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Abstract

Endoproteolytic processing is carried out by subtilase-like pro-protein convertases in mammalian
cells. In order to understand the distinct roles of a member of this family (SPC2), gene silencing in
cultured cells is an ideal approach. Previous studies showed limited success in either the degree of
inhibition obtained or the stability of the cell lines. Here we demonstrate the high potential of &
ribozyme as a post-transcriptional gene silencing tool in cultured cells. We used an expression
vector based on the RNA polymerase 111 promoter to establish STC-3 stable cell lines expressing
the chimeric tRNAVA-§ ribozyme transcript targeting SPC2 mRNA. Northern and Western blot
hybridizations showed a specific reduction of SPC2 mRNA and protein. Validation of processing
effects was tested by measuring the levels of dynorphin A-(1-8), which are present in STC-3 cells
as a result of the unique cleavage of dynorphin A-(1-17) by SPC2. Moreover, a differential
proteomic analysis confirmed these results and allowed identification of secretogranin 1l as a
potential substrate of SPC2. The development of efficient, specific, and durable silencing tools,
such as described in the present work, will be of great importance in elucidating the functions of
the subtilase-like pro-protein convertases in regard to peptide processing and derived cellular
events.

Subtilase-like pro-protein convertases (SPCs)1 are enzymes that carry out proteolytic
processing in mammalian species (for a review see Ref. 1). This post-translational
modification permits the diversification and regulation of gene products. Seven distinct
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enzymes are included in the SPC family (2) as follows: SPC1 (furin or PACE), SPC2 (PC2),
SPC3 (PC1 or PC3), SPC4 (PACE4), SPC5 (PC4), SPC6 (PC5 or PC6), and SPC7 (LPC,
PC7, or PC8). SPCs are highly specific proteases that cleave pro-protein precursors at
positively charged amino acids (7.e. Arg-Arg, Lys-Arg, Arg-Lys, Lys-Lys, or even single Arg
residues). Furthermore, distribution studies indicated that instead of expressing one SPC at a
time, the various cell types expressed distinct combinations of the SPCs (3, 4). The
similarities in the cleavage recognition motif, combined with cellular co-localization,
suggested the possibility of overlapping processing functions within SPC family members.
This hypothesis was supported by studies on SPC2- and SPC3-null mice where the
processing of pro-insulin was severely impaired but not completely blocked (5, 6). However,
not all SPCs are amenable to null mouse models, because both SPC1- and SPC4-null mice
are not viable (7).

A good method for determining the functional specificity of each SPC resides in developing
cultured cell lines in which the expression of a single member of the enzyme family is
specifically inhibited, as this permits a fine control of the extracellular environment. To date,
few endogenous inhibitors (e.g. 7B2 C-terminal peptide and pro-SAAS-derived peptides) or
protein-based bio-engineered inhibitors (such as aj-antitrypsin Portland) have been
described (for a review see Ref. 8). Most of these inhibitory agents exhibited great potency
against their target, but their specificity among the other SPCs remains to be studied/
improved. Thus, their use may lead to some erroneous interpretations of the substrate
specificity function of a discrete SPC when used in cell lines that contain other enzymes of
the SPC family. Another way of inhibiting the function of SPCs in cultured cells is by
targeting their mMRNAs. The introduction of antisense oligonucleotide or small interfering
RNA in cells may lead to a down-regulation of the targeted mMRNA by the host molecular
machinery. However, problems of potency-, specificity-, and/or cell type-dependent
responses illustrate a lack of understanding of intracellular mechanisms involved (9, 10). In
an entirely different approach, we have investigated the use of & ribozyme (6Rz) as a
molecular tool to specifically target a single SPC. The ability of ribozymes to specifically
recognize and subsequently catalyze the cleavage of an RNA molecule makes them
attractive in mRNA gene silencing approaches (for a review see Ref. 11). The 8Rz, which
derives from the hepatitis & virus, possesses several unique features all related to the fact that
it is the only naturally occurring catalytic RNA discovered in humans (for reviews see Refs.
12 and 13). The use of Rz for specific cleavage in trans of natural mMRNA /n vitro as well as
in vivo has been demonstrated but not well characterized (14 —16). In this study, we applied
SRz design strategy with the goal of the complete inhibition of SPC2 activity in STC-3 cells
that endogenously express the pro-dynorphin (pro-Dyn) substrate (4). By demonstrating
unambiguously the potency and the specificity of the 6Rz, we showed the potential utility of
this molecular tool for SPC substrate specificity characterization studies.

1The abbreviations used are: SPC, subtilase-like pro-protein convertase; CPE, carboxypeptidase E; DIA, dot immunobinding assay;
Dyn, dynorphin; HCCA, a-cyano-4-hydroxycinnamic acid; IR, immunoreactivity; MALDI, matrix-assisted laser desorption/
ionization; aNE, a-neo-endorphin; nt, nucleotide; ODN, oligodeoxynucleotide; pro-Dyn, pro-dynorphin; RIA, radioimmunoassay;
RNA pol 111, RNA polymerase I11; RP-HPLC, reverse phase-high pressure liquid chromatography; Rz, éribozyme; CMV,
cytomegalovirus; ACN, acetonitrile.
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EXPERIMENTAL PROCEDURES
Bioinformatic Analysis of the SPC2 mRNA

Selection of the targeting sites was performed as described previously (14). Briefly, eight
SPC cDNA sequences (GenBank™ data base accession numbers: X54056 (mouse SPC1),
M55669 (mouse SPC2), M58589 (mouse SPC3), AF008222 (partial mouse SPC4), L31894
(rat SPC4), D01093 (mouse SPC5), D12619 (mouse SPC6), and U48830 (mouse SPC7))
were aligned using the ClustalW package (17). This sequence alignment was used to
confirm the cleavage specificity with regard to the other SPCs. We used the full-length SPC2
mRNA sequence (Fig. 1A4) to evaluate the most stable secondary structures. These values,
expressed in terms of the variation of free energy (AG), were obtained using the program
RNA Structure 3.5 (18). The resulting file was then analyzed for the probability of binding
to complementary 7 nucleotide (nt) oligonucleotides using the OligoWalk software (19).

SPC2 and Rz DNA Constructs

The fragment from nucleotides 70 to 661 of the SPC2 mRNA was amplified by PCR from
BTC-3 cell total cDNA using sense (5"-CACTCCCAAAGAAGGATGGAG-3") and anti-
sense (5"-GGTCATTGCTGCTGAAGTCAT-3") primers. The resulting PCR product was
cloned into the vector pCRII-topo (Invitrogen), forming the plasmid pCRII/mSPC2-(70 —
661). The construction of Rz mini-genes for in vitro transcription was performed as
described previously (14). Plasmids harboring &Rz are referred to p6SRz-SPC2-X, where X
corresponds to the position of its potential cleavage site within SPC2 mRNA. Finally, the
tRNAVA-8Rz chimeric genes were generated as follows. A pair of complementary and
overlapping oligodeoxynucleotides (ODN) corresponding to the 8Rz region was annealed
and ligated to Kpnl/EcoRV co-digested pPUR-KE vector (kindly provided by K. Taira; Ref.
15). The resulting plasmid, pPUR-KE- Rz, was co-digested with EcoRI and BamHI in order
to liberate the tRNAVAl-8Rz cloning cassette, which was then subcloned into pcDNA3.1/
hygro (Invitrogen) digested with Mfel and BamHI. This produced a plasmid harboring a
tRNAVA-8Rz chimeric template referred as ptRNAV2-8Rz-SPC2-X. All constructions were
confirmed by DNA sequencing.

RNA Synthesis

Partial SPC2 and &Rz were transcribed /n vitro using Smal and HindlIl1l linearized pCRII/
mSPC2-(70 —661) and p&Rz-SPC2-X, respectively, as templates. Run-off transcriptions
were performed in the presence of purified T7 RNA polymerase (10 /4g), RNA-guard (24
units, Amersham Biosciences), pyrophosphatase (0.01 unit, Roche Diagnostics), linearized
plasmid DNA (5 1) and either with or without 50 4Ci of [a-32P]GTP (PerkinElmer Life
Sciences) as described previously (14). After DNase digestion, phenol/chloroform
extraction, and nucleic acid precipitation, both SPC2 mRNA and 6Rz were fractionated by
denaturing 5-7.5% PAGE in buffer containing 45 mM Tris borate, pH 7.5, 7 M urea, and 1
mM EDTA. The reaction products were visualized by either UV shadowing or
autoradiography. The bands corresponding to the correct sizes were cut out, and the
transcripts were eluted overnight at room temperature in 0.5 M ammonium acetate and 0.1%
SDS solution. The transcripts were desalted on Sephadex G-25 (Amersham Biosciences)
spun columns and were then precipitated by the addition of 0.1 volume of 3 M sodium
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acetate, pH 5.2, and 2.5 volumes of ethanol, washed, dried, resuspended in ultrapure water,
and quantified by either absorbance at 260 nm or 32P counting.

RNase H Hydrolysis and 6Rz Cleavage Assays

RNase H reactions were performed using internally 32P-labeled SPC2 mRNA. Briefly, SPC2
RNA (~0.1 xM, ~20,000 cpm) and ODN (7 nt, 5 M) were preincubated for 10 min at 25 °C
in a final volume of 8 4 containing 20 mM Tris-HCI, pH 7.5, 20 mM KCI, 10 mM MgCl,,
0.1 mM EDTA, and 0.1 mM dithiothreitol. RNase H (0.5 unit, U. S. Biochemical Corp.) was
then added (2 /), and the samples were incubated at 37 °C for 30 min. The reactions were
quenched by adding loading buffer (97% formamide, 1 mM EDTA (pH 8.0), 0.025% xylene
cyanol, and 0.025% bromphenol blue) and fractionated through denaturing 5% PAGE gels,
which were analyzed with a Phosphorlmager (Amersham Biosciences).

For &Rz cleavage reactions, internally 32P-labeled SPC2 mRNA (50 nM) was mixed with
S8Rz (1 ¢M) in a 10-44 mixture containing 50 mM Tris-HCI, pH 7.5, and 10 mM MgCl, and
then incubated at 37 °C for 3 h. The reactions were stopped by the addition of loading
buffer, electrophoresed on denaturing 5% PAGE gels, and analyzed with a radioanalytic
scanner.

Cell Culture and DNA Transfections

BTC-3 cells (insulinoma, mouse) were grown in Dulbecco’s modified Eagle’s medium with
low glucose concentration supplemented with 10% fetal bovine serum (Invitrogen) and 40
mg/liter garamycin (Schering Canada Inc., Pointe-Claire, Québec, Canada) at 37 °C in 5%
COy. The cells were transfected using LipofectAMINE, as per the manufacturer’s
instructions (Invitrogen), and were then selected for resistance to hygromycin B (Invitrogen)
at a final concentration of 175 wg/ml.

Primer Extension of tRNAVa-6Rz and U6 RNA

Total RNA from STC-3 was extracted with TriReagent (BioShop Canada Inc., Burlington,
Ontario, Canada). The primers, corresponding to the 3° complementary sequence of 6Rz
and U6 RNA (5'-GGGTCCCTTAGCCATGC-GCGAACG-3” and 5’-
GGCCATGCTAATCTTCTCTG-3’, respectively), have been 32P-labeled by the usual
procedure and annealed to 10 g of total RNA in a 50 mM Tris-HCI, pH 8.3, 80 mM KClI,
and 10 mM MgCls by a 2-min incubation at 65 °C and immediately chilled on ice. The
reaction was initiated with the addition of 0.8 mM of dNTPs, 3.3 mM dithiothreitol, and
Superscript™ Reverse Transcriptase (100 units; Invitrogen) in a final volume of 12 /4. The
samples were incubated at 45 °C for 30 min, stopped by adding loading buffer, and
fractionated on 10% denaturing PAGE and visualized with a Phosphorimager.

Northern Blot Hybridizations

Northern blot analyses of total RNA (5 z4) extracted from STC-3 cells, using guanidinium
isothiocyanate followed by lithium chloride precipitation, were performed as described
previously (4). The cDNAs cloned for the pro-hormone convertase probes are as follows: a
1231-bp rat SPC1 (4), a 350-bp mouse SPC2 (20), a 500-bp mouse SPC3 (20), and a 650-bp
rat SPC7 (21). The cDNAs cloned for the carboxypeptidase E (CPE; kindly provided by L.
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D. Fricker, Albert Einstein College of Medicine, Bronx, NY), the prodynorphin (pro-Dyn),
and for the 18 S rRNA probes were a 400-bp rat CPE (22), a 733-bp rat pro-Dyn (4), and a
600-bp bovine 18 S (3), respectively. Complementary RNA probes were transcribed from
linearized plasmids with T3, T7, or SP6 RNA polymerases in the presence of [a-32P]JUTP.
All hybridizations were carried out for 16 —18 h at 65 °C. The membranes were then
exposed to x-ray films for 2—72 h. The densitometry analysis was carried out on digitized
film using the image analysis software Scion Image 1.62¢ (Scion Corp., Frederick, MD).

Electron Microscopy

Cell pellets were fixed for 20 min with 5% glutaraldehyde in 0.1 M sodium cacodylate
buffer, pH 7.4, followed by another 30-min fixation in 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer, pH 7.4. After a wash with 0.2 M sodium cacodylate buffer, cells were
treated for 1 h with 1% osmium tetroxide in 0.1 M sodium cacodylate buffer. Samples were
washed and incubated for 45 min in 0.25% uranyl acetate in 2.5% sodium acetate buffer, pH
6.3, dehydrated in acetone, and embedded in epoxy resin. Thin sections were counter-stained
with a solution of 1% uranyl acetate and 6% lead citrate, pH 10.

Western Blot Hybridizations

Cells were lysed in 50 mM Tris-HCI, pH 7.4, 2.5 mM EDTA, 150 mM NacCl, 0.02% sodium
azide, and protease inhibitors (Complete Mini; Roche Diagnostics). Protein concentrations
were determined using the Bradford protein assay. Total protein extracts (15 g) were
fractionated on a 7.5% SDS-PAGE and transferred to Hybond-P membrane (Amersham
Biosciences). The antibody against mouse SPC2 was C-terminally directed (23), and the
antibody against CPE was kindly provided by Dr. L. D. Fricker. Proteins were revealed using
the ECL Plus detection system (Amersham Biosciences) and exposed to x-ray films.

Reverse Phase-HPLC (RP-HPLC) Analysis and Radioimmunoassay (RIA)

PBTC-3 cells (Four 80% confluent 100 x 20-mm dishes) were washed with phosphate-
buffered saline and harvested. The cell pellets were extracted with 300 /4 of 50% methanol,
0.05 N HCI solution. After centrifugation at 15,000 x g for 30 min at 4 °C, the supernatants
(*1.5 mg of proteins) were diluted in 10 ml of 0.1% trifluoroacetic acid and loaded on Sep-
Pak Cg cartridges (Waters Corp., Milford, MA) initially primed with 10 ml of 100%
acetonitrile (ACN), 0.1% trifluoroacetic acid and then with 10 ml of 0.1% trifluoroacetic
acid. Elution from the cartridge was achieved by the injection of 40% ACN, 0.1%
trifluoroacetic acid (4 ml). All fractions were lyophilized and resuspended in 15% ACN,
0.1% trifluoroacetic acid before injection onto a 5-pm Cyg column (25 x 0.46 cm; Vydac,
Hesperia, CA). Samples were loaded at 15% ACN, 0.1% trifluoroacetic acid and separated
using a 15-30% ACN, 0.1% trifluoroacetic acid linear gradient in 30 min at a flow rate of 1
ml/min. The standard peptide Dyn A-(1-8) (porcine; Peninsula Laboratories Inc., Belmont,
CA) was used to determine the elution time.

The RIA against Dyn A-(1-8) has been extensively characterized (4, 24). Briefly, the Dyn
A-(1-8) antibody is C-terminally targeted and does not cross-react with Dyn A-(1-17) or
larger forms of pro-Dyn-derived peptides.

J Biol Chem. Author manuscript; available in PMC 2010 July 12.
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Mass Spectrometry

For consecutive analyses with mass spectrometry new samples were prepared. The
extraction procedures for the cell lines, and the HPLC separations were performed as
described above except for the following modifications. All of the HPLC steps were
performed on a Beckman Gold HPLC system equipped with a Beckman 168 photodiode
array detector. Column effluent was monitored by UV absorption at 220 and 280 nm. The
HPLC was performed with either an Ultrasphere Cqg column or a Macherey Nagel (4.6 mm
x 25 cm) column. Elution was performed with a linear gradient of 0 -60% ACN in acidified
water (0.05% trifluoroacetic acid) over 60 min at a flow rate of 0.5 ml/min. Fractions
corresponding to absorbance peaks were collected, dried, reconstituted in water, and tested
in dot immunobinding assays (DIA) with anti-Dyn antibodies. For the DIA, the HPLC-
eluted fractions were freeze-dried before resuspending in 100 /4 of water. One /i was
spotted onto a nitrocellulose membrane and incubated with Dyn antisera (1:1000). Bound
antibodies were detected by ECL Plus detection system (Amersham Biosciences). For mass
spectrometry, the samples were analyzed using a-cyano-4-hydroxycinnamic acid (HCCA)
as matrix. A two-layer preparation was chosen for the MALDI experiments. Briefly, 1 /4 of
HCCA in acetone (15 mg/ml) was applied to the MALDI target. After evaporation and
preparation of a ultrathin layer of matrix, 1 /4 of protein sample was applied on the first
layer, immediately followed by 1 /4 of classical HCCA solution (10 mg in trifluoroacetic
acid 0.1%, ACN 3:7, v/v) prior to drying at room temperature. Analyses were carried out on
a Voyager STR (Perspective Biosystems, Framingham, MA) MALDI-time of flight mass
spectrometer equipped with a N, laser (2-ns pulse duration and 3-Hz repetition rate). Mass
spectra were recorded in the positive linear mode using delayed extraction. Laser flux was
set at a value just above the threshold for ion production. Calibration was realized with four
external calibrants covering the mass range of interest (Substance P, ACTH(18 -39),
ACTH(7-38), and bovine insulin) prepared in the same way as the samples.

RESULTS

Identification of Potential Target Sites

The selection of the RNA cleavage site is the initial step in designing a specific 6Rz. Due to
unfavorable competition with intramolecular base pairing, target sequences located in single-
stranded regions of an MRNA are potentially more accessible for 5Rz binding than those in
double-stranded regions. In order to identify cleavage sites with the greatest potential for
targeting, we adopted a procedure that combined both biocinformatic tools and biochemical
assays (14). The first step was the prediction of the mRNA secondary structure using the
RNA folding algorithm in the RNA Structure 3.5 software. Five virtually identical structures
were obtained for the full-length SPC2 mRNA (data not shown). These structures were
analyzed using the OligoWalk software, which provided the degree of accessibility of each
7-nt potential site (19). The results were obtained for the full-length SPC2 mRNA; however,
only the sites between positions 70 and 661, which is the highly variable sequence relative to
the other SPCs (Fig. 1A), were considered. In this region, 94 sites appeared to be relatively
accessible for the binding of RNA oligo-nucleotides. Subsequently, this collection of
potential sites was analyzed for criteria known to be essential for efficient cleavage by a
trans-acting antigenomic 6Rz (Fig. 1B). These criteria were based on the fact that the first
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pairing of the P1 stem must be a GU wobble bp and that the presence of a guanosine at the
cleavage site (position —1) results in an uncleavable substrate (25). Finally, analysis of the
sequences indicated that no other cleavages could occur within the SPC gene family.
Therefore, the eight chosen sequences were specific to SPC2 mRNA.

In order to validate the bioinformatic predictions, biochemical assays were carried out /n
vitro on SPC2 partial mMRNA corresponding to the targeted region (/.e. from residues 70 to
661). RNase H hydrolysis assays using 7-nt ODNs corresponding to the recognition domain
of the Rz were performed. RNase H specifically cleaves the RNA of an RNA-DNA duplex.
Hence, the enzyme can be used to verify whether or not the binding of an ODN did indeed
take place (14). Randomly labeled partial SPC2 mRNA was pre-incubated with unlabeled
ODNs, digested by RNase H, and analyzed on a PAGE gel (Fig. 2A). Cleavage was
observed with all ODNs, although at different levels. Moreover, nonspecific cleavage was
also observed with some ODNs (e.g. ODN-394). Subsequently, the eight Rz with
appropriate recognition sequences were synthesized, and their ability to cleave the labeled
SPC2 mRNA fragment was studied under single-turnover conditions ([Rz] > [S]) and
analyzed on PAGE gel (Fig. 258). Four 6Rz cleaved the target (/.. 5Rz-134, -154, -232 and
-394; where the numbers indicate the position cleaved on SPC2 mRNA), although with
varying efficiencies. Moreover, this experiment revealed the superior specificity of Rz as
compared with RNase H, because no minor products were observed. Among the 6Rz
cleaving SPC2 partial mRNA, only the most efficient were retained for the subsequent
cultured cells studies (7.e. 5Rz-154 and -394).

Expression of tRNAYa-§Rz Chimeric Constructions

A vector including a modified tRNAVa promoter was used for the cell culture expression
studies (15). Briefly, the tRNAV2! cassette from pPUR-KE vector was subcloned in a
pcDNA3.1/hygro vector producing ptRNAVal-sRz-SPC2-X (Fig. 3A). In order to avoid
double transcript production in cells (/.e. by the CMV and tRNAV& promoters
simultaneously), the CMV promoter in this plasmid was removed. The use of the tRNAVa!
promoter permitted the production of a large amount of the chimeric RNA by the host RNA
pol 11. In addition, it is well known that the tRNAVa motif directs the expressed SRz to the
cytoplasm (15), where it will hybridize to the targeted mMRNA (Fig. 35). Thus, the 6Rz-154
and -394 were placed under the control of the tRNAVa! promoter in the expression vectors
ptRNAVAL sRz-SPC2-154 and -394 and in their catalytically inactive equivalents ptRNAVal-
SRzC47A-SPC2-154 and -394. The 8RzC47A mutants are inactive versions in which the
cytosine in position 47 was mutated for an adenosine (16). These 6Rz exhibited the same
binding but are completely deprived of cleavage activity; therefore, they are ideal controls
for antisense effect. An expression vector lacking the 8Rz-coding sequence (ptRNAVa-KE)
was also used as a control. STC-3 cells were then transfected with these five expression
vectors. This mouse pancreatic tumoral cell line was chosen for several reasons including
the fact that it is well characterized for expression of SPCs (including SPC2), and it is easy
to grow and transfect (4). Stable cell lines for each construction were established by the
selection of clones resistant to hygromycin B. Both primer extension (Fig. 3C) and Northern
blot analyses (data not shown) were used to evaluate the expression levels of the chimeric
tRNAVal-sRz transcripts in 15 established cell lines for each construction. Expression levels
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in cell lines 154-2 and 394-1 were among the highest, whereas other cell lines (154-1 and
394-9) showed a weaker expression. The further analyses were performed on extracts from
these five selected cell lines.

Initially, total RNA extracts were subjected to Northern blot analysis of SPC2 mRNA (Fig.
4A). The levels of SPC2 mRNA in cell line 154 were drastically reduced in comparison to
the two control cell lines KE and 154C47A. However, the level of SPC2 mRNA in cell line
394 was virtually similar to the ones found in the KE and 394C47A cell lines. Because all
chimeric transcripts were detected in the cell lines tested, these results suggest that the
cleavage site at position 394 may not be as accessible /n vivo as it was in the in vitro assays
on partial mMRNA transcripts. The ratio obtained was transformed in relative SPC2 mRNA
levels using the values from the KE cell line as a reference (7.e. 100%; Fig. 4A4). This
indicated that cell line 154 had no detectable SPC2 mRNA (<1%), whereas the levels of
SPC2 mRNA in the other cell lines were approximately of the same order. More generally,
we observed that the concentration of 8Rz-154 expressed in a cell and the level of SPC2
mMRNA cleavage detected increased proportionately.

The specificity of cleavage of the 5Rz was examined by monitoring the mRNA levels of the
three other SPCs expressed in STC-3 cells (i.e. SPC1, SPC3, and SPC7) and the CPE
mRNA (Fig. 4, B—£). The CPE enzyme is implicated in the trimming of the basic residue(s)
located C-terminally of the newly processed proteins within the regulated secretory pathway
(26). Small variations were observed among all cell lines. However, these changes could not
be linked to the catalytic activity of SRz because they were not uniquely associated with cell
lines 154 or 394; thus, they are probably due to transfection-induced stress. Despite these
changes, these results confirmed that the cleavage activity observed on SPC2 mRNA was
both strong and specific because the effect observed on SPC2 mRNA was not repeated on
the other mMRNASs tested. Moreover, electron microscopy confirmed that the endocrine
phenotype was not altered in cells lacking SPC2 as secretory granules could be observed in
both STC-3 and 154 cell lines (Fig. 5, A and B, respectively).

Effect of the Rz at the Protein Level

Western blot hybridizations were performed in order to verify whether or not §Rz action on
the SPC2 mRNA was reflected at the protein level (Fig. 6). The STC-3, KE, 154C47A, 394,
and 394C47A cell lines showed comparable SPC2 protein levels. In these four cell lines, two
major bands could be observed as follows: a 75- and 66-kDa band that corresponded to the
catalytically inactive (pro-SPC2) and the mature active SPC2, respectively (27). Neither of
the last two bands was detected in protein extracts from the cell line 154, even upon
overexposure of the film (data not shown), confirming that the strong effect observed on the
SPC2 mRNA levels resulted in a nearly complete silencing of SPC2 expression. The major
bands (50 —-56 kDa) corresponding to CPE isoforms (26) are also shown in the fower panel
of Fig. 6 and confirmed the specificity of the action despite variations in protein levels from
one cell line to an other because the effect of the 6Rz on the target is much stronger.

Pro-Dyn is the precursor of opioid peptides (28) with leucine-enkephalin extended
sequences such as Dyn A-(1-17), Dyn A-(1-8), Dyn B-(1-13), and a-neo-endorphin (aNE;
Fig. 7A). The formation of Dyn A-(1-8) is specifically due to the cleavage of its precursor

J Biol Chem. Author manuscript; available in PMC 2010 July 12.



1duosnue Joyiny YHID 1duosnuely Joyiny JHID

1duosnue Joyiny gHID

D’Anjou et al.

Page 9

Dyn A-(1-17) by SPC2 (24). The production of the Dyn A-(1-8) is an exclusive character of
the STC-3 cells (4), and as a consequence, inhibition of the enzyme can be monitored by
analysis of this peptide in crude protein extracts by RIA. Dyn A-(1-8) was detected in
untransfected STC-3 cells as well as in cell line 394 (714 + 40 and 555 £ 10 fmol/mg,
respectively) but not in the cell line 154. This result indicates a serious reduction in the
SPC2 protein levels. Moreover, Dyn A-(1-8) immunoreactivity (IR) was fractionated by RP-
HPLC (Fig. 7). The STC-3 and 394 cell lines showed a Dyn A-(1-8) IR peak that eluted
with a retention time identical to the corresponding synthetic peptide (Fig. 7, Band C). No
Dyn A-(1-8) IR was observed in cell line 154, even when 10 times more protein was loaded
on the column than in the other cell lines analyzed (0.5 mg for cell line 154 and 50 g for
cell lines STC-3 and 394; Fig. 7 D). Because the sensitivity of this assay is very high
(femtomoles), these results confirm the absence of any active SPC2 in cell line 154. This is
in agreement with SPC2-null mice study (29), confirming that the presence of Dyn A-(1-8)
is specifically due to SPC2 cleavage activity on its precursor Dyn A-(1-17).

Biochemical Assessment of SPC2 Inactivation by Mass Spectrometry

Finally, pro-Dyn-derived peptides in both the 154 and control cell lines were examined.
Cellular peptide extracts were pre-purified by Sep-Pak and HPLC separation on a Cqg
column. The resulting fractions were subjected to an analysis that included two steps, /.e.
DIA tests with pro-Dyn antibodies and MALDI analysis of the positive fractions. Typical
mass spectra of two fractions are illustrated in Fig. 8. In the control cell line, the ionic
species at /7/23982.1 and /m/z1227.5 correspond to the M*H™ ion of Dyn AB and the aNE
peptides, respectively (Fig. 8, A and B). These peptides were expected because they are
produced by the action of the SPC2. Conversely, these peaks were not detected in any
fractions analyzed from the extract of the SPC2-inactivate cells (cell line 154; raw data not
shown). Moreover, five pro-Dyn C-terminally derived peptides covering aNE to the C-
terminal peptide were detected in other fraction analyses from the control STC-3 cells,
whereas none of these processed forms could be detected in the 154 cell line (data not
shown). Thus, these results confirmed the efficient action of the 6Rz targeting the SPC2
mRNA. More important, it demonstrated that the 154 cells coupled to the proteomic
approach constitute a unique tool for the study of the molecular mechanism of SPC2 and
more specifically the identification of other natural substrate(s). This hypothesis received
physical support from the analyses of other HPLC fractions allowing the detection of two
peptides at m/z4724.43 and m/z 1785.89 solely in the control cell line but not in the 154
cells (data not shown). These peptides corresponded to the fragments from positions 527—
568 and 598 —612 of the secretogranin Il, indeed suggesting that this is a substrate of SPC2.

DISCUSSION

We present the original and unambiguous demonstration that SRz is an efficient gene
silencing tool. No detectable levels of Dyn A-(1-8) in the 154 cell line were observed,
whereas pro-Dyn mRNA expression was maintained. We believe that Dyn A-(1-8)
production was completely halted in that cell line, as the RIA is highly sensitive, and we
loaded 10 times more protein than in the control in the HPLC experiment, confirming the
absence of the highly expressed SPC2 (4). Moreover, we accumulated data suggesting that
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the &Rz action was durable, because the gene silencing effect could be observed even after
more than 15 passages without any phenotypical changes. Furthermore, electron microscopy
confirmed that secretory granules, related to the endocrine phenotype, were not disturbed
(Fig. 5). Overall, these data confirmed the effectiveness and the maintained effect of the sRz
approach for gene silencing in cultured cells.

We used an expression vector based on the tRNAV! as promoter for the RNA pol 111 to
establish STC-3 stable cell lines, because it allows efficient transcription as well as proper
localization of the 6Rz in the cytoplasm (15). Thus, this promoter was very attractive for our
study because it ensured that the 8Rz is co-localized with its target. As a screening method,
we used a primer extension approach in order to select cell lines that expressed the tRNAVal-
SRz transcript, because levels varied among clones (Fig. 3C). This selection was essential
because the expression level of the targeted MRNA was conversely proportional to the level
of tRNAVal-sRz. Thus, of the 15 established cell lines, 5 exhibited a high level of ribozyme
expression. Additionally, it was observed that the mRNA expression levels in transfected
BTC-3 extracts varied. This suggests that the RNA pol 111 promoter influenced (positively or
negatively) expression levels of either targeted or not mMRNAs (Fig. 4), because it plays
significant roles in the transcription of essential and small RNAs (e.g. tRNA and small
nuclear RNA). Thus, the transfection may have altered normal cell functioning. However,
variations in the abundance of the non-targeted SPC mRNAs may also be the result of
compensatory actions of other SPCs. Further experiments are underway to explain these
observations and to design alternative expression vectors based on other promoters.

Despite these variations, it is evident that the addition of a catalytically active Rz resulted
in a significant block in the expression of the target. Some potential limits, such as the
possible cleavages on other mMRNAs, still need to be examined. These cleavages can occur
because the &Rz discriminates its target from other mRNAs with its 7-nt-long P1 stem.
However, 8Rz does not derive its specificity solely from the length of the P1 stem (13). The
sequence upstream of the cleavage site (/.e. positions —4 to —1) was also shown to contribute
significantly to the cleavage ability of a substrate (25). This increases the substrate
specificity to 11 consecutive nucleotides. Moreover, the probability of finding other mRNAs
with éRz-accessible complementary sequences is very low. This is well illustrated with the
S8Rz-394 that cleaved /n vitro the partial SPC2 mRNA but not the full-length /n vive.
According to the primer extension assays and Northern blot hybridizations performed for
these two ribozymes, neither their level of expression nor their stability accounted for their
variable cleavage activity. The ribozymes harboring the mutation C47A (/.e. a single point
mutation) exhibited no effect at all; as a consequence, reduced levels of SPC2 mRNA must
be the result of an action of the ribozyme. Furthermore, both ribozymes will be retrieved in
the cytoplasm because they are both into a chimeric RNA molecule with the tRNAV! that is
responsible for their cellular localization (15). Therefore, the only possibility for a difference
between the 8Rz-154 and -394 is the accessibility of the targeting site (because Fig. 3C
showed its expression). This is most likely due to a secondary structure of the mRNA at or
near the cleavage site that was not present in the partial mRNA used for /n vitro tests.
However, this does not excluded the possibility that /77 vivo proteins bind the mRNA
differentially at the two sites. New design strategies are actually developed to ensure a better
accessibility of the targeted site /n vivo. Thus, considering the natural adaptability of 8Rz to

J Biol Chem. Author manuscript; available in PMC 2010 July 12.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHIO

1duosnue Joyiny gHID

D’Anjou et al.

Page 11

the human cell, which was recently shown by its outstanding stability in mammalian cells
(30), this ribozyme appears to be an interesting molecular tool.

Mass spectrometry allowed both the detection and identification of the dynorphin fragments
in control cells, whereas it is absent in the inactivated 154 cells. The preliminary analysis of
HPLC fractions confirmed that the secretogranin Il was a natural substrate of SPC2, as
proposed previously in a study using a stable cell line expressing exogenous SPC2 (31).
Thus, our approach leads to the identification of a natural substrate specific for SPC2,
because other convertases (including the endocrine-related SPC3) were still present. These
results led us to confirm the notion that the SPC2 is specialized in the processing of the
small peptides. This study also exposes the high potential of this endocrine cellular model
for the discovery of new SPC2 natural substrates by mass spectrometry analysis. Moreover,
the 154 cells could be used to understand the implication of SPC2 in cellular biology studies
(e.g. protein trafficking, stress response) or in processing studies of potential exogenous
substrates. More generally, this work may constitute a breakthrough for the field because it
offers a novel, specific, and lasting approach amenable for any protease of pharmacological
interest.
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Fig. 1. Representation of SPC2 mRNA and 8Rz
A, the organization of SPC2 includes the signal peptide (), the prodomain (~ro), the

catalytic domain, and the P-domain. B, secondary structure and nucleotide sequence of the
Rz hybridized to the SPC2 mRNA. The pseudoknot P1.1 is illustrated by the dotted lines.
The homopurine bp at the top of the P4 stem is represented by two large dots (C@@G)
whereas the wobble bp is represented by a single large dot (G@U). Only nucleotides
essential for cleavage are shown: Hindicates A, C, or U, and Nindicates A, C, G, or U. The
arrow indicates the cleavage site.
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Fig. 2. Autoradiograms of 5% PAGE gels of both the RNase H and &Rz cleavage assays
Aand B, typical results of RNase H and &Rz assays, respectively. The Zst /anes are the

negative controls without either ODN or 6Rz. The other & /anes are the assays performed
with either the various ODNs or 6Rz. The number after the ODN and &Rz indicates the
cleavage site position on SPC2 mRNA. The asterisks indicate the lower intensity cleavage
bands. The molecular sizes (nt) are indicated on the right.
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Fig. 3. Expression of tRNAVALsRz chimeric constructions
A, vector used for cultured cells studies. We attenuated the CMV promoter of pcDNA3.1/

hygro by the cleavage of Mfel before the promoter sequence. Mfel and EcoRI are two
compatible sites that have been used for the cloning. The Rz has been first cloned in the
pPUR-KE vector. Then the tRNAVA-5Rz cassette has been subcloned from pPUR-KE to
pcDNA3.1/hygro without CMV promoter to obtain ptRNAVal-sRz-SPC2-X (where X
indicates the position of the cleavage site). The hygromycin gene resistance allowed
selection of positive clones upon transfection. B, drawing of the chimeric tRNAVal-5Rz
RNA produced from the ptRNAVal-sRz-SPC2 hybridized with the SPC2 mRNA substrate.
The tRNAVa! portion drives the 6Rz to the cytoplasm, and the poly(U) ensures the
transcription termination. C, analysis of the expression levels of the chimeric tRNAVal-5Rz
and U6 RNA. Primer extension of the chimeric constructions tRNAV2-5Rz (8Rz line) on
total RNA of four cell lines established with either ptRNAVal-sRz-SPC2-154 (154-1 and
154-2) or -394 (394-1 and 394-9). Untransfected STC-3 and cell line established with the
vector ptRNAVal-KE (BTC-3 and KE, respectively) served as controls. Primer extension of
the endogenous U6 RNA (U6 line) served as internal control.
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Fig. 4. Autoradiograms of Northern blot hybridizations
A, analysis of SPC2 mRNA is presented in the ypper panel. The levels of SPC2 mRNA were

analyzed in the five established cell lines. The fower panelillustrates the relative expression
of SPC2 mRNA by densitometric analysis (using the KE cell line as a reference; 7= 3).
Each band was normalized with the corresponding 18 S ribosomal RNA band. B-£, analysis
of SPC1, SPC3, SPC7, and CPE mRNAs levels, respectively. The size markers are shown on
the right.
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Fig. 5. Electron microscopy of STC-3 and 154 cell lines (A and B, respectively)
Secretory granules are indicated by arrows (x25,000).
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Fig. 6. Western blot hybridizations
Upper panel, proteins corresponding to the pro- and mature SPC2 enzymes (75 and 68 kDa,

respectively) are shown. Lower panel, major bands (50 —56 kDa) corresponding to CPE are
represented. Lanes are as follows: B7C3 cells, untransfected control cell line; KE,
transfected with vector without the ribozyme minigene; 154, transfected with SPC2-
ribozyme; 154C47A, transfected with SPC2-ribozyme with a point mutation; 394,
transfected with SPC2-ribozyme (inaccessible cleavage site); 394C47A, transfected with
same ribozyme as 394 with a point mutation.
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Fig. 7. RP-HPLC analysis of cellular extracts for their Dyn A-(1-8) IR content
A, schematic representation of pro-Dyn processing by SPC2, SPC3, and CPE producing

either a-neo-endorphin, Dyn A-(1-17), Dyn B-(1-13), C-peptide, Dyn A-(1-9), or Dyn A-
(1-8). In the /nset, basic amino acids found at the cleavage sites of Dyn A-(1-17) as shown.
Total protein extracts from untransfected STC-3, 394, and 154 cell lines were submitted to
RP-HPLC (B-D, respectively). 50 pg of total proteins was injected for STC-3 and 394-1 and
0.5 mg for cell line 154. The values are expressed on the ordinate as femtomoles per RIA
tube. The gradient used for the RP-HPLC analysis is indicated (dashed lines) as percentage
of ACN (ordinate axis on the right). The arrows indicate the elution position of a standard
peptide (14 min, 22% ACN).
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Fig. 8. Typical MALDI-time of flight mass spectra
These spectra were recorded in the positive linear delayed extraction mode of HPLC

collected fractions eluted at 35 and 31% (A and B, respectively) of control cell line. Peaks
absent for the 154 cell line fraction analysis are illustrated in red.
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