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Background: Pregnancy-associated plasma protein-A (PAPP-A) is known to regulate insulin-like growth factor (IGF)
bioavailability by specific IGF binding protein proteolysis.
Results: Early developmental delay resulting from zebrafish papp-a knockdown can be rescued by wild-type or proteolytically
inactive zebrafish Papp-a.
Conclusion: Papp-a has functionality independent of its proteolytic activity.
Significance: This is the first report of non-proteolytic PAPP-A function with important implications for understanding the
biology of PAPP-A.

Pregnancy-associated plasma protein-A (PAPP-A) is a large
metalloproteinase specifically cleaving insulin-like growth fac-
tor (IGF) binding proteins, causing increased IGFbioavailability
and, hence, local regulation of IGF receptor activation.We have
identified two highly conserved zebrafish homologs of the
human PAPP-A gene. Expression of zebrafish Papp-a, one of
the two paralogs, begins during gastrulation and persists
throughout the first week of development, and analyses dem-
onstrate highly conserved patterns of expression between adult
zebrafish, humans, and mice. We show that the specific knock-
down of zebrafish papp-a limits the developmental rate begin-
ning during gastrulation without affecting the normal pattern-
ing of the embryo. This phenotype is different from those
resulting from deficiency of Igf receptor or ligand in zebrafish,
suggesting a function of Papp-a outside of the Igf system. Bio-
chemical analysis of recombinant zebrafish Papp-a demon-
strates conservation of proteolytic activity, specificity, and the
intrinsic regulatory mechanism. However, in vitro transcribed
mRNA,which encodes a proteolytically inactive Papp-amutant,
recues the papp-a knockdown phenotype as efficiently as wild-
type Papp-a. Thus, the developmental phenotype of papp-a
knockdown is not a consequence of lacking Papp-a proteolytic
activity.We conclude that Papp-a possesses biological functions
independent of its proteolytic activity. Our data represent the
first evidence for a non-proteolytic function of PAPP-A.

Many lines of evidence suggest the metalloproteinase preg-
nancy-associated plasma protein A (PAPP-A, pappalysin-1)2 as
a local regulator of insulin-like growth factor (IGF) bioavailabil-
ity. Under physiological conditions, the vast majority of IGF is
found in complex with one of six IGF binding proteins
(IGFBP-1 through -6) (1), and for signaling to occur, IGF must
be released to activate the IGF receptor (IGF-IR) (2, 3). PAPP-A
specifically cleaves insulin-like growth factor binding proteins
IGFBP-4 and -5with high efficiency (4, 5), resulting in increased
IGF bioavailability because of reduced affinity for IGF of the
cleavage fragments (6). PAPP-A retains this activity when asso-
ciatedwith the cell surface (7), and, therefore, catalytic amounts
of PAPP-A have the potential to efficiently and locally promote
IGF receptor activation (4–6).
The PAPP-A knockout mouse phenocopies the IGF-II null

mouse in producing viable and fertile offspring 60% the size of
the wild type at birth (8–10). The postnatal phenotype can be
rescued by disruption of IGF-II imprinting (11) or partially by
crossing the PAPP-A knockout mouse with the IGFBP-4
knockout mouse (12).
The PAPP-A knockout mouse strongly suggests a require-

ment for PAPP-A in normal development in utero, and in
humans, PAPP-A is an established diagnostic marker of several
complications of human pregnancy. Low maternal serum
PAPP-A in the first trimester correlates with increased risk of
adverse fetal conditions, including small-for-gestational-age
pregnancies, early fetal loss, preterm birth, stillbirth, and low
birth weight at term (13–16). In humans, circulating maternal
PAPP-A derives from the placental syncytiotrophoblast (17),
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that placental malfunction contributes to these complications
of pregnancy. However, in mice, the placenta is not a source of
PAPP-A (19), and the PAPP-A knockout phenotype is, there-
fore, caused by the absence of PAPP-A in the embryo proper.
Currently, knowledge about PAPP-A in the developing embryo
is scarce, and in particular, the consequences of embryonic
PAPP-A deficiency during the earliest stages of development
are unknown.
To explore the function of PAPP-A in early development, we

established the zebrafish as amodel organism to study PAPP-A
function. The zebrafish was selected because of the rapid and
external development of its transparent embryo, allowing real-
time investigation of embryonic phenotypes. Importantly, the
use of a non-placental vertebrate organism eliminates placental
contributions to embryonic development. Furthermore, the
core components of the IGF system are known to be conserved
between vertebrate species, and the suitability of the zebrafish
as an animal model for this system is well established (20–23).
We identified the zebrafish papp-a gene, characterized the

phenotype of papp-a knockdown in zebrafish embryos, and
analyzed zebrafish Papp-a biochemically. We present data
showing conservation of the proteolytic activity of Papp-a in
the IGF system and that Papp-a, independent of this activity,
is required to maintain a normal rate of early embryonic
development.

EXPERIMENTAL PROCEDURES

Animals—Zebrafish were fed twice daily and kept at 28.5 °C
on a 14 h light/10 h dark cycle. Embryos were obtained by nat-
ural crosses, reared in E3 buffer (5 mMNaCl, 0.17 mMKCl, 0.33
mM MgSO4, 10�5% (w/w) methylene blue, 2 mM Hepes (pH
7.0)), and staged according to Kimmel et al. (24). For phenotype
quantification and documentation, live embryos were sedated
in tricaine (150 ng/ml) (Aldrich) in E3.
Sequence Analysis—Human preproPAPP-A (Q13219) was

blasted against the Zv8 assembly of the zebrafish genomic data-
base using TBLASTN. Synteny analysis was performed in the
basis of zebrafish genome assembly Zv8 and human genome
assembly GRCh37. A phylogenetic tree of PAPP-A and
PAPP-A2 was constructed by the neighbor-joining method
with protein Poisson distances using the MEGA4 software.
Gaps in the amino acid sequences as aligned by CLUSTAL X
were excluded from the phylogenetic construction. The reli-
ability of the estimated tree was evaluated by the bootstrap
method with 1000 replications.
Cloning, Sequencing, and Mutagenesis—Total RNA was iso-

lated from embryos, adults, or adult tissues using TRI reagent
(Molecular Research Centre, Inc.) according to the recommen-
dations of themanufacturer. RNAqualitywas assessed by dena-
turing RNA gel electrophoresis using the FlashGel system
(Lonza), and RNA content was quantified by spectroscopy.
Random hexamer-primed cDNAwas reverse-transcribed from
zebrafish total RNA using the Thermoscript RT-PCR system
for first-strand cDNA synthesis (Invitrogen).
For all PCR reactions, KOD Hot Start DNA polymerase

(Novagen) was used. DNA encoding full-length zebrafish pre-
proPapp-a was obtained by single PCR using primers 5�-

CTTGGTTGGTGTTGAACACGC-3� and 5�-TGGAAAGG-
CCCTCCTATAAGC-3�. The PCR product was gel-purified
using the QIAquick gel extraction kit (Qiagen), ligated into the
pSC-B vector using the StrataClone Blunt PCR cloning kit
(Stratagene) (pzfPapp-aSC-B), and sequenced. The coding
sequence was ligated into the pcDNA3.1/myc-His(�)A (Invit-
rogen) expression vector as three fragments using internal
original BamHI and XbaI restriction sites and introduced
flanking restriction sites. A 5� KpnI site was introduced using
primer set 5�-AAAAAGGTACCCAAATCCCACTCATCCAT-
TGACCA-3� and 5�-AGCCACATCTTCATCCGATGAG-3�,
allowing for ligation using KpnI and BamHI. In the 3� end, high
guanine-cytosine content immediately downstream from
the stop codon compromised primer design. To circumnav-
igate this, the 3� fragment was excised using XbaI and KpnI
and ligated into pcDNA3.1(�) (Invitrogen), creating the con-
struct pzfPA3�cDNA3.1(�). Using this construct as a template,
PCR with the primer set 5�-TAATACGACTCACTATAGGG-3�
and 5�-TTTTTTGGGCCCGGCTAAGCCGATGGA-3� de-
stroyed the original KpnI site and the stop codon and introduced
the 3� ApaI site for ligation into pcDNA3.1/myc-His(�)A.
The active site mutant E495A was constructed by overlap

extension PCR producing an A to C mutation in the desired
glutamate codon using the primer pairs 5�-TATTATGATCA-
CGGGGACTGCTGCAA-3� and 5�-CAATCTCGTGGATCA-
TGGTGTGAG-3� and 5�-TCACACCATGATCCACGCGA-
TTG-3� and 5�-TTGCACTGGTTTGAGCAGCCATC-3�.
The PCR product was ligated into pzfPapp-a-cDNA3.1/
Myc-His(�)A using BamHI and XbaI. The full-length early
stop codon variant Y70stop was constructed by overlap exten-
sion PCR producing a TAC to TAAmutation using the primer
pairs 5�-TAATACGACTCACTATAGGG-3� and 5�-GCATT-
TATCTTAGAGACCTCC-3� and 5�-GGAGGTCTCTAAGA-
TAAATGC-3� and 5�-CGAAGGGTTTAGCACAATCC-3�.
The PCR product was ligated into pzfPapp-a-cDNA3.1/
Myc-His(�)A using KpnI and BamHI. All constructs were
verified by sequencing.
Expression Analysis—Zebrafish papp-a specific primer set

5�-CCGACGATTACAGAACACCA-3� and 5�-CGAAGGGT-
TTAGCACAATCC-3� and beta-actin primer set 5�-CACGA-
GACCACCTTCAACT-3� and 5�-ATCCAGACGGAGTATT-
TGC-3�) were used for RT-PCR. The optimal PCR cycle
number was determined experimentally as 34 cycles for papp-a
and 28 cycles for beta-actin using mixed-sex adult zebrafish
cDNA as a template.
Whole mount in situ hybridization was performed as

described previously (25). Two non-overlapping zebrafish
papp-a probe templates were constructed from cDNA using
the primer sets 5�-CCGACGATTACAGAACACCA-3� and 5�-
CGAAGGGTTTAGCACAATCC-3� (nucleotide 1229–1774)
and 5�-GCCCATTTGCACTTGGCTCTTATGC-3� and 5�-
GCTGTGTTGGAGGTGATGGTGGTGA-3� (nucleotide 163-
687). The Pax2a probe was constructed from cDNA using the
primer set 5�-CTTCTAACAGGCACATCCCAT-3� and 5�-
CATTAACCCTCACTAAAGGGAACTATCCGTTCAAAG-
CCCG-3� (nucleotide 1–419 of NM_131184.2). Other probes
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used were ntla (cb240), myogenin (cb553), emx3 (eu682), and
eng2a (eu759).3
Whole Mount Immunohistochemistry—Embryos were fixed

in 4% PFA in PBS for 1 h of shaking at room temperature. Fixed
embryos were washed three times for 5 min each time in PBT
(PBS� 1%TritonX-100), blocked in PBT� 10%goat serum for
1 h at room temperature, washed three times for 5 min each
time in PBT, incubatedwithAb-F59 cell supernatant (Develop-
mental Studies Hybridoma Bank, Santa Cruz Biotechnology,
Inc.) diluted 1:10 in PBT � 1% goat serum overnight at 4 °C,
washed three times for 5 min each time in PBT, incubated with
Alexa Fluor 488 goat anti-mouse IgG (Invitrogen) diluted 1:400
in PBT � 1% goat serum for 3 h at room temperature, and
washed overnight in PBT with three buffer changes. Labeled
embryos were transferred to glycerol for storage and imaging.
Gene-specific Knockdown and Overexpression—Microinjec-

tion volumes were calibrated by performing 10 injections into a
0.5-�l microcapillary tube (DrummondMicrocaps), measuring
the amount of liquid using a ruler, and calculating the volume
per injection. 5 nl of injection mixture was microinjected into
the center of the yolk of zebrafish zygotes. Sequence-specific
morpholinos (Gene Tools, LLC) were designed from the exper-
imentally determined zebrafish papp-a cDNA sequence and
the identified database genomic sequences. One morpholino
(sMO, TTAAGCAAACCAAACCTCCGATAAC) was de-
signed to anneal in the border region of exon 1 and intron 1 to
cause aberrant splicing of the pre-mRNA. The specific effi-
ciency of inhibition of zebrafish papp-a pre-mRNA splicing
was assessed by analytic PCR using the primers 5�-CCGACG-
ATTACAGAACACCA-3� and 5�-CGAAGGGTTTAGCA-
CAATCC-3�) on cDNA prepared from total RNA extracted
from injected embryos. A translation-inhibiting morpholino
(tMO, AAGTTACAAAAGCCTGTCAAGACGC) was designed
to anneal to the 5�untranslated region.A standard controlmor-
pholino (GeneTools, LLC,CCTCTTACCTCAGTTACAATT-
TATA) was used for control experiments. All knockdown
experiments were repeated systematically with coinjection of a
p53 morpholino (GCGCCATTGCTTTGCAAGAATTG) (26)
to verify that knockdown phenotypes were not dependent on
nonspecific p53 activation. For phenotyping bywholemount in
situ hybridization, sMO was coinjected with 5 ng/embryo of
standard zebrafish p53 morpholino.
Capped mRNA was synthesized using the mMessage

mMachine T7 ULTRA Kit (Ambion, Inc). Plasmid templates
were linearized with NaeI and NdeI for in vitro transcription.
Upon synthesis, the reaction was incubated with TURBO
DNase (Ambion) followed by RNA purification using the
RNeasy MinElute cleanup kit (Qiagen). RNA quality was
assessed by denaturing RNA gel electrophoresis using the
FlashGel system (Lonza), and RNA concentration was assessed
spectrometrically by absorbance at 260 nm.
Recombinant Protein Expression and Purification—

HEK293T cells (293tsA1609neo) were maintained in high-glu-
cose DMEM supplemented with 10% fetal bovine serum, 2 mM

glutamine, non-essential amino acids, and gentamicin (Invitro-

gen). Transient transfections were carried out by calciumphos-
phate coprecipitation (27). Conditionedmediumwas harvested
and cleared by centrifugation 48 h after transfection.
For N-terminal sequence analysis, recombinant myc-His-

tagged zebrafish Papp-a was partially purified from culture
supernatants of transfected cells by nickel affinity onChelating-
Sepharose Fast Flow (Amersham Biosciences), followed by
immunoprecipitation on protein G-Sepharose 4 Fast Flow
(Amersham Biosciences) saturated with anti-c-myc (9E10)
monoclonal antibody. Recombinant IGF binding proteins -1
through -6 were expressed, purified, and radio-labeled as
described previously (28).
Biochemical Analysis—Western blotting was performed as

described previously (28) using 9E10 anti-c-myc-conditioned
medium diluted 1:100 and HRP-conjugated rabbit anti-mouse
(P0260, DAKO) diluted 1:2000. The N-terminal sequence of
purified zebrafish Papp-a and IGF binding proteins was deter-
mined by Edman degradation. Briefly, cleavage reactions were
separated by SDS-PAGE and blotted onto PVDF membranes.
The membranes were stained with Coomassie Blue, and bands
of interest were excised and analyzed (3–11 pmol) on an
Applied Biosystems 491 protein sequencer.
Proteolytic assays were conducted as described previously

(28). Briefly, conditioned serum-containing medium har-
vested from HEK293T cells transiently transfected with
pzfPapp-a-cDNA3.1/myc-His(�)A was added to 125I-labeled
substrate preincubated with or without molar excess of human
IGF-II (Bachem). Reactions were incubated at 28 °C and
stopped by the addition of EDTA, followed by separation by
SDS-PAGE and visualization by autoradiography.
Statistics—Raw data were subjected to the extreme studen-

tized deviatemethod for detection of outliers (p� 0.05). Statis-
tical analysis was performed using GraphPad Prism version
5.00 for Windows (GraphPad Software, San Diego, CA). Data
were plotted asmean� S.D.Meanswere compared by one-way
analysis of variance analysis with Tukey’s multiple comparison
test.
Microscopy and Imaging—Live embryos were observed and

documented on an Olympus IX71 microscope equipped with
an Olympus DP71 camera. Embryos stained by in situ hybrid-
ization were assessed and documented on an Olympus SZX16
stereomicroscope equipped with an Altra20 camera and a Pho-
tonic LED transmitted light stage. Fluorescent images were
captured with a Zeiss Axiocam MRm camera mounted on a
Zeiss Axio Observer.D1 stand with a Colibri LED light source.
Analysis of Papp-a�—This paragraph details experiments

carried out on Papp-a�. The preceding paragraphs detail exper-
iments carried out on Papp-a. DNA encoding full-length
zebrafish preproPapp-a� was obtained by PCR using primers
5�-ATGCTCCGCTCACTTCAAC-3� and 5�-TGCGCTCAT-
GCTTTCTTTCA-3� on cDNA reverse-transcribed from total
RNA extracted from adult zebrafish of the SAT strain. The PCR
product was gel-purified using the QIAquick gel extraction kit
(Qiagen), ligated into the pJET1.2 vector using the CloneJET
PCR cloning kit (Fermentas), and sequenced. Using this con-
struct as template, the open reading frame was amplified by
PCR using primers 5�-GTCGGATCCACATGAAAGTTTGG-
ACTTTTCTCCAGTG-3� and 5�-TGAGCGGCCGCGAGCC-

3 B. Thisse, S. Pflumio, M. Fürthauer, B. Loppin, V. Heyer, A. Degrave, R. Woehl,
A. Lux, T. Steffan, X. Q. Charbonnier, and C. Thisse, unpublished data.
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AAGAGAGTGTAAATGCTCA-3� for the introduction of a 5�
BamHI restriction site, a 3� NotI restriction site, and mutation
of the stop codon. The PCR product was cloned into the
BamHI/NotI sites of pcDNA3.1/myc-His(�)A. Recombinant
expression and proteolytic assayswere carried out as for Papp-a
described above. For quantitative reverse transcription real-
time PCR, total RNA extracted from staged embryos using TRI
reagent was DNase-treated and purified using RNase-free
DNaseI (Qiagen) and the RNeasy mini kit (Qiagen). Reactions
were set up using Brilliant III Ultra Fast SYBRGreenQRT-PCR
Master Mix (Agilent Technologies). Primer pairs 5�-CCCAG-
CTTGTGTTACTTCTACG-3� and 5�-CCTTCGACTGACA-
GCTCTTT-3�, 5�-AAAGAGGAGGGCGTTCAAG-3� and 5�-
TGCAGCGGATCACATTAGAG-3�, and 5�-GCCTTCACC-
CCAGAGAAAGG-3� and 5�-CCGGTTTGGATTTACATG-
TTG-3�were used for the amplification ofpapp-a,papp-a�, and
�-2-microglobulin (b2m), respectively. Cycling conditionswere
as follows: 10 min at 50 °C, 3 min at 95 °C followed by 40 cycles
of 20 s at 95 °C and 20 s at 58 °C in a Stratagene Mx3005P
(Agilent Technologies) withMxPro QPCR software. Data were
analyzed by the Livak method (29). For papp-a� knockdown,
embryoswere injectedwith 5 ng of splice-site targetedmorpho-
lino (i3e4, CTAGATAGGCCCTGGAGTCACAGAT or e1i1,
AATCACAAAACTGTTCCTACCAGCT) or 2.5 ng of transla-
tion-inhibiting ATG morpholino (TTTATCCAAGAA-
CACAGGAGGTGGA).

RESULTS

The Zebrafish Genome Encodes Papp-a, an Ortholog of
Human PAPP-A—Using the polypeptide sequence of human
PAPP-A with TBLASTN on zebrafish genome assembly Zv8,
papp-a spanning 190 kb on zebrafish chromosome 5 was
identified. The regions immediately surrounding papp-a in
zebrafish, and PAPP-A on human chromosome 9, show little
conservation. However, 17 of the 19 identified genes located
within �1.1 Mb of zebrafish papp-a have orthologs on human
chromosome 9 (Fig. 1A), suggesting that although gene shuf-
fling has occurred, the zebrafish papp-a and human PAPP-A
genes are true orthologs. Phylogenetic analysis of PAPP-A and
its only known homolog, PAPP-A2, from selected species
groups zebrafish Papp-a in the PAPP-A clade (Fig. 1B), substan-
tiating that the identified genomic sequence is indeed zebrafish
papp-a. The cDNA was cloned from total adult zebrafish
mRNA and sequenced.
Sequence alignment of the prepro forms of human PAPP-A

(1627 residues) and zebrafish Papp-a (1624 residues) showed
60% overall identities. Of 84 cysteine residues in human
PAPP-A (30), 83 are conserved in zebrafish Papp-a, suggesting
conservation of the disulfide structure and overall fold. Nota-
bly, recognized domains and sequence motifs are highly con-
served (Fig. 1, C and D). Within the proteolytic domain, the
metzincin hallmark elongated zinc binding consensus is 100%
conserved, and a single conservative substitution is found in the
structurally important Met-turn. The three LNR modules are
also highly conserved. In particular, the C-terminal LNR-3,
which functions as a specificity-determining exosite in human
PAPP-A (31), is 100% conserved over its 26-residue sequence
stretch (Fig. 1D). Also, CCP-3, whichmediates cell surface associ-

ation in human PAPP-A (7), shows conservation of identified glu-
cosaminoglycan-binding basic residues (32) and 72% overall
sequence identity. Taken together, this indicates structural and
functional conservation between zebrafish and human PAPP-A.
Papp-a Is Expressed during Early Development, and Expres-

sion Is Conserved between Human, Mouse, and Zebrafish—Ze-
brafish papp-a mRNA was detected in all adult tissues ana-
lyzed, with the highest levels in eyes, brain, gills, heart, testes,
ovaries, bone, and muscle and the lowest levels in gut, kid-
ney, liver, and pancreas (Fig. 2A). In agreement with these
data, PAPP-A-encoding mRNA was detected previously in
all human tissues analyzed (18), and in mice, expression was
characterized as ubiquitous, with the highest levels in brain,
heart, bone, kidney, and lung (8). In whole zebrafish embryos
and larvae, papp-a mRNA was detected from mid-gastrula-
tion (8 h post-fertilization (hpf)) throughout the first week of
development (Fig. 2B), and whole mount in situ hybridiza-
tion demonstrated tissue-specific expression in the develop-
ing myotomes, ventral neural tube, hindbrain, and forebrain
(Fig. 2, C and D).
Knockdown of papp-a Causes Early General Developmental

Delay—Knockdown experiments were performed using mor-
pholino antisense technology (33). Microinjection of a papp-a-
targeted morpholino oligonucleotide (sMO), designed to inter-
fere with normal pre-mRNA splicing, caused a dose-dependent
reduction of correctly spliced papp-a mRNA, efficient until at
least 48 hpf (Fig. 3A). Four hours post-fertilization, sMO-in-
jected embryos were morphologically indistinguishable from
embryos injected with a control morpholino (cMO) (Fig. 3B).
By 8 h post-fertilization, approximately halfway through the
gastrulation period (5–10 hpf) of development, control
embryos averaged 76% epiboly, whereas epiboly had only pro-
gressed to 67% in knockdown embryos (Fig. 3, B and C). By 12
hpf, an average of 5.9 and 4.1 somites had developed in control
and knockdown embryos, respectively. By 22 hpf, with average
somite counts of 25.8 and 22.5, respectively, the difference was
even more pronounced (Fig. 3, B and D). The lag in develop-
ment was significant (p � 0.001) at all stages. At 44 hpf, knock-
down embryos showed visibly reduced body length compared
with control embryos (Fig. 3E). This difference in size was sig-
nificant at 34 as well as 44 hpf (p � 0.001) (Fig. 3F). However,
quantification of the developmental stage by head-trunk angle
(Fig. 3G) showed a significant (p� 0.001) developmental delay,
accounting at least in part for the apparent growth deficiency.
Also, at 44 hpf, no morphological abnormalities were evident
(Fig. 3E), and no excessive mortality was observed during the
first 5 days of development.
We conclude that the knockdown of papp-a limits the devel-

opmental rate in the zebrafish embryo not only during gastru-
lation but also during the segmentation period (10–24 hpf) and
that the effect remains prominent during the pharyngula period
(24–48 hpf). Developmental delay was observed in epiboly,
somitogenesis, and straightening of the body axis. Also, overall
morphology and developmental hallmarks, including optic pla-
codes, otic placodes, and heartbeat, were delayed correspond-
ingly (data not shown), supporting a general delay phenotype. A
similar lag in development resulted from the injection of a
papp-a-targeted translation-inhibitingmorpholino (tMO) (Fig.
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3B). For groups injected with either sMO or tMO, penetrance
consistently exceeded 95% in all of many independent experi-
ments. Nomalformations or necrosis were observed in either of
the injected groups.
To evaluate the effect of Papp-a deficiency on embryonic

patterning, whole mount in situ hybridization for selected
marker genes was performed on stage-matched embryos (Fig.
4). In the central nervous system, normal expression of eng2a
(midbrain-hindbrain boundary), pax2a (optic stalk and hind-
brain and spinal cord neurons), and emx3 (hypothalamus and
telencephalon) was observed in knockdown embryos (Fig. 4A).
Knockdown of papp-a caused no detectable abnormalities of
muscle or myotome as assessed by whole mount in situ hybrid-

ization formyogenin (Fig. 4B) and F59 immunostaining ofmus-
cle (C). Furthermore, wild-type expression of eng2a in muscle
pioneers and of pax2a in the pronephric ducts, otic vesicles,
and thyroid primordium was observed (Fig. 4A). Taken
together, these data suggest that papp-a knockdown causes a
general developmental delay without affecting normal pattern-
ing of the zebrafish embryo.
Interestingly, the developmental delay, beginning between 4

and 8 h post-fertilization, occurs much earlier than the delays
resulting from knockdown in zebrafish of igf-II or igf-Ir, which
begin between 12 and 24 hpf and by 16 hpf, respectively (20, 23,
34). The delay resulting from papp-a knockdown is therefore
different from the Igf-related delay.

FIGURE 1. Sequence analysis. A, zebrafish papp-a is orthologous to human PAPP-A. The genes are located on zebrafish chromosome 5 and human chromo-
some 9, respectively. 17 of 19 genes located within 1.1 Mb of zebrafish papp-a are orthologous to genes on human chromosome 9. B, phylogenetic analysis of
PAPP-A and its only known homolog, PAPP-A2. The phylogenetic tree was constructed by the neighbor-joining method with protein Poisson distances.
Bootstrap percentages (from 1000 iterations) are shown. The scale bar indicates evolutionary distance in arbitrary units. Prepro sequences were used for
alignment, and gaps were excluded from the analysis. Database sequences used with no modifications were human (Homo sapiens) PAPP-A and PAPP-A2
(Q13219 and Q9BXP8), mouse (Mus musculus) PAPP-A and PAPP-A2 (Q8R4K8 and NP_001078845), and rat (Rattus norvegicus) PAPP-A2 (XP_001073420).
Chimpanzee PAPP-A was in silico-translated from XR_024483.1. Sea urchin (Strongylocentrotus purpuratus) and chicken (Gallus gallus) PAPP-A (XM_790504 and
XM_415522.2) were identified by TBLASTN with the human PAPP-A against the purple sea urchin build 2 genome database, and Gallus_gallus-2.1, respectively.
Exon 1 of the chicken gene was extended manually by 24 nucleotides following alignment to human PAPP-A. Zebrafish (Danio rerio) and chimpanzee (Pan
troglodytes) PAPP-A2 (NW_001512945.1 and NW_001229605.1) were identified from the Pan_troglodytes-2.1 and zebrafish Zv7 genomic assemblies, respec-
tively, by TBLASTN with the human PAPP-A2 sequence as query. The rat PAPP-A sequence is a correction of EMD10508 obtained by adding the N- and
C-terminal sequences identified by TBLASTN with the human query. Fugu (Takifugu rubripes) PAPP-A (scaffold 44) and PAPP-A2 (scaffold 1318) sequence was
obtained by using zebrafish Papp-a and zebrafish Papp-a2 as queries in TBLASTN versus the fugu genome. C, schematic representation of mature zebrafish
Papp-a primary structure indicating overall structural and functional conservation to human PAPP-A. Domains and their sequence identities to human PAPP-A
are shown, and functional motifs, modules, and amino acid residue numbers are indicated. LamG-like, laminin G-like. D, upper panel, clustalW alignment
showing high identity of the partial proteolytic domain sequence of human and zebrafish Papp-a, including the elongated zinc-binding site and the Met-turn
(zebrafish amino acid residues 492–573). Lower panel, clustalW alignment showing complete identity of human and zebrafish LNR-3 located in the very C
terminus (zebrafish amino acid residues 1494 –1524). Motifs are boxed and labeled.
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Zebrafish Papp-a Is Conserved as a Specific IGF Binding Pro-
tein Protease—This phenotypic indication of Papp-a function
outside of the Igf system prompted the question of whether the
proteolytic function of zebrafish Papp-a is conserved. PAPP-A
is an unusually large (400 kDa) proteolytic enzyme composed
of multiple modules, and cleavage of IGFBP-4 requires
homodimerization in trans of the mature polypeptide and is
dependent on the distantly located LNR-3 module as a sub-
strate-binding exosite (35). To address this question of
functional conservation, recombinant zebrafish Papp-a was
expressed in HEK293T cells for biochemical characterization.
Expression was confirmed by Western blotting (Fig. 5A), and
the N-terminal sequence of the secreted protein was identified
by Edman degradation as Ser61-Leu-Pro-Gly-Ile, demonstrat-
ing processing into a 1564-residue mature zebrafish Papp-a
polypeptide.
To determine whether zebrafish Papp-a is capable of cleav-

ing IGF-binding proteins, proteolytic assayswere performed on
the full panel of human IGFBPs (Fig. 5B). No activity was
detected toward IGFBP-1, -2, -3, and -6, whereas IGFBP-4 and
IGFBP-5 were cleaved, generating the expected two bands of
approximately equal size. For determination of cleavage sites,
reactions of IGFBP-4 and -5 were separated by SDS-PAGE,
blotted onto a PVDF membrane, and subjected to Edman deg-
radation. The N-terminal sequences of the comigrating
IGFBP-4 fragments were determined to be Asp/Lys-Glu/Val,
corresponding to Asp1-Glu of the mature, uncleaved IGFBP-4
N terminus and Lys136-Val of the C-terminal fragment. The
faster migrating IGFBP-5 fragment yielded the sequence
Lys144-Phe-Val-Gly. Thus, zebrafish Papp-a cleaves IGFBP-4
N-terminal to Lys136, and IGFBP-5N-terminal to Lys144. These
cleavage sites are identical to those resulting from cleavage by
human PAPP-A (5, 36).
Proteolytic activity toward IGFBP-4 and -5 was further ana-

lyzed in time course assays (Fig. 5C). Similar to human PAPP-A
(5), zebrafish Papp-a cleavage of IGFBP-4 was potentiated
markedly by the presence of IGF-II, IGFBP-5 cleavage was
slightly inhibited by IGF-II, and zebrafish Papp-a cleaved
IGFBP-5more efficiently than IGFBP-4. To further assess func-

tional conservation, the variant Papp-a(D1517A), correspond-
ing to humanPAPP-ALNR-3 variantD1499A,which is inactive
toward IGFBP-4 while maintaining its activity toward IGFBP-
5 (37), was constructed and analyzed. Papp-a(D1517A) was
found to be able to cleave IGFBP-5 but not -4 (Fig. 5D), suggest-
ing that the unusual LNR-3-based exosite, a part of the intrinsic
regulatory mechanism of human PAPP-A proteolytic activity,
is also highly conserved functionally in zebrafish. Finally, a con-
served glutamate residuewithin the elongated zinc-binding site
of the proteolytic domain is strictly required for proteolytic
activity of humanPAPP-A (28). Substitution of the correspond-
ing residue in zebrafish Papp-a with alanine (Papp-a(E495A))
completely abolished zebrafish Papp-a proteolytic activity (Fig.
5E). Together, these data strongly support the functional and
mechanistic conservation of zebrafish Papp-a as a specific IGF-
binding protein protease.
Papp-a Functions Independently of Its Proteolytic Activity—

To address the apparent conflict between the late onset of
developmental delay caused by the absence of Igf-II or Igf-Ir
and the much earlier onset of delay caused by the absence of
Papp-a, we carried out experiments where rescue of the papp-a
knockdown phenotype was attempted by coinjection of the
morpholino with in vitro transcribed zebrafish papp-amRNA.
Significant rescue (p� 0.001) of the delayed development at 22
hpf resulted from coinjecting sMO with zebrafish papp-a
mRNA (Fig. 6A). These experiments substantiate that themor-
pholino-induced phenotype is indeed the result of specific
papp-a knockdown and, importantly, that it provides a tool that
allows us to probe for specific functions of Papp-a in vivo by
attempting rescue with mutated variants of the papp-amRNA.
Surprisingly, equally efficient and significant rescue (p �

0.001)was observed by coinjecting themorpholinowithmRNA
encoding the proteolytically inactive zebrafish Papp-a variant
Papp-a(E495A) compared with the wild-type protein (Fig. 6A).
To substantiate that this rescue is caused by the encoded pro-
tein and not by unspecific interactions of the morpholino with
the injected mRNA itself, we designed a full-length early stop
codon variant of the zebrafish papp-amRNAPapp-a(Y70stop),
differing from the wild-type by a single-nucleotide substitution

FIGURE 2. Zebrafish papp-a expression. A, reverse transcription PCR analysis of papp-a mRNA reveals expression in all adult tissues at varying levels. Negative
control (neg. control): no template; positive control (pos. control), plasmid template. B, reverse transcription-PCR analysis of papp-a mRNA reveals expression
from 8 hpf throughout the first week of development. Negative control, no template; positive control, plasmid template. C and D, whole mount in situ
hybridization showing papp-a mRNA expression at 18 (C) and 24 (D) hpf in developing myotomes (arrowheads), ventral neural tube (arrows), hindbrain
(brackets), and forebrain (asterisks). Identical expression patterns were obtained with two non-overlapping antisense probes with no signals detected from
either complementary sense probe. Insets, negative controls (sense probe). wpf, weeks post fertilization.
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only. Using the Papp-a(Y70stop) mRNA, the developmental
delay resulting from papp-a knockdown could not be rescued
(Fig. 6B). To exclude transcript instability as the cause of the
lacking ability to rescue, we verified that the single nucleotide

FIGURE 3. papp-a knockdown. papp-a knockdown was performed by micro-
injecting zygotes with an sMO targeted for the border between exon 1 and
intron 1 of the papp-a pre-mRNA. This was predicted to cause inclusion of the
34-kb intron 1 in the spliced mRNA, resulting in a truncated transcript encod-
ing 60 residues of the 256 residue N-terminal LamG-like domain and 20 resi-
dues encoded by intron 1. Additionally, a tMO designed to anneal to the 5�
untranslated region of the papp-a transcript was used. A standard cMO was
used as negative control. A, the papp-a-targeted sMO efficiently knocks down

papp-a expression. Reverse transcription PCR analysis of mRNA levels in
response to cMO and sMO injection shows efficient papp-a knockdown from
injection of 8 ng of sMO by 24 hpf (left panel). Knockdown is efficient at 24 and
48 hpf (right panel). Pos., positive; neg., negative. B, papp-a knockdown
reduces the rate of gastrulation and segmentation. Phenotypes of control
(upper panel) and papp-a knockdown (middle and lower panel) embryos at 4,
8, 12, and 22 hpf. Lateral views, animal pole to the top (4 hpf) or anterior to the
left (8, 12, and 22 hpf). The dotted lines at 8 hpf show the progression of
epiboly. Note the number of somites (arrowheads) and the position of the tail
bud (arrows) at 12 hpf. In all of numerous experiments, the penetrance of this
phenotype consistently exceeded 95% of the injected embryos. 8 ng of cMO,
sMO, or tMO was used in all experiments. C, quantification of epiboly progres-
sion 8 hpf. The percent epiboly at 8 hpf was calculated as the percentage of
yolk covered by cells as measured along the animal/vegetal axis. n(cMO) �
31, and n(cMO) � 39. Data points are plotted as mean � S.D. D, quantification
of segmentation progression in control and knockdown embryos. Somite
counts at 12 hpf (n(cMO) � 20 and n(sMO) � 17), 17 hpf (n(cMO) � 15 and
n(sMO) � 23), and 22 hpf (n(cMO) � 15 and n(sMO) � 22) are plotted as
mean � S.D. E, representative control and knockdown embryos 44 hpf.
F, ear-tail length of control and knockdown embryos 34 hpf (n(cMO) � 20 and
n(sMO) � 25) and 44 hpf (n(cMO) � 20 and n(sMO) � 22). G, head-trunk angle
of control and knockdown embryos 34 hpf (n(cMO) � 20, and n(sMO) � 26)
and 44 hpf (n(cMO) � 19, and n(sMO) � 24). degr., degrees.

FIGURE 4. Effect of papp-a knockdown on marker gene expression. The
anterior is shown to the left, and the dorsal at the top. Embryos of the same
developmental stage are shown. A, papp-a knockdown does not affect pat-
terns of marker gene emx3, eng2a, and pax2a expression, as shown by in situ
hybridization. B and C, muscle development is not affected by papp-a knock-
down as revealed by in situ staining for myogenin (myog) expression (B) and
immunostaining of muscle fibers (F59) (C). Embryos shown are representative
of 15 to 30 embryos/group.
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substitution in the 5-kb mRNA did not alter its stability in vivo
compared with the wild-type mRNA (Fig. 6C). This firmly
establishes that the observed rescue using mRNA encoding
zebrafish wild-type Papp-a or Papp-a(E495A) is an effect of the
protein encoded by the injectedmRNA, not the transcript itself.
These experiments suggest that the developmental pheno-

type of papp-a knockdown is a consequence of elimination of
Papp-a protein, not its proteolytic activity, and, therefore, that
Papp-a possesses biological functions that are not mediated by
IGFBP proteolysis. This is true not only by 22 hpf but also by 12
hpf (p � 0.01) (Fig. 6D), before the onset of igf-II and igf-Ir
knockdown delay phenotypes, further suggesting that Papp-a
functions independently of its proteolytic activity through a

FIGURE 5. Proteolytic activity, specificity, and mechanistic conservation
of Papp-a. A, Western blot detection of reduced recombinant myc-His
tagged zebrafish Papp-a in medium from transfected HEK293T cells.
Zebrafish Papp-a migrates as a monomer of �200 kDa. B, assays for proteo-
lytic cleavage of the six human IGF binding proteins by Papp-a in the absence
or presence of human IGF-II. For each IGFBP, reactions were analyzed on the
same gel in adjacent lanes, except for IGFBP-4, where one lane was excised.
Each experiment was performed three times or more with similar results.
C, time course proteolytic assays of Papp-a cleavage of IGFBP-4 and IGFBP-5 in
the presence or absence of IGF-II. Reactions containing conditioned medium

from mock-transfected HEK293T cells were used as negative controls. The
plotted values are means of three independent experiments. Error bars indi-
cate the mean � S.D. D, mutation of Asp-1517 to alanine (Papp-a(D1517A))
specifically abolishes IGFBP-4 cleavage but has no effect on cleavage of
IGFBP-5. E, mutation to alanine of active site glutamate residue Glu-495
(Papp-a(E495A)) abrogates the proteolytic activity of zebrafish Papp-a. Cleav-
age of IGFBP-4 was in the presence of IGF-II. The experiments of D and E were
performed three times with similar results.

FIGURE 6. Proteolytic activity of Papp-a in vivo. The ability of wild-type and
mutant Papp-a to rescue knockdown phenotypes assessed by developmen-
tal staging. A, wild-type Papp-a and the proteolytically inactive Papp-
a(E495A) variant rescue papp-a knockdown-induced developmental delay 22
hpf significantly (p � 0.001) and with similar efficiency but not to the level of
the control (p � 0.001). n(cMO � 12), n(sMO) � 18, n(sMO � WT) � 9, and
n(sMO � E495A) � 7. B, wild-type zebrafish Papp-a, but not the full-length
early stop codon zebrafish papp-a mRNA variant, Papp-a(Y70stop), rescues
developmental delay 22 hpf. n(cMO � 13), n(sMO) � 13, n(sMO � WT) � 18,
and n(sMO � Y70stop) � 15. C, Papp-a(Y70stop), differing from wild-type
papp-a mRNA by a single nucleotide substitution only, shows stability similar
to wild-type zebrafish Papp-a by semi-quantitative RT-PCR 24 h after injec-
tion. D, wild-type Papp-a and the proteolytically inactive Papp-a(E495A) var-
iant rescue papp-a knockdown-induced developmental delay 12 hpf signifi-
cantly (p � 0.01) and with similar efficiency, but not to the level of the control
(p � 0.01). n(cMO) � 10, n(sMO) � 10, n(sMO � WT) � 10, and n(sMO �
E495A) � 10. Error bars indicate � S.D.
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mechanism that involves neither Igf-II nor Igf-Ir in early
zebrafish development.
ASecond PAPP-AHomolog, Papp-a�—Toward the end of the

work presented here, we became aware of the existence of a
zebrafish Papp-a paralog in a more recent assembly of the
zebrafish genome (Zv9). Although our conclusions above are
not compromised by the existence of this additional gene, we
carried out similar analyses to assess whether the presence of
this paralog, which we designate Papp-a�, has a limiting effect
on the severity of the phenotype we have documented here for
Papp-a. The Papp-a� cDNA was cloned from adult zebrafish
and sequenced. Sequence alignment of the prepro forms
showed 73% identity between Papp-a� and Papp-a and 58%
identity between Papp-a� and human PAPP-A. Between
Papp-a� and Papp-a, 85 cysteine residues are conserved, and
functional domains andmotifs show a high degree of conserva-
tion (not shown). Recombinantly expressed Papp-a� showed
electrophoretic migration similar to Papp-a (Fig. 7A) and sim-
ilar proteolytic activity (B). Interestingly, analysis by quantita-
tive RT-PCR revealed that although papp-a expression is abun-
dant from 6 hpf (early gastrulation), only traces of papp-a�
mRNA are present before 12 hpf (onset of segmentation) and,
therefore, not present at the onset of the papp-a knockdown
phenotype (Fig. 7C).
Knockdown of papp-a� using either of three non-overlap-

ping morpholinos did not cause a delay in developmental rate
(Fig. 7D). A slight kink of the tail, however, was apparent 22 hpf,
resulting from injection of either of the threemorpholinos (Fig.
7D). Finally, we assessed the effect of knockdown of papp-a
on papp-a� expression. No compensatory up-regulation of
papp-a� was observed (Fig. 7E).

DISCUSSION

We have found that the zebrafish genome encodes two
homologs of human PAPP-A, Papp-a and Papp-a�, both highly
conserved in sequence stretches of identified function. Bio-
chemical analyses of the recombinant zebrafish proteins
revealed conservation of proteolytic specificity and mecha-
nism. In addition, the zebrafish papp-amRNA expression pat-
tern closely resembles the profiles of human and murine
PAPP-A, further suggesting suitability of the zebrafish as a ver-
tebrate model for the analysis of PAPP-A function in vivo.
Knockdown of papp-a caused a decrease in the developmen-

tal rate of the zebrafish embryo. However, a developmental
delay was not observed upon knockdown of papp-a�, in agree-
ment with its relatively late onset of expression. We note that
the phenotype of papp-a knockdown embryos was not limited

FIGURE 7. A second PAPP-A homolog: Biochemistry, expression, and in
vivo analysis of Papp-a�. A, Western blot detection of reduced recombinant
myc-His tagged zebrafish Papp-a� in medium from transfected HEK293T cells.
Similar to Papp-a, Papp-a� migrates as a monomer of �200 kDa. B, assay for
proteolytic cleavage of human IGFBP-4 by Papp-a� and Papp-a in the pres-
ence of human IGF-II. C, quantitative RT-PCR analysis of papp-a� and papp-a
expression levels during early development. Each group contained 20
embryos. Data were normalized to �-2-microglobulin and to the expression
level at 26 hpf. The levels of both papp-a� and papp-a were below the

detection limit of our assay at 1 and 3 hpf. ND, not detected. D, phenotypes of
control (upper panel) and papp-a knockdown (three lower panels) embryos at
12 and 22 hpf. Views are anterior to the left. Note the number of somites
(arrowheads) and position of the tail bud (arrows) at 12 hpf. 5 ng of cMO, 5 ng
of splice-site targeting morpholino (e1i1 or i3e4), or 2.5 ng of translation-
inhibiting morpholino (ATG) was used. E, quantitative RT-PCR analysis of
papp-a� and papp-a expression levels in papp-a knockdown embryos 24 hpf.
Knockdown of papp-a caused a 10-fold (p � 0.001) reduction of papp-a tran-
script levels, whereas the level of papp-a� transcript was similar in control and
knockdown embryos. Expression levels in knockdown embryos were normal-
ized to �-2-microglobulin and to expression levels in control-injected
embryos.
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in severity by a hypothetical, compensatory up-regulation of
papp-a�.
The general developmental delay caused by the absence of

Papp-a begins during gastrulation and increases in severity
throughout the segmentation period. Igf-II or igf-Ir knockdown
embryos similarly display developmental delays, but with onset
well into the segmentation period (20, 23). Thus, the papp-a
knockdown phenotype is different from the igf-II and igf-Ir
knockdown phenotypes, further substantiated by our finding
that the papp-a knockdown phenotype can be rescued by
mRNA encoding either wild-type zebrafish Papp-a or a proteo-
lytically inactive variant. These data suggest that the function of
Papp-a required formaintaining a normal developmental rate is
not potentiation of Igf signaling by Igfbp proteolysis, thereby
indicating a function of Papp-a outside of the Igf system. Nota-
bly, these data provide the first evidence of non-proteolytic
functions of Papp-a.
Given themultidomain structure of the large Papp-a protein,

it is not surprising to find that it harbors proteolysis-indepen-
dent functionality. Biochemical functions have currently been
assigned to the proteolytic domain comprising less than a
fourth of the protein sequence, two of the five CCP modules
(cell association), and the short C terminus-containing LNR-3
(substrate specificity) of human PAPP-A (Fig. 1C). The N-ter-
minal laminin-G-like domain and the central region of �550
residues (30) have not yet been assigned any function.
The dwarfism phenotype of the PAPP-A knockout mouse,

with its proportional reduction in organ weights, suggests that
normal embryonic growth is disrupted prior to organogenesis
beginning at E10. Also, a developmental delay of the PAPP-A
deficient mouse is observed at E12.5 (8). Thus, the murine phe-
notype is in accordance with the developmental delay during
gastrulation and segmentation in the zebrafish. Importantly,
the early growth deficiency of the IGF-II knockout mouse
beginning around E9.5 is not accompanied by a developmental
delay, exemplified by an unaltered rate of somitogenesis (38).
This indicates that similar to our observations in zebrafish
embryos, PAPP-A might function independently of its proteo-
lytic activity during early embryonic development inmice. Fur-
thermore, we observed nomorphological abnormalities or pat-
terning defects in the embryonic zebrafish, in accordance with
the apparent lack of anatomical abnormalities in the PAPP-A
knockout mouse.
Later in the embryonic development, at E18.5 and postna-

tally, double knockout of PAPP-A and IGFBP-4 is reported to
result in partial alleviation of the growth deficit of the PAPP-A
knockout mouse (12). This experiment strongly suggests that
during these later stages, the proteolytic activity of PAPP-A is in
fact involved in the potentiation of growth. Our biochemical
analysis of zebrafish Papp-a revealed that proteolytic activity,
specificity, and the intrinsic regulatory mechanism are con-
served between zebrafish and human PAPP-A. Even the highly
unusual function of LNR-3 as a specificity-determining exosite
(35) required for IGFBP-4 cleavage is conserved, as demon-
strated by analysis of mutated zebrafish Papp-a.
Although IGFBP-4 is often considered inhibitory, it is

believed to create a pericellular reservoir of bound IGF, which
can only become active as a result of PAPP-A cleavage of

IGFBP-4 (6). Because PAPP-A is bound to the cell surface, this
will occur in close proximity to the IGF receptor and, hence,
results in its activation. In the absence of IGFBP-4, IGF is
sequestered by other IGFBPs that cannot be cleaved by
PAPP-A. Importantly, the dependence on IGF for PAPP-A cleav-
age of IGFBP-4 is key to thismechanism.Curiously, anortholog of
IGFBP-4 has not yet been identified in the zebrafish genome, but
the functional conservation of Papp-a strongly suggest that such
an IGF-dependent substrate is present in zebrafish. Because
PAPP-A substrate cleavage is not based on recognition of a simple
cleavagemotif (39), it is not possible to predict whether any of the
10 currently identified zebrafish IGFBPs might be the functional
equivalent of mammalian IGFBP-4.
The PAPP-A knockout mouse suggests a requirement for

PAPP-A in the embryo proper of normal mammalian develop-
ment, similar to our observations in embryonic zebrafish. Assum-
ing conservation between vertebrates, some of the fetal growth-
related complications in human pregnancies, where the maternal
circulating level of PAPP-A is found to be reduced,may be caused
by PAPP-A deficiency in the embryo proper. Such conservation
implies similar non-proteolytic PAPP-A function inhumandevel-
opment. In support of such non-proteolytic function in human
pregnancy is the extremely high level of PAPP-A expression in the
human placenta, where PAPP-AmRNA is one of the most abun-
dant transcripts (18). In addition, the 50,000-fold increase in cir-
culating PAPP-A during pregnancy would not be expected if
PAPP-A functions only by means of its enzymatic activity to
increase IGF receptor stimulation.
In conclusion, this work represents the first evaluation of

PAPP-A function from the time of fertilization throughout
early vertebrate development. We have presented evidence
suggesting that zebrafish Papp-a is required for a normal early
developmental rate during gastrulation and segmentation,
independent of its proteolytic activity. In agreement with its
late onset of expression, we find that its paralog, Papp-a�, is not
required to maintain a normal developmental rate. Although
our data suggest that the proteolytic activity of Papp-a does not
contribute to the early regulation of the developmental rate, the
functional conservation of the Papp-a proteolytic mechanism
indicates that this is involved in other processes in zebrafish, in
agreement with data obtained in other organisms.

Note Added in Proof—Papp-a has recently been designated Pappab
by ZFIN. Papp-a� has recently been designated Pappaa by ZFIN (40).
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