK9 compared to CCK8, as shown by the increase in the ratio of CCK9/
CCKS8; these results suggest that during reduced expression of PC1/3, production of CCK8 is
shifted to production of CCK?9 that may occur by cathepsin L. This scheme for joint roles of
cathepsin L and PC1/3 as endoproteases for production pf CCK8 from proCCK may occur
based on knowledge of the differences in cleavage specificities of these proteases for NH»- or
COOH-terminal sides of dibasic or monobasic processing sites.

These CLIK-148 inhibitor results are consistent with cathepsin L production of CCK9 as an
intermediate peptide that can be converted to CCK8 by a Lys/Arg aminopeptidase such as
aminopeptidase B (figure 11). Data are also consistent with production of CCK8 by PC1/3,
which utilizes carboxypeptidase E (CPE) to generate CCK8. Notably, the amidating enzyme
is present in AtT-20 cells [29] for COOH-terminal amidation to form CCK8. The exopeptidases
AP-B and CPE have been demonstrated to be localized within neuropeptide-containing
secretory vesicles of pituitary, adrenal medullary chromaffin granules, and secretory vesicles
in related neuroendocrine tissues [7, 14, 23].

The data in this study demonstrates that cathepsin L participates in the production of CCKS8,
illustrated by studies of cathepsin L knockout mouse brain cortex, and by selective inhibition
of cathepsin L in pituitary AtT-20 cells. Consideration of possible involvement of cathepsin L
in CCK8 metabolism has been ruled out for two reasons. Firstly, if cathepsin L may be involved
in CCK®8 degradation, then CCK8 levels would be increased in the cathepsin L knockout
condition but this was not the result. Rather, the data showed substantial decrease in brain
CCKa8 that illustrates participation of cathepsin L in CCK8 production (not its degradation).
Secondly, the possibility of degradation of proCCK to CCKS8 peptides by cathepsin L in
lysosomes has been ruled out because CCK8 is present with ACTH in secretory vesicles, and
CCKa8 is not located outside of secretory vesicles in subcellular regions such as lysosomes.
Since CCKa8 is not present in lysosomes, catehspin L degradation to proCCK in lysosomes is
unlikely. Overall, data of this study are consistent with participation of cathepsin L in CCK8
production.
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The function of cathepsin L in the regulated secretory pathway for CCK8 production represents
a novel function for cathepsin L production of a biologically active peptide in secretory
vesicles. To directly demonstrate the presence of cathepsin L in peptide hormone-containing
secretory vesicles, its colocalization with CCK8 and ACTH was illustrated by
immunofluorescence confocal microscopy. Moreover, aminopeptidase B was colocalized with
cathepsin L in secretory vesicles that contain CCK8 and ACTH. The secretory vesicle
localization of cathepsin L contrasts with its known function in lysosomes for protein
degradation [24]. The AtT-20 cells conatin cathepsin L in both secrtory vesicles and lysosomes.
The presence of cathepsin L in secretory vesicles represents a newly identified organelle for
cathepsin L as a candidate processing enzyme for the production of the CCK8 neuropeptide.

In addition to the production of CCKS8, the role of cathepsin L in generating enkephalin peptide
neurotransmitters has been demonstrated for conversion of proenkephalin into active
enkephalin opioid peptide neurotransmitters [22,23,46]. Notably, brains of cathepsin L gene
knockout mice show reduced levels of (Met)enkephalin that are 50% lower compared to wild-
type controls [46]. In addition to cathepsin L, PC2 also participates in enkephalin production
as demonstrated in PC2 knockout mice that show reduction of brain (Met)enkephalin by 50%
[19]. These results implicate dual roles for both cathepsin L and PC2 in enkephalin peptide
neurotransmitter production. However, little change in enkephalin levels has been observed in
brains of PC1/3 knockout mice (Hook et al., unpublished observations). These findings indicate
that selected protease components of the dual cathepsin L and PC protease pathways may be
utilized for proteolytic processing of proenkephalin or other proneuropeptides.

More recent studies show that cathepsin L also participates in proneuropeptide processing for
the production of NPY [16] and the POMC-derived peptide hormones consisting of ACTH,
alpha-MSH, and beta-endorphin [17]. These studies showed decreased levels of these
neuropeptides by more than 50% in cathepsin L KO mice. Moreover, cathepsin L is colocalized
with NPY and POMC-derived peptide hormones in secretory vesicles. These results indicate
the importance of cathepsin L as a proneuropeptide processing enzyme for several
neuropeptides.

5. Conclusion

In summary, a key role for cathepsin L in the production of CCK8 was demonstrated by the
substantial decrease in brain levels of CCK8 in cathepsin L KO mice. Apparently, cathepsin
L plays a greater role than PC1/3 and PC2 for CCKS8 production in brain cortex, since knockout
of PC1/3 or PC2 resulted in only modest changes in brain CCK8 [4,9,32] compared to the
cathepsin L KO condition. Cathepsin L functions in the regulated secretory pathway of AtT-20
cells for the production of CCK8, shown by reduced amounts of CCK secreted from the
forskolin/IBMX stimulated AtT-20 cells in the presence of CLIK-148 that specifically inhibits
cathepsin L. Interestingly, cathepsin L inhibition, and reduction of PC1/3 expression, each
result in decreased or increased ratios of CCK9/CCKS, respectively. These findings illustrate
the dual roles of cathepsin L and PC1/3 in pituitary AtT-20 cells, and the major role of cathepsin
L production of CCK8 in brain.
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Figure 1. Procholecystokinin (proCCK) and CCK peptides

The proCCK precursor contains CCK8 and extended CCK peptide forms (CCK22, CCK33,
CCK39, and CCK58) that are generated by proteolytic processing of proCCK at dibasic and
monobasic residues. CCK8 (DYMGWMDF) represents the primary brain CCK peptide form,
involved in learning, memory, anxiety, and pain perception among several CNS-mediated
behaviors [1,30,33,36]. Predicted cleavage sites of proCCK to generate CCK peptide forms
are indicated by arrows. CCK peptides are numbered from the COOH-terminus of CCK8.
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Cathepsin L and Prohormone Convertases:
Proteolytic Pathways for Proneuropeptide Processing
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Figure 2. Cathepsin L and prohormone convertases: predicted proteolytic pathways for CCK and

neuropeptide production

Dual protease pathways are proposed for proneuropeptide processing consisting of the cysteine
protease cathepsin L with aminopeptidase B (AP-B), and the subtilisin-like prohormone
convertases (PC1/3, PC2, and related PCs) combined with carboxypeptidase E (CPE). Studies
have shown differences in cleavage specificities among these proteases. Cathepsin L prefers
to cleave at the NH,-terminal side, and between, dibasic residue processing sites. The PC
enzymes prefer to cleave at the COOH-terminal side of dibasic residues. These cleavage

specificities for the cathepsin L and PC pathways are predicted to each yield mature
neuropeptides such as CCKa.
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Figure 3. Cathepsin L knockout mice show substantially reduced CCK8 levels in brain cortex
Cathepsin L knockout mice and in wild-type mice were assessed for CCK8 levels in brain
cortex. Results show significant reduction of CCK8 in both males and females. Results show
CCKa8 levels (CCK ng/mg protein) as the mean + s.e.m. (p < 0.05, by student's t-test).
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Figure 4. CLIK-148, a specific inhibitor cathepsin L, reduces CCK production in the regulated
secretory pathway of pituitary AtT-20 cells

AtT-20 cells that produce CCK by stable expression of proCCK were treated with or without
CLIK-148 (50 uM), in the presence or absence of forskolin (5 uM) and IBMX (0.5 mM), for
24 hours. The amount of CCK in the secretion media was measured by RIA, and is shown as
the x £ s.e.m. (significance evaluated by student's t-test, *p < 0.05, n = 4-6).
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Figure 5. HPLC analyses of CCK8 and CCK?9 from AtT-20 cells

CCK8 and CCKO9 peptides from AtT-20 cells (in secretion media) were separated by HPLC,
and detected by the CCK RIA, as described in the methods. Elution positions for standard
CCK8 and CCK9 peptides are shown by arrows. In addition, elution of CCK22 and CCK33
standards are indicated (gray lettering).
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Figure 6. Cathepsin L and aminopeptidase B (AP-B) in AtT-20 cells illustrated by western blots
Western blots of cathepsin L (panel a) and AP-B (panel b) were conducted in AtT-20 cells.
The presence of cathepsin L and AP-B was demonstrated by western blots with specific antisera
to each protease, performed as described in the methods.

(a) Cathepsin L in AtT-20 cells. Cathepsin L bands observed by anti-cathepsin L western blot
correspond to procathepsin L (~38-40 kDa, black arrow), the mature single chain form of
cathepsin L (~28 kDa, black arrow), and a light band corresponding to the heavy chain form
of cathepsin L (~24 kDa, gray arrow) [24].

(b) AP-B in AtT-20 cells. The AP-B visualized by western blot with anti-AP-B corresponds
to a band of ~72 kDa [19].
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Figure 7. Colocalization of CCK8 and cathepsin L in secretory vesicles of AtT-20 cells illustrated
by immunofluorescence confocal microscopy

The colocalization of CCK8 and cathepsin L in secretory vesicles was visualized in AtT-20
cells by immunofluorescence confocal microscopy (panel a). CCK (red fluorescence) and
cathepsin L (green fluorescence) were colocalized as demonstrated by the merged image
showing yellow fluorescence. The punctate pattern of immunofluorescence staining of CCK8
and cathepsin L are consistent with the secretory vesicle localization of CCK8. An enlarged
view (panel b) of neuritic-like extensions demonstrated the colocalization of CCK and
cathepsin L in punctate secretory vesicle pattern in the extended regions of AtT-20 cells.

20 ym
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Figure 8. Colocalization of aminopeptidase B (AP-B) and cathepsin L in AtT-20 cells illustrated by

immunofluorescence confocal microscopy

The colocalization of AP-B and cathepsin L was demonstrated by immunofluorescence
microscopy (panel a). AP-B (red fluorescence) and cathepsin L (green fluorescence) were
colocalized as shown by the merged image showing yellow fluorescence. The punctate pattern
of immunofluorescence of AP-B and cathepsin L are consistent with a secretory vesicle pattern
of localization, with illustration that cathepsin L is colocalized with CCK in secretory vesicles,
shown in figure 7. An enlarged view (panel b) of neuritic-like extensions of AtT-20 cells shows
the colocalization of AP-B and cathepsin L in a punctate pattern illustrating their discrete

compartmentalization.
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Figure 9. Colocalization of ACTH in secretory vesicles with CCK8, cathepsin L, and
aminopeptidase B in neuritic extensions of AtT-20 cells

The colocalization of ACTH with CCKS8, cathepsin L, and aminopeptidase (AP-B) was
examined in neuritic-like extensions of AtT-20 cells which contain secretory vesicles. Panel
‘a’ shows the colocalization of ACTH (red fluorescence) with CCK8 (green fluorescence)
shown by the merged yellow fluorescence. Panels ‘b’ and ‘¢’ show the colocalization of ACTH
(red fluorescence) with cathepsin L and aminopeptidase B (green fluorescence) indicated by
the yellow fluorescence in the merged images.
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Figure 10. Subcellular localization of cathepsin L within lysosomes and outside of lysosomes in
AtT-20 cells

Evaluation of cathepsin L subcellular distribution in lysosomes was achieved by
immunofluorescence confocal microscopy of cathepsin L (Cat.L, green fluorescence) and the
lysosomal marker lamp-1 (Lamp-1, red fluorescence). The merged images show that cellular
cathepsin L is partially colocalized with lamp-1 (yellow fluorescence). But, importantly, a large
portion of cellular cathepsin L is located outside of lamp-1 labeled lysosomes, consistent with
data in this study showing cathepsin L localization within secretory vesicles.
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Figure 11. Hypothesized production of CCK8 from proCCK by cathepsin L and PC1/3 protease
pathways

It is proposed that production of CCK8 utilizes both the cathepsin L and PC1/3 proteases for
proCCK processing. Results from this study support the model whereby cathepsin L cleaves
proCCK to generate Arg-CCK-Gly that then utilizes aminopeptidase B to generate CCK8-Gly;
CCKB8-Gly is a substrate for C-terminal amidation to form CCK-amide. In parallel, proCCK
is proposed to be cleaved by the subtilisin-like prohormone convertase (PC1/3) that generates
CCK8-Gly-Arg-Arg; C-terminal basic residues of CCK8-Gly-Arg-Arg are removed by
carboxypeptidase E to generate CCK8-Gly, a substrate for C-terminal amidation for the
production of CCK8-amide.

Peptides. Author manuscript; available in PMC 2010 October 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Beinfeld et al. Page 23

Table 1
Comparison of Ratios of CCK9 to CCK8 from AtT-20 Cells Treated with Cathepsin L Inhibitor or PC1/3 Antisense.

Treatment Ratio CCK9/CCK8
None (control) 1.00 +0.06
CLIK-148 0.49 £ 0.15*

PC1/3 antisense 1.58 +0.14*

AtT-20 cells were treated with the specific cathepsin L inhibitor, CLIK-148 (24 hrs), or with PC1/3 antisense (by stable expression). At the end of the
treatment period, secretion media was collected and subjected to HPLC analyses and CCK RIA (as shown in figure 5). The amounts of CCK8 and CCK9
were compared as ratios, with the ratio normalized to 1.00 for untreated control cells. Differences in ratios of CCK9/CCK8 were statistically significant,
with p < 0.05 (by student's t-test, n = 4-6).
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