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Background: The in vivo importance of PCSK7 in the vertebrates is currently poorly understood.
Results: Inhibiting PCSK7 in zebrafish results in various developmental defects and dysregulation of gene expressions.
Conclusion: PCSK7 is essential for zebrafish development and regulates the expression and proteolytic cleavage of TGF�1a.
Significance: PCSK inhibitors are considered future therapeutics for human diseases; understanding the biological role of
PCSK7 is therefore critical.

Proprotein convertase subtilisin/kexin (PCSK) enzymes con-
vert proproteins into bioactive end products. Although other
PCSK enzymes are known to be essential for biological pro-
cesses ranging from cholesterol metabolism to host defense, the
in vivo importance of the evolutionarily ancient PCSK7 has
remained enigmatic. Here, we quantified the expressions of all
pcsk genes during the 1st week of fish development and in sev-
eral tissues. pcsk7 expression was ubiquitous and evident
already during the early development. To compare mammalian
and zebrafish PCSK7, we prepared homology models, which
demonstrated remarkable structural conservation. When the
PCSK7 function in developing larvae was inhibited, we found
thatPCSK7-deficient fishhavedefects in various organs, includ-
ing the brain, eye, and otic vesicle, and these result in mortality
within 7 days postfertilization. A genome-wide analysis of
PCSK7-dependent gene expression showed that, in addition to
developmental processes, several immune system-related path-
ways are also regulated by PCSK7. Specifically, the PCSK7 con-
tributed to themRNAexpression andproteolytic cleavage of the
cytokine TGF�1a. Consequently, tgf�1a morphant fish dis-
played phenotypical similarities with pcsk7 morphants, under-
scoring the importance of this cytokine in the zebrafish devel-

opment. Targeting PCSK activity has emerged as a strategy for
treating human diseases. Our results suggest that inhibiting
PCSK7 might interfere with normal vertebrate development.

Seven proprotein convertase subtilisin/kexin (PCSK1,3
PCSK2, FURIN, and PCSK4–PCSK7) enzymes modulate the
biological activity of immature proproteins by catalyzing lim-
ited proteolysis at sites containing a stretch of basic amino acid
residues. Consequently, PCSK enzymes are important regula-
tors of a multitude of biological events, including development,
host defense, and hormone function (1). Although the arche-
type PCSKs possess closely related, even redundant, biochem-
ical properties in vitro and often share substrate molecules,
studies with genetically targeted animals and humans carrying
inactive PCSK alleles argue for substrate specificity. FURIN (2),
PCSK5 (3), and PCSK6 (4) are essential for normal mammalian
development, whereas the inactivation of PCSK1 (5), PCSK2
(6), and PCSK4 (7) result in tissue-restricted phenotypes that
range from infertility to defects in the neuroendocrine system.
Genetic inactivation has also demonstrated a specific function
for the more recently identified and biochemically unique
PCSK family members MBTPS1 (8) and PCSK9 (9) in choles-
terol and lipid metabolism. In contrast, the biological function
of the evolutionarily most ancient enzyme, PCSK7, has
remained enigmatic. Scattered references in the literature pos-
tulate that PCSK7-deficient mice have little, if any, phenotypic
abnormalities, but a comprehensive analysis of these animals
has not yet been published (10–12).
It has been demonstrated that similarly to FURIN, PCSK5,

and PCSK6 the expression of PCSK7 is ubiquitous and that it
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exerts its functionmainly in the trans-Golgi network and on the
cell surface (13, 14). Importantly, previous biochemical studies
indicate that PCSK7 operates often redundantly with other
PCSKs, especially FURIN. For example, the activity of PCSK7
can be replaced in the site-specific cleavage of pro-BMP4 (15),
pro-PDGF (16), pro-NGF (17, 18), and pro-VEGF-C (19). How-
ever, PCSK7 seems to be solely responsible for rescuing an
unstableMHC I in post-endoplasmic reticulum compartments
(20) and for the proteolysis of pro-EGF (21). In addition, a
genome-wide association study recently revealed that an SNP
(rs236918) in the PCSK7 gene region is associated with an
increase in the serum level of soluble transferrin receptor, thus
implying that PCSK7 could have a role in iron metabolism in
humans (22). This observation was later confirmed by showing
that PCSK7 is the only convertase that sheds transferrin recep-
tor into the medium in several cell lines (23).
Most mammalian proteins and genes have orthologs in the

zebrafish, which makes them a feasible model for studying the
role of PCSK enzymes in vertebrate biology in vivo. Previously,
the functions of FURIN (24), PCSK5 (25), MBTPS1 (26), and
PCSK9 (27) have been assessed in developing zebrafish. Inacti-
vation of FURIN and MBTPS1 in zebrafish results in defective
skeletal and cartilage formation, respectively, whereas PCSK5
and PCSK9 are important for neurological development. To
decode the poorly defined PCSK7 function in vertebrate biol-
ogy in vivo, we inhibited PCSK7 in zebrafish usingmorpholinos
(MOs). The phenotypes of the pcsk7morphants clearly demon-
strate that PCSK7 has a critical and non-redundant role in early
zebrafish development.

EXPERIMENTAL PROCEDURES

Genes Studied—Blast searches were used to look for zebrafish
orthologies for human PCSK genes. The following zebrafish pcsk
genes were found: pcsk1, ENSDARG00000002600; pcsk2, ENSD-
ARG00000019451; furinA, ENSDARG00000062909; furinB,
ENSDARG00000070971; pcsk5a, ENSDARG00000067537;
pcsk5b, ENSDARG00000060518; pcsk7, ENSDARG00000069968;
mbtps1, ENSDARG00000014634; and pcsk9, ENSDARG-
00000074185.
Zebrafish Lines—Embryos used in all experiments were

obtained through natural crosses of wild-type AB strain indi-
viduals. Adult fish used in QRT-PCR expression analyses as
well as inMO experiments were also of the wild-type AB strain.
All fish used in the experiments were maintained under stan-
dard conditions at 28.5 °C. The care and analyses of the animals
were in accordance with the Finnish Laboratory Animal Wel-
fare Act 62/2006, the Laboratory Animal Welfare Ordinance
36/2006, and Authorization LSLH-2007-7254/Ym-23 by the
national Animal Experiment Board.
QRT-PCR Expression Analyses—Expression of pcsk genes

was measured both in various adult zebrafish tissues (female/
male gonads, liver, kidney, intestine, eye, gill, brain, skin, and
tail) as well as in whole developing embryos of different ages
(1–7 days postfertilization (dpf)). Conventional quantitative
real time PCR with a reverse transcribed cDNA template from
total RNA was used. ef1a gene (ENSDARG00000020850) was
utilized as a housekeeping gene (28). Primers used in the
QRT-PCR analyses are presented in Table 1.

Morpholinos—Prior to morpholino design 8–10 individual
fish of the AB strain were sequenced for each gene to verify the
sequence identity with the published sequence and to find
genomic regions homomorphic enough for MO design. The
furinA and furinBMOswere designed to hitATGsites, whereas
the pcsk7MOs target exon-intron boundaries in exon 3 (pcsk7
e3MO) and exon 8 (pcsk7 e8MO). These exons contain codons
for amino acids of the catalytic triad of the PCSK7 enzyme. The
morpholino for p53 was commercially predesigned, and the
random control (RC) morpholino is a random base mixture at
every position intended for use as a negative control.
The sequences for the gene-specific MOs used were as fol-

lows: furinA, TCAATGAGGCAAGCCTGAGATCCAT;
furinB, ACAGCAGGATCAAGCGGCCCTCCAT; pcsk7 e3,
AGGACTCTGGAAAACACACAGGTTT; pcsk7 e8, CTTTA-
TGGTTTGTGGATGTACCTGT; p53, GCGCCATTGCTTT-
GCAAGAATTG; and tgf�1a, TCAGCACCAAGCAAACCA-
ACCTCAT. Morpholinos were designed and synthesized by
GeneTools (Philomath, OR) and stored dissolved in distilled
water (�20 °C) at a 1 mM concentration.
Morpholino and RNA Injections—For injections, 0.25–1.0

pmol of each MO was used. A rhodamine dextran tracer was
used to control the injections, and unsuccessfully injected
embryos were removed at 1 dpf. All injections (1–2 nl) were
administered into the yolk sac of a one- to four-cell stage
zebrafish embryo. 0.2 M KCl was used as buffer in the injection
solutions. The RNA used in the RNA rescue experiments was
transcribed from pcsk7 cDNA with the SP6 mMESSAGE
mMACHINE kit (Ambion, Austin, TX) according to the man-
ufacturer’s instructions (imaGenes, Berlin, Germany). All MO
injection experiments were controlled with embryos
injected with RC MO (GeneTools) as well as with non-in-
jected embryos. Injections were carried out using a PV830
Pneumatic PicoPump (World Precision Instruments) and a
Nikon SM7645 microscope. For visual analysis and live fish
pictures, a SteREOLumarV12microscopewith theAxioVision
Rel. 4.8 program (Carl Zeiss) was used.

TABLE 1
Primers used in QRT-PCR analyses
F, forward; R, reverse.

Gene Sequence 5�–3�

pcsk1 F CGGGAAAAGGAGTGGTCAT
R GGTGGAGTCGTATCTGGG

pcsk2 F CGGATCTGTATGGAAACTGC
R GCCGGACTGTATTTTATGAATG

furinA F AGCATGTTCAAGCGCAG
R CCAGTCATTGAAGCCCTCA

furinB F CCAAGGCATCTACATCAACAC
R ACACCTCTGTGCTGGAAA

pcsk5a F AAGCCATGGTACCTGGAAGA
R GGTCAGAGCTGGATTTGCTT

pcsk5b F TGTTCCTCGACCCTTACCAC
R ATCTCGCCATGTCAGGAAAG

pcsk7 F AGAGTGTTGGACGGGC
R TGCCTAATGGATGCGGT

mbtps1 F GATGTTATAGGTGTTGGAGGG
R TCACGATGTCAGGCTTCA

pcsk9 F AGGGCAAGGGTACTGTG
R TGTTTAGGGTGCGACTGA

ef1a F CTGGAGGCCAGCTCAAACAT
R ATCAAGAAGAGTAGTACCGCTAGCATTAC

tgf�1A F CAGGATGAGGATGAGGACTA
R CAGCCGGTAGTCTGGAATA
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pcsk7 Histological Staining—The larvae were fixed in 4%
paraformaldehyde, PBS solution and embedded in 2% agarose.
Next, the samples were dehydrated in an alcohol series (70%,
96%, absolute ethanol, and xylene; 1 h in each). The dehydrated
samples were embedded in paraffin, and 5-�m transverse sec-
tions were cut. These were then fixed on glass slides at 58 °C,
deparaffinized in xylene (2 � 4 min) and in absolute, 96, and
70% ethanol (each 1–2� 3min), and rinsed with distilled H2O.
The hematoxylin-eosin staining was performed as follows:
Mayer’s hematoxylin, 2 min; running tap water, 2 min; water,
1.5min; 70% ethanol, 15 s; eosin Y, 15 s; 96% ethanol, 30 s twice;
absolute ethanol, 1min twice; and xylene, 1–4min. Thereafter,
the slides were mounted, and pictures were taken using an
Olympus SZX16 microscope and a Color View Soft Imaging
System camera.
pcsk7 in SituHybridization—Wholemount in situ hybridiza-

tion was performed for pcsk7 as described in detail in Thisse
andThisse (29) to analyze the detailed expression pattern of the
gene. 2-dpf embryos were used. An antisense probe was used
for specific detection of the pcsk7mRNA, and a sense probewas
used to control for unspecific background staining.
RNA Microarray—100 ng of total RNA (triplicate samples

pooled from18–35 embryos/group; two time points of 6 and 24
hpf) isolated from fish injected with RC (0.5 pmol) or pcsk7 e3
(0.5 pmol) � p53 (0.75 pmol) MO was amplified and Cy3-la-
beled. Altogether, 1.65�g of sample was then hybridized on the
arrays (Agilent 4x44KZebrafishGE v3; 65 °C, overnight). Chips
were scanned using an Agilent Technologies G2565CA Scan-
ner, and numeric data were obtained from Agilent Feature
Extraction software v10.7.1 (The Finnish Microarray and
Sequencing Centre, Turku, Finland). Only features having cor-
responding Entrez ID available were retained. The expression
value for each gene is calculated in three phases. 1) If the same
probe appears in the raw data filemore than once, the row from
the data file that has the highest average expression across all
samples is used to represent that probe. 2) If the same gene
appears in the raw data file more than once, the probe that has
the highest average expression across all samples is used to
represent that gene. 3) The resulting gene expression values are
quantile-normalized across samples. Genes with a median
expression �10 on a linear scale in either the pcsk7 morphant
or control samples were included in further analyses. A two-
sample t test was used to test the differential expression of each
gene between themorphant and control samples using the log2
gene expression values. To control for the false discovery rate,
the resulting p values from the t test were used to calculate q
values for each gene as described (30). Genes with a q value
�0.05 were retained. A log2 ratio between the median of pcsk7
morphant samples and controls was calculated for each gene,
and genes with an absolute log2 ratio �2 were considered dif-
ferentially expressed. A gene ontology enrichment analysis was
conducted using hypergeometric distribution testing. Here, we
tested whether the number of differentially expressed genes
annotated to a gene ontology (GO) term was larger than could
be expected by chance. The resulting p values serve as an indi-
cation of the possible enrichment of each GO term.
To summarize the GO categories, each enriched term was

annotated to a high level GO term. A high level GO term refers

to terms that are directly linked to the root term biological
process, molecular function, or cellular component. Finally, the
number of terms under each high level GO termwas calculated.
Here, we included the 15most enriched terms into the analysis.
The original raw data of the microarray are available in the
Gene Expression Omnibus database.
Cloning, cDNA Constructs, and Western Blotting—FURIN-

deficient RPE.40 cells (a kind gift from Prof. J. Creemers, KU
Leuven, Belgium) were grown in Ham’s F-12 medium supple-
mentedwith 10% fetal bovine serumand antibiotics. The cDNA
sequence encoding the zebrafish tgf�1a gene was amplified
from thewild-type AB zebrafish cDNA (7 dpf) by PCR (forward
oligo, 5�-GGAGAATTCGCCATGAGGTTGGTTTGCTTG-
GTGCTG; and reverse oligo, 5�-CATGGTGGTGAGGAACT-
GCAAGTGCAGTGGTACCGGA). The insert was subcloned
into pcDNA3.1-myc-His plasmid and validated by sequencing.
Human TGF�1 (ATCC) subcloned into pcDNA3.1-myc-His,
pSVL-huFURIN (ATCC), pcDNA3-huPCSK7-FLAG (a gift
from Prof. J. Creemers), pME18S-FL3-zffurinA, pME18S-FL3-
zffurinB, or pCMV-SPORT6.1-zfpcsk7 (imaGenes) was trans-
fected in RPE.40 cells using FuGENE� 6 transfection reagent
(Promega). 48 h after transfections, supernatants were col-
lected, and cells were lysed in Triton X-100 lysis buffer (20 mM

Tris-HCl, pH 8.0, 300 mM NaCl, 20% glycerol, 0.1% Triton
X-100, 1 mM EDTA, 50 mM NaF, 1 mM tris(2-carboxyethyl)-
phosphine hydrochloride) supplemented with protease inhibi-
tors (Complete Mini, Roche Applied Science). Equal amounts
of proteins were separated by SDS-PAGE, and immunodetec-
tion was performed using anti-myc (M5546 Sigma) primary
antibody and anti-mouse HRP secondary antibody (HAF007,
R&D Systems). Visualization was done using the ECLTMWest-
ern blotting detection kit (GE Healthcare) and AGFA CP1000
imaging system. Signal intensities were analyzed using NIH
ImageJ software.

RESULTS

Quantification of pcsk Gene Expression in Zebrafish—The
zebrafish genome contains orthologs for most mammalian
genes. We blasted the human PCSK protein sequences
against zebrafish genome databases and found unambiguous
orthologs for all but two members (PCSK4 and PCSK6) of
the mammalian PCSK family. Two isoforms for both
human FURIN (furinA and furinB) and PCSK5 (pcsk5a and
pcsk5b),which probably arose from a genome duplication
that occurred early in the evolution of teleost fish, were pres-
ent in the zebrafish genome (31).
We first analyzed the expression of pcsk genes in the whole

developing zebrafish using a QRT-PCR approach (1–7 dpf). In
these experiments, differentpcsk genes showed variable expres-
sion patterns. For example, the pcsk family members with
reported implications in neuronal development (pcsk1, pcsk2,
pcsk5a, and pcsk9) were significantly up-regulated during the
early development (Fig. 1A). In contrast, the expression of other
pcsk genes remained relatively constant during the first 7 days
of life. However, a subtle but significant up-regulation of the
furinB, pcsk5b, and pcsk7mRNAs could be observed at 2.5 dpf.
In accordance with previous studies in mammals, our experi-
ments assessing tissue-specific pcsk expression in adult fish
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showed particularly high expression of pcsk1 and pcsk2 in eye
and brain (32, 33) (Fig. 1B). Apart from the lack of pcsk2 in gill
tissue, variable degrees of expression of all proprotein conver-
tase enzymes could be detected with QRT-PCR in the tested
tissues. Interestingly, two orthologs of FURIN and PCSK5

showed (to some extent) complementary tissue expression pro-
files. The pcsk7 expression was highest in female gonads, brain,
and eye in adult zebrafish. The magnitude of pcsk5a/b and
pcsk7 expression levels was generally lower than that of the
furin genes. These data corroborate that pcsk7 is present in

FIGURE 1. Expression of pcsk genes in zebrafish. QRT-PCR analysis was used to analyze the relative expression of the pcsk genes in developing zebrafish
larvae (1–7 dpf) (A) and various adult zebrafish tissues (B). A, pcsk gene expression levels were normalized to the housekeeping gene ef1a, and the normalized
gene expression on 1 dpf was given a value of 1. Other time points are shown as relative to this. Asterisks denote statistical significance for differences in
comparisons between 1 dpf and other time points: *, p � 0.05; **, p � 0.01; ***, p � 0.001 in Welch-corrected two-tailed Student’s t tests. Experiments in A were
performed with three biological replicates (each sample consisted of 15–30 individual larvae depending on the age of larvae). B, in adult tissue analyses, gene
expression levels related to that of ef1a are shown. Experiments in B were performed twice in technical replicates with essentially similar results. Error bars
represent S.D. Note the diverse scales on the y axis.
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both developing larvae and multiple adult zebrafish tissues
together with other convertase enzymes. This allows the reli-
able assessment of the specific role of the pcsk7 in vertebrate
biology.
Homology Modeling of PCSK7—To assess putative struc-

tural and electrostatic differences between mammalian and
zebrafish PCSK7, we prepared a homologymodel of the protein
withModeler 9v10 (34) using published crystallographic struc-
tures of mouse FURIN and yeast Kexin as templates. Our mod-
eling efforts showed evident structural conservation in catalytic
and P domains of PCSK7 between the human and zebrafish
(Fig. 2). We then analyzed the binding of a substrate to PCSK7
by superimposing the crystallographic structure of subtilisin
(Protein Data Bank code 1CSE (35)) with the PCSK7 models.
These data demonstrated that most of the potential substrate-
binding residues are also conserved between human and
zebrafish. The alignment of the PCSK7 catalytic and P domains
of several species further demonstrated that the active sites are
close to identical except for a non-conserved looppreceding the
catalytic histidine (Fig. 3). The human sequence VENG in this
loop is replaced by GPSD in zebrafish, which potentially affects
substrate specificity at the P2 or P1� site (Figs. 2 and 3). Notably
also, a little further away from the active site, differences in the
charge distribution can be observed (Figs. 2, lower part, and 3).
In conclusion, PCSK7s in less developed organisms display
remarkable structural similarities but subtle electrostatic dif-
ferences with mammalian counterparts. This indicates that
studying the zebrafish PCSK7 function can also give insights
into other vertebrate homologs.

Inactivation of PCSK7 in Zebrafish Larvae Results in Devel-
opmental Lethality—Previous in vitro experimental data show
that FURIN can often replace PCSK7 (19, 36, 37). To compare
and contrast how these enzymes regulate zebrafish develop-
ment, we first interfered with furinA and furinB translation
using morpholino technology. In accordance with a previous
report (24), the simultaneous blocking of furinA and furinB
with MOs resulted in a reduction in ventral jaw structures and
consequently an openmouth phenotype (data not shown). Dis-
ruption of furinA/B translation also reduced the survival of fish
larvae; only 30.6% (22 of 72 fish) of MO-injected fish were alive
on 7 dpf.Wenext designed two distinctmorpholinos that block
the pre-messenger RNA splicing at exon-intron boundaries
around the catalytic site containing exons 3 and 8 in the
zebrafish pcsk7 gene (e3 and e8 MOs). Injecting the pcsk7-tar-
geting MOs alone or in combination resulted in numerous
defects that reduced the survival of fish larvae dramatically and
resulted in 100% mortality by 7 dpf (Fig. 4). The survival rate
and gross phenotypes observed wereMO dose-dependent, and
the development of several organs, including the brain, eye,
heart, otolith, and tail, was severely affected.
Because p53-dependent off-target neural toxicity has been

estimated to affect 15–20% of all morpholino injections (38,
39), we co-injected a p53MO together with the pcsk7-silencing
MOs. The phenotypes and survival of morphant fish remained
similar compared with fish not injected with the p53MO (Fig.
4). This indicates that the observed lethality of the PCSK7mor-
phant was not due to p53-mediated toxicity. To further validate
the specificity of the pcsk7MO phenotypes, we set up an RNA
rescue experiment. When in vitro transcribed pcsk7 RNA was
co-injected together with e3MO into the developing larvae, the
severity of the MO phenotypes was reduced, and the survival
improved (p� 0.0001, log rank �2 � 38.94, df� 1) (Fig. 5,A and
B). To verify that the pcsk7MOs specifically disrupt the splicing
of the pcsk7 pre-mRNAmolecules, we amplified and sequenced
the affected exon regions from the morphant fish (Fig. 6, A and
B, and data not shown).Our results demonstrated that injecting
the e3 MO results in three mRNA products with different
lengths, whereas the e8MOdeletes a 58-bp fragment at the end
of exon 8. These data show that pcsk7morpholinos target pcsk7
pre-mRNAand that pcsk7has a critical andnon-redundant role
in zebrafish development.
PCSK7 Regulates Brain, Otolith, and Eye Development—Our

expression analyses implicated pcsk7 as prominently present in
adult zebrafish eye and brain tissues. To investigate the pcsk7
expression pattern in larvae, we used RNA in situ hybridization
on wild-type fish at 2 days postfertilization. These experiments
demonstrated that pcsk7 is most abundant in the entire cranial
area and the eye already in developing wild-type zebrafish (Fig.
7, A and B).

The observed gross anatomical differences and location of
early pcsk7 expression prompted us to analyze in more detail
the head region phenotypes seen in the developing zebrafish. A
dramatic underdevelopment of the entire brain and eyes was
observed in histological sections (Fig. 7,C andD). The cranium
of pcsk7 morphants contained mostly a non-cellular, meshlike
substance, whereas the brain remained underdeveloped and
was located abnormally downward between the eyes. In addi-

FIGURE 2. Homology models of human and zebrafish PCSK7. Upper part,
yellow, catalytic domain; green, P domain. The catalytic site is marked with an
oval, and the surface of the catalytic serine is highlighted in red. Amino acid
differences close to the conserved substrate binding site are shown in stick
presentation. Lower part, electrostatic potentials (kT/e) for the models were
calculated using APBS 1.3 (57) and visualized in PyMOL 2.7. Red-white-blue
color indicates the �10 kT/e electrostatic potential plotted on the protein
surface.
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tion, the cellular structure in the eyes of MO-injected fish was
unorganized, and photoreceptor, outer and inner plexiform,
and inner nuclear and ganglion cell layers were undefined.
However, the retinal pigment epithelium and lens structures
were also evident in morphant fish. The zebrafish with a non-
functional PCSK7 also had an abnormal number of otoliths.

Injection of the e3 MO resulted in a reduction in otolith num-
ber (one otolith per ear in �92% of fish, p � 7.9e�63), whereas
the fish injected with the e8 MO in contrast had an increased
amount of otoliths per ear (three otoliths per ear in �26% of
fish, p � 2.4e�11). All evaluated 149 control fish had the nor-
mal two otoliths per ear (Fig. 8, A–E). These data show that in

FIGURE 3. ClustalW alignment of PCSK7 homologs. Human (Homo sapiens, UniProt Q16549), zebrafish (Danio rerio, RefSeq NP_001076494.1), mouse (Mus
musculus, UniProt Q61139), frog (Xenopus laevis, RefSeq NP_001090019.1), pufferfish (Tetraodon nigroviridis, Ensembl ENSTNIP00000017367), vase tunicate
(Ciona intestinalis, RefSeq XP_002125956.1), and starlet sea anemone (Nematostella vectensis, RefSeq XP_001638665.1) PCSK7 catalytic and P domains were
aligned with those of mouse FURIN (Protein Data Bank code 1P8J (58)) and yeast Kexin (Saccharomyces cerevisiae, Protein Data Bank code 2ID4 (59)). The
catalytic triad is marked with stars, and potential substrate-binding residues are in dark gray. Residues showing differences in Fig. 2 are highlighted with
rectangles.
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accordance with its spatiotemporal expression PCSK7 is
important for several developmental processes of the verte-
brate cranial organs.
Analysis of PCSK7-dependent Gene Networks—Genome-

wide expression analyses can be used to clarify the biological
relevance of gene-specific studies. Therefore, to comprehend
the gene networks that are affected in the pcsk7morphant fish,
we performed a genome-wide mRNA expression study in
whole fish larvae after PCSK7 inhibition. We chose to evaluate
gene expression at two different time points, 6 and 24 hpf. At
the gastrula stage (6 hpf), most of the zygotic genes have com-
menced transcript accumulation and often peak in their
expression. In contrast, after 24 hpf, the genome-wide gene
expression profile remains relatively steady as was demon-
strated in a previous analysis with wild-type zebrafish (40).
Conventional PCSK enzymes are highly redundant in sub-

strate processing. Therefore, it is important to evaluatewhether
disrupting PCSK7 function causes any significant changes in
the expression of other proprotein convertases (41), which
might contribute to or even compensate for the observed phe-
notype. At both 6 and 24 hpf, the other conventional pcsk genes

were not found to be significantly up-regulated in pcsk7 mor-
phant fish. pcsk7 expression, however, was significantly
reduced in the morphant zebrafish (log ratio of �1.95 and p �
5.77e�6 at 24 hpf). The decrease in the pcsk7 mRNA level is
presumably due to the cellular deletion of the defectively
spliced pcsk7 pre-mRNA molecule.
To understand whichmajor biological, molecular, and cellu-

lar processes are dependent on the intact PCSK7 enzyme, we
first performed a GO enrichment analysis using hypergeomet-
ric distribution testing. At 6 hpf, as expected from the observed
morphant phenotypes, terms related to development (for
example otic placode formation) and transcription regulation
were abundantly enriched. Consequently, at 24 hpf, genes
related tometabolismwere also commonly up-regulated. Strik-
ingly, at both 6 and 24 hpf, genome-wide mRNA expression
samples showed a clear enrichment in immune system-related
terms with immune system being the most enriched (p �
0.0004) term at 24 hpf. Several cytokine signaling-affiliated
terms could also be found among the most significantly
enriched terms at both time points (supplemental Table S1 and
Fig. 9).

FIGURE 4. Phenotypes and survival of pcsk7 morphant fish. Zebrafish larvae (2 dpf) were non-injected (A) or injected with RC MO (0.5 pmol) (B), pcsk7 e3 MO
(0.25 pmol) (C), pcsk7 e8 MO (0.25 pmol) (D), pcsk7 e3 MO (0.5 pmol) (E), pcsk7 e8 MO (0.5 pmol) (F), pcsk7 e3 � p53 MO (0.5 � 0.75 pmol) (G), or pcsk7 e3 � e8
MO (0.25 � 0.25 pmol) (H). A–H, 35� magnification. I, survival of fish injected with pcsk7 e3 MO (0.5 pmol), pcsk7 e3 � e8 MOs (0.25 � 0.25 pmol), and pcsk7 e3 �
p53 MOs (0.5 � 0.75 pmol) was significantly lower than that of RC morphant (0.5 pmol) or uninjected fish (p � 1e�51 for all comparisons by log rank test). pcsk7
e8 MO reduced the survival of larvae similarly to e3 MO: all larvae died by 6 dpf (n � 98 larvae; e8 MO, 0.5 pmol; data not shown).

FIGURE 5. pcsk7 mRNA improves the survival and reduces the severity of the pcsk7 morphant phenotype. A, survival of zebrafish uninjected or injected
with pcsk7 e3 MO alone or together with in vitro transcribed pcsk7 mRNA was monitored daily. Data are pooled from two independent experiments. B, 2-dpf
zebrafish larvae co-injected with pcsk7 e3 MO (0.5 pmol) and pcsk7 mRNA (100 pg).
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A more detailed analysis of the PCSK7-dependent genes in
the microarray revealed the dysregulation of several immune
system-, neurological system-, and otolith/otic vesicle-related
genes (supplemental Table S2 and Fig. 9). For example, the
expression levels of important regulators of both the adaptive
and innate immunity, stat4, tgf�1a, and csfra, were greatly
reduced at 6 hpf in the pcsk7 morphants, whereas otolith/ear-
related foxi1 (down-regulated at 6 hpf) and pax2a, msxc, and
fsta (up-regulated at 6 hpf) were also dysregulated. In addition,
a multitude of differentially expressed neurological genes,
including several protocadherin and fibroblast growth factor
genes, were found to be dependent on a functional PCSK7.
We have demonstrated previously that another PCSK family

member, FURIN, is a key regulator of both T helper 1 type
immune responses and T regulatory cell-mediated peripheral
immune tolerance (42, 43). These crucial events of adaptive
immunity are dependent on transcription factor STAT4 func-
tion and cytokine TGF�1 signaling, respectively. We noticed
that in our microarray experiment both of the aforementioned
genes were significantly repressed when pcsk7 expression was
blocked. To confirm this finding, we performed a QRT-PCR
analysis that revealed a down-regulation of both tgf�1a and
stat4 by 11.7- and 5.1-fold, respectively, at 6 h postfertilization
in an RC versus pcsk7 � p53 comparison (three biological rep-
licates, one-tailed p � 0.037 for both genes in Student’s t test
with Welch correction; data not shown). These findings imply
that, in addition to FURIN, PCSK7may also have an important
regulatory role in developing adaptive immune responses.
PCSK7 Regulates the Expression of tgf�1a in Zebrafish—In

mammals, FURIN is the major proprotein convertase enzyme
that regulates the bioavailability of the anti-inflammatory
TGF�1 cytokine (43, 44). From previous experiments, it is also
noteworthy thatTGF�1 candirectly up-regulate the expression
of furin (45). However, PCSK7 can also proteolytically process
the TGF� superfamily cytokines. Mammalian PCSK7 is sug-

FIGURE 6. pcsk7 MO injections result in erratic splicing of the pre-mRNA.
A, total RNA was isolated from the control (RC MO) and different pcsk7 mor-
phant fish and reverse transcribed into cDNA, which was amplified by PCR
and run on an agarose gel. From the left, lane 1, 100-bp molecular weight
marker; lane 2, pcsk7 e3 MO; lane 3, control (�RC MO with pcsk7 e3 primers);
lane 4, pcsk7 e8 MO; lane 5, control (�RC MO with pcsk7 e8 primers); lane 6,
100-bp molecular weight marker. Sequencing showed that 345- and 288-bp
DNA fragments represent intact, wild-type pcsk7 mRNA that can be detected
in RC MO samples with the e3 (lane 3) and e8 primers (lane 5), respectively. The
pcsk7 e3 MO injection resulted in three differentially sized fragments: (i) a
fragment corresponding to the completely deleted exon 3 (the shortest
band in lane 2), (ii) a fragment with a 58-bp deletion from the start of exon
3 followed by a 49-bp polymorphic region either from exon 3 or from exon
4 and further supplemented with the untouched end of exon 3 (the mid-
dle band in lane 2), and (iii) a faint band of wild-type exon 3 (the longest
band in lane 2). The pcsk7 e8 MO injection deleted a 58-bp fragment from
the end of exon 8 (lane 4) resulting in a truncated pcsk7 mRNA molecule. B,
sequences for the primers used for the sequencing described in A. F, for-
ward; R, reverse.

FIGURE 7. pcsk7 is expressed in the head region, and pcsk7 morphant fish have cranial developmental defects. pcsk7 expression (dark blue) was analyzed
with RNA in situ hybridization in wild-type zebrafish larvae at 2 dpf. A, pcsk7 antisense probe. B, negative control (pcsk7 sense probe). Right-hand panels show
hematoxylin-eosin-stained transverse sections of zebrafish cranial region of RC (C) and pcsk7 e3 morphant (D) (3 dpf).
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gested to cleave pro-BMP4 in a developmentally regulated fash-
ion, and it possesses up to one-third of the capacity of FURIN in
pro-TGF�1 processing in vitro (15, 44). Furthermore, the
mRNA expression correlation of human PCSK7with TGF�1 is
very strong, which may indicate a physiological role for PCSK7
in pro-TGF�1 processing (46). As described above, we
observed that tgf�1a (ENSDARG00000041502), the zebrafish
counterpart for the mammalian TGF�1, was markedly down-
regulated in the microarray analysis at 6 hpf in pcsk7morphant
fish (supplemental Table S2 and Fig. 9). This coordinated
expression of pcsk7 and tgf�1a prompted us to address the
importance of PCSK7 for tgf�1a expression and activation and
to assess whether the lack of TGF�1a could contribute to the
PCSK7-dependent phenotype.
We first wanted to investigate whether zfPCSK7 can directly

proteolytically process zfpro-TGF�1a. To this end, the cDNA
encoding TGF�1a was amplified from wild-type zebrafish and
subcloned into a myc-His expression plasmid. After verifica-
tion by sequencing (data not shown), we then co-expressed
tgf�1a together with zebrafish furinA, furinB, or pcsk7 in

FURIN-deficient RPE.40 cells. For comparison, we also co-ex-
pressed human TGF�1 together with human FURIN and
PCSK7 cDNAs.Our results clearly demonstrate that in addition
to FURIN both zebrafish and human PCSK7s are able to pro-
cess and promote the release of bioactive TGF�1 (zebrafish, 16
kDa; human, 14 kDa) into cell culture supernatants (Fig. 10A).
In line with previous reports, the PCSK7s possessed approxi-
mately one-third of the activity of FURIN in the TGF�1 matu-
ration (44).
We then assessed whether the tgf�1amRNA expression also

remains down-regulated inpcsk7morphant fish in a later devel-
opmental stage and found that tgf�1a gene expression is signif-
icantly repressed also at 48 hpf (p� 0.0052; Fig. 10B). To inves-
tigate how the lack of TGF�1a contributes to the pcsk7
morphant phenotype, we injected zebrafish with a TGF�1a-
blocking MO. In these experiments, we observed clear similar-
ities between the tgf�1a and pcsk7morphants; both showed tail
abnormalities, pericardial swelling, and an abnormal number of
otoliths (24.4% of tgf�1a morphants (21 of 86) had three
otoliths per ear (p� 2.16e�9 in Fisher 2� 2 test; Fig. 10,C and

FIGURE 8. pcsk7 morphant fish have an abnormal number of otoliths. Zebrafish were injected with RC MO (0.5 pmol) (A), pcsk7 e3 � p53 MO (0.5 � 0.75
pmol) (B), pcsk7 e3 MO (0.5 pmol) (C), or pcsk7 e8 MO (0.5 pmol) (D), and otoliths (arrows) were visualized on 3 dpf. Quantification of otoliths is presented in E.
NS, not significant.
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D)). Taking these observations together, our data suggest that
in zebrafish the intact PCSK7 enzyme is important for the
expression and bioavailability of mature TGF�1a and that a
defect in this contributes to the observed phenotype of the
pcsk7morphant fish.

DISCUSSION

Regardless of extensive studies on proprotein convertase
enzymes in vertebrate biology, the function and significance of
the evolutionarily ancient PCSK7 has remained largely unclear.
In an effort to fill this gap, we studied the function of PCSK7 in
zebrafish and observed that it is critical for the development of
zebrafish larvae. The pcsk7morphant fish display severe devel-
opmental defects that lead to 100% mortality within the first 7
days of life. The lack of functional PCSK7 enzyme interferes
with the organogenesis of several key elements, including the
brain, eyes, and otic vesicles. In addition, our genome-wide
gene expression and biochemical analyses demonstrate that

PCSK7 regulates genes important for organogenesis and
immunology and that it is specifically capable of contributing to
the function of cytokine TGF�1a in developing fish larvae.

To first validate the feasibility of zebrafish as a model for the
analysis of the PCSK7 function in vertebrate biology, we sur-
veyed the expression of all identifiable proprotein convertases.
In accordance with previous reports in mammals, the zebrafish
PCSK enzymes also show variation in their developmental and
tissue-specific expression. Zebrafish homologs for the neuro-
endocrine system-specific PCSK1 and PCSK2were particularly
highly expressed in the fish neural tissues, and the homologs
of previously reported ubiquitous enzymes, such as FURIN,
PCSK5, and PCSK7, were found to be relatively widely
expressed similarly to earlier reports using mammals (17, 18,
47). PCSK7 shares several common substrate molecules with
PCSK5 and FURIN at least in in vitro analyses (48). We found
that pcsk7was co-expressed in different tissues and developing
fish togetherwith other PCSK enzymes that have been reported

FIGURE 9. Heat map of the most differentially expressed genes and high level summary of gene ontology enrichments between control and pcsk7
morphant fish. Samples were prepared, and data were analyzed as described under “Experimental Procedures.” A, zebrafish genes that have an identifiable
human homolog are shown in the heat maps. B, summaries from the enriched gene ontology terms. Pie charts show enriched high level categories for cellular
component, biological process, and molecular function at 6 and 24 hpf. In each chart, the size of the wedge corresponds to the number of terms enriched under
the given high level category.
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to compensate its biological function. Taken together, our
quantitative pcsk expression data demonstrated obvious simi-
larities between the mammalian and fish pcsk expression. Con-
sequently, deleting the PCSK7 function in developing fish
can also give important insights into the specific biological
function of this poorly defined proprotein convertase in
other vertebrates.
We and others have previously reported notable evolutional

conservation of the catalytic and P domains in the PCSK
enzymes (46, 49). To specifically address structural and electro-
static properties in the PCSK7 enzymes, we generated homol-
ogy models of mammalian and fish PCSK7s and investigated
the PCSK7 sequences in several species. In conclusion, our
modeling data support the idea that the catalytic and P domains
in zebrafish PCSK7 share most structural features with the
human counterpart. Therefore again, investigating the fish
PCSK7 function is also likely to generate novel insights into the
PCSK7 function in other vertebrates.
The crucial role of many of the PCSK enzymes in vertebrate

development is indisputable. For example, FURIN-deficient
mouse embryos show defective ventral closure and axial rota-
tion and die during the 2nd week of embryonic development
(2). In addition, a mutation in furinA causes significant embry-
onic lethality in zebrafish despite the duplication of the furin
gene (24). These fundamental phenotypes can be explained by a
lack of processing of PCSK substrate molecules; in early mouse
development, the significance of the proper activation of the
TGF� family cytokines, such as BMPs andNODAL (50), is par-
ticularly emphasized. In contrast, a thorough functional analy-
sis of a mammalian model for PCSK7 is not available in the
literature. A few scattered references to Pcsk7 knock-out mice,
however, suggest either complete redundancy or at least non-
critical functions in mammalian development (10–12). Our
analysis of the pcsk7morphant fish and a recent publication by

Senturker et al. (51) using a Xenopus model system demon-
strate that PCSK7 is indispensable at least in lower vertebrates.
Both studies come to the conclusion that a lack of PCSK7 func-
tion leads to severe defects especially in the neural system and
eye. In zebrafish, these defects lead to 100%mortalitywithin the
1st week postfertilization.
A complete knock-out or an inactive mutation of the gene

would give the definitive answer for the biological relevance of
PCSK7 in zebrafish. However, to our knowledge, PCSK7-null
zebrafish have not been produced. To overcome this limitation,
we analyzed how the lack of an active PCSK7 protein affects the
larva development. Using morpholinos to assess the biological
function of a protein has provoked some controversy. In some
cases, morpholinos can cause unspecific phenotypes due to
p53-dependent off-target neural toxicity. However, in our
experiments, silencing the p53 pathway did not alter the con-
clusive role of PCSK7. In addition, sequencing the MO-trun-
cated pcsk7 mRNA showed that the e8 morpholino efficiently
removes the end of exon 8 (58 bp) and shifts the reading frame
in the catalytic domain. This replaces roughly 50 C-terminal
residues of the catalytic domain by 23 residues of non-native
sequence followed by a stop codon. In contrast, the e3morpho-
lino results in the complete deletion of exon 3 of PCSK7. This
removes a codon encoding one of the amino acids of the cata-
lytic triad. In addition, the correct reading frame is lost for the
remaining protein. As a consequence, PCSK7 proteins trans-
lated in both morphants lack the entire P domain, which is
needed for correct folding of the enzyme (52). APCSK7without
the P domain is unlikely to traverse to the secretory pathway,
and it might eventually be degraded in the cell.
Co-injecting pcsk7 mRNA with morpholino significantly

improved the survival ofmorphant larvae and partially restored
the defected phenotypes, but a complete rescue could not be
achieved. The partial improvement of phenotype by RNA res-

FIGURE 10. PCSK7 regulates TGF�1a, which affects the zebrafish larva development and otolith formation. A, FURIN-deficient RPE.40 cells were tran-
siently transfected with zebrafish tgf�1a-myc or human TGF�1-myc together with zffurinA, zffurinB, zfpcsk7, huFURIN, or huPCSK7. Pro-TGF�1 (45 kDa) and
mature TGF�1 (16 kDa in zebrafish and 14 kDa in human) expressions were detected with Western blotting (WB). Mature/pro-TGF�1 ratios were quantified
using NIH ImageJ software, and ratios in cells transfected only with tgf�1 cDNAs were given an arbitrary value of 1. Equal loading of cell lysates and superna-
tants was verified by Ponceau S staining (data not shown). The experiment was repeated twice with similar results. B, tgf�1a mRNA expression was measured by
QRT-PCR from pcsk7 e3 � p53 and RC morphant embryos at 48 hpf (**, p � 0.0052, two-tailed Student’s t test). C and D depict the phenotypes (4 dpf) of zebrafish
injected with tgf�1a � p53 MOs (tgf�1a MO, 1.0 pmol; p53 MO, 1.5 pmol). tgf�1a morphants had incorrect otolith numbers: tgf�1a MO, 65 fish with two otoliths per
ear, 21 fish with three otoliths per ear; RC MO, 120 fish with two otoliths per ear, 0 fish with three otoliths per ear (p � 2.16e�9 in Fisher 2 � 2 test).
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cue has also been reported by others (53). Therefore, it is prob-
able that a more natural spatiotemporal RNA expression of
pcsk7 than what could be achieved using RNA injections into
the yolk sac would be needed to cancel out all the effects of
pcsk7MO.
Little information has been available on PCSK7-dependent

biological processes at the genomic level. Our GO enrichment
analysis revealed several biological, molecular, and cellular
functions that were significantly altered if PCSK7 function was
inhibited. These findings corroborated the observed gross phe-
notype of the pcsk7morphants by highlighting the enrichment
of several development-related GO terms. Noteworthy, the
enriched GO terms also included the otic placode formation,
which is a novel finding and suggests, together with the abnor-
mal amount of otoliths in the pcsk7 morphants, a specific and
non-redundant role for PCSK7 in ear development. In the
future, it will be interesting to assess whether genetic altera-
tions in human PCSK7 (22) play a role in hearing- or balance-
related phenotypes.
One of the few specific PCSK7 functions in vitro is the rescue

of an unstable MHC I-peptide complex (20). Analyses of
microarray data on our pcsk7 morphant fish revealed that
PCSK7 in addition to having a role in several developmental
pathways is indeed linked strongly to immunological processes.
Differentially expressed genes included several genes that are
key regulators of both the adaptive and innate immunity, such
as tgf�1a, stat4, csf1a, ccr7, and various MHC genes. The host
defense-linked GO terms containing these genes were among
the most enriched categories already at 6 hpf and remained
significantly overrepresented until 24 hpf. It has been shown
earlier that TGF�1 up-regulates the convertase FURIN, which
is the major proteolytic activator of this central anti-inflamma-
tory cytokine (44). Interestingly, our genome-wide expression
analysis demonstrated that when functional PCSK7 is not avail-
able during early development tgf�1a was among the most
down-regulated genes at 6 hpf. The strength of down-regula-
tion was weaker at later phases of development, but tgf�1a
expression remained significantly down-regulated up to 2 days
postfertilization.
Importantly, tgf�1a and pcsk7 morphant fish shared several

phenotypic similarities, further suggesting that PCSK7 has a
role in the regulation of the TGF�1a cytokine in developing
zebrafish. The detailed mechanisms behind the PCSK7-depen-
dent regulation of the TGF�1a bioavailability are not fully
understood. Mature TGF�1 cytokine is known to promote its
own function by up-regulating the expressions of its own
mRNA and the converting enzyme FURIN. Accordingly,
because we and others have shown that PCSK7 can also process
and activate pro-TGF�1 at one-third of FURIN proteolytic
capacity, the reduced PCSK7 expression can interfere with this
feed-forward loop and result in reduced tgf�1a expression (Fig.
10) (44). However, it is equally probable that in vivo PCSK7
promotes the TGF�1a function in an indirectmanner that does
not involve direct proteolysis (21).
In addition to its fundamental inhibitory role in immunity

(54, 55), TGF�1 directly controls cell differentiation and prolif-
eration. It is noteworthy that TGF�1 deficiency in mice causes
significant intrauterine lethality (56). Our experiments concur

with this multifunctionality of TGF�1 and suggest that in
zebrafish TGF�1a plays a role in various developmental pro-
cesses, including otolith formation.
Proprotein convertases have a fundamental role in both

health and disease. Interfering with PCSK activity holds prom-
ise for future treatment of a plethora of diseases ranging from
infections to atherosclerosis. These efforts are often compro-
mised by the lack of specificity of inhibitors of PCSK family
members. If the inhibitors are considered for clinical use, it is of
utmost importance to also understand the biological signifi-
cance of PCSK7. Our data presented here underscore the
importance of PCSK7 in zebrafish neural development and
more specifically genomic processes associated with immunity.
These can also be important factors to take into account when
extrapolating the unwanted effects of general PCSK inhibitors
in disease settings.
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