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We have identified an ethylnitrosourea (ENU)-induced recessive mouse mutation (Vcc) with a pleiotropic

phenotype that includes cardiac, tracheoesophageal, anorectal, anteroposterior patterning defects, exomphalos,
hindlimb hypoplasia, a presacral mass, renal and palatal agenesis, and pulmonary hypoplasia. It results from a
C470R mutation in the proprotein convertase PCSK5 (PC5/6). Compound mutants (Pcsk5Vee/m#!) completely

recapitulate the Pcsk5V°/V°® phenotype, as does an epiblast-specific conditional deletion of Pcsk5. The C470R

mutation ablates a disulfide bond in the P domain, and blocks export from the endoplasmic reticulum and
proprotein convertase activity. We show that GDF11 is cleaved and activated by PCSK5A, but not by
PCSK5A-C470R, and that Gdf11-deficient embryos, in addition to having anteroposterior patterning defects
and renal and palatal agenesis, also have a presacral mass, anorectal malformation, and exomphalos. Pcsk5
mutation results in abnormal expression of several paralogous Hox genes (Hoxa, Hoxc, and Hoxd), and of
Mnx1 (HIxb9). These include known Gdf11 targets, and are necessary for caudal embryo development. We
identified nonsynonymous mutations in PCSK5 in patients with VACTERL (vertebral, anorectal, cardiac,
tracheoesophageal, renal, limb malformation OMIM 192350) and caudal regression syndrome, the phenotypic
features of which resemble the mouse mutation. We propose that Pcsk5, at least in part via GDF11,
coordinately regulates caudal Hox paralogs, to control anteroposterior patterning, nephrogenesis, skeletal, and

anorectal development.
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Birth defects are a leading cause of mortality and mor-
bidity, accounting for one in five of all infant deaths in
the USA (Petrini et al. 2002), but the genetic basis for
most sporadic congenital malformations are poorly un-
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derstood. The anatomical similarities and phylogenetic
proximity between the mouse and human make the
mouse an ideal model for understanding the genetic and
developmental basis of human congenital malforma-
tions. Both genotype-driven (knockout) and phenotype-
driven mutagenesis approaches are commonly used to
create novel mouse models. Unlike genotype-driven ap-
proaches, phenotype-driven screens begin with random
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mutagenesis, and make no a priori assumptions about
the nature of the genes involved in development. The
point mutagen ethylnitrosourea (ENU) has been success-
fully used in screens for mouse developmental malfor-
mations (Herron et al. 2002; Yu et al. 2004; Bogani et al.
2005; Garcia-Garcia et al. 2005), and has certain advan-
tages over genotype-driven knockout approaches. ENU
results in loss-of-function, partial loss-of-function (i.e.,
hypomorphic) and gain-of-function alleles that are simi-
lar to the spectrum observed in the naturally occurring
mutants causing human disease. These alleles can also
allow in vivo investigation of the functional conse-
quences of abnormal protein structure (for review, see
Papathanasiou and Goodnow 2005).

Given an appropriate screening method, a phenotype-
driven screen could be used to identify the genetic
mechanisms underlying any developmental malforma-
tion. We established a recessive three-generation ENU
mutagenesis screen that uses high-throughput magnetic
resonance imaging (MRI) of mouse embryos (Schneider
et al. 2004) at 15.5 d post-coitum (dpc) as the primary
screening technique to identify cardiac developmental
malformations. In this screen we identified a recessive
mutation (Vcc) with cardiac, tracheoesophageal, anorec-
tal, axial skeletal anteroposterior patterning defects,
limb malformations, presacral mass, renal and palatal
agenesis, and pulmonary hypoplasia. This pleiotropic
phenotype resembles those observed in certain human
syndromes: VACTERL (vertebral, anorectal, cardiac, tra-
cheoesophageal, renal, limb malformation OMIM
192350), caudal regression syndrome (CRS, OMIM
600,145), and Currarino Syndrome (CS, OMIM 176450).

Results

Vcce: a novel recessive ENU mouse mutant
with features of VACTERL/CRS/CS

In 11 of 57 embryos that were progeny of a G1 founder
male (RECC/19), and in six of 19 embryos from tested G2
males we identified consistent externally visible features
including short hindlimbs, absent tail, and exomphalos
(Fig. 1). In 15 embryos analyzed by MRI we observed
palatal agenesis, abnormal tracheoesophageal septation,
cardiac malformation, and small lungs (Figs. 1, 2). Car-
diac malformations included dextroposition (eight of 15),
atrial septal defects (six of 15), ventricular septal defects
(15 of 15), double-outlet right ventricle (10 of 15), com-
mon arterial trunk (five of 15), hypoplastic arterial duct
(two of 15), aortic vascular ring (three of 15), and right-
sided aortic arch (two of 15). Measurement of lung vol-
umes showed that the left lung was significantly hypo-
plastic (Fig. 2). All embryos had a complete absence of
kidneys (although adrenal glands were present), and had
a mass protruding ventrally from the caudal end of the
spinal cord and vertebral column (Fig. 3). This mass dis-
torted normal anorectal and bladder anatomy, and three-
dimensional (3D) reconstruction showed that the anus
and rectum could not be identified (Fig. 3). Examination
of skeletal morphology (two mutant embryos studied)
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Figure 1. External appearance, palatal, and tracheoesophageal
malformations at 15.5 dpc. (a,a’) External appearances of con-
trol littermate and mutant (Vce/Vee) embryos, respectively.
The mutant embryo is smaller, has a prominent exomphalos
(Ex) and markedly shortened hindlimbs (HL), and lacks a tail. (b)
MRI sagittal section through a control embryo showing a nor-
mal palate (P). The tongue (T) and clivus (C) are indicated. (b’)
Corresponding section through a littermate mutant Vce/Vee
embryo showing complete absence of the palate. (c) MRI trans-
verse section through a control embryo showing the normal
thymus (Th), esophagus (O), trachea (Tr), and superior caval vein
(SCV). (¢’) Corresponding section through a littermate mutant
Vece/Vee embryo showing that the two thymus lobes are smaller
and separated, and that the trachea and esophagus are a single
unseparated structure (Tr-O). (d) Transverse histological section
through a wild-type embryo showing the bronchi (Br) originat-
ing from the trachea. The esophagus (O) and aorta (Ao) are in-
dicated. (d') Corresponding section through a littermate mutant
Vee/Vee embryo showing the bronchi (Br) originating from the
unseparated tracheoesophagus (Tr-O). Axes are anterior (A), pos-
terior (P), right (R), left (L), dorsal (D), and ventral (V). Bar, 0.5 mm.
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showed absence of caudal and sacral vertebrae, normal
lumbar and cervical vertebral numbers, and 18 instead of
13 thoracic vertebrae (Fig. 4), giving a total of 31 instead
of the normal 26 presacral vertebrae. Mutant embryos
also had increased numbers of true ribs, and lacked a
xiphisternum. The pelvic bones, femur, and tibia were
severely hypoplastic. The patella, fibula, and bones of
the foot were not visible. The forelimbs were mildly hy-
poplastic.

Vcc results from a mutation in Pcsk5 with potential
structural consequences

We mapped a minimal homozygous segregating interval
to between DI19MITI128 and rs13483551 (Chr 19:
17317664-18953883). Two genes in this interval (Gentl
and Trpmé) could be excluded as null mutations are vi-
able (Ellies et al. 1998; Walder et al. 2002). We sequenced
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the exons of all other genes in this interval, and identi-
fied a homozygous T/C transition in Pcsk5 exon 11
(Supplemental Fig. 1). The mutation predicted a C470R
amino acid change. PCSK5 is a proprotein convertase, a
class of enzymes that cleave proproteins and prohor-
mones at the consensus sequence (K/R)-(Xn)-(K/R){ (for
review, see Seidah and Chretien 1999). PCSK5 has two
splice isoforms, A and B (Supplemental Fig. 1). PCSK5A
(exons 1-21a) is soluble and is sorted to regulated secre-
tory granules, whereas PCSK5B (exons 1-20, 21b, and
22-38) is membrane-bound, and located in the Golgi ap-
paratus (De Bie et al. 1996; Xiang et al. 2000). The C470R
mutation would be predicted to affect both splice iso-
forms. By analogy with FURIN, PCSK5-C470 is in the P
domain, and is predicted to form a disulfide bond with
C496 (Henrich et al. 2005). Molecular modeling of
FURIN reveals that an analogous mutation (C450R)
would result in displacement of the loop (471-482) away
from PBla (Supplemental Fig. 1).

Vee does not complement a Pesk5 deletion allele

To determine if the Vcc mutation complements the loss
of Pcsk5, we crossed Vcce females to males bearing a tar-
geted deletion of Pcsk5 exon 1 (Pcsk52?) (Essalmani et al.
2008) and examined the phenotype of double and single
heterozygotes by magnetic resonance imaging. We found
that double heterozygotes (Pcsk5V°*/21) completely reca-
pitulated the Vcc/Vee phenotype in all embryos studied
(eight of eight) (Supplemental Fig. 2). All double hetero-
zygote embryos had hypoplastic hindlimbs, absent tail,
exomphalos, presacral mass, palatal agenesis, cardiac

Figure 2. Cardiac and pulmonary malformations at 15.5 dpc.
(a) MRI transverse section through a control embryo (at 15.5
dpc) showing a normal heart. The right and left atria and ven-
tricles (RA, LA, RV, LV), mitral valve (MV), primary atrial sep-
tum (PAS), and interventricular septum (IVS) are indicated. (a’)
Corresponding section of a mutant littermate Vcc/Vec embryo
showing an ostium primum atrial septal defect (ASD) and com-
mon atrioventricular valve (CAVV). (b) Three-dimensional re-
construction of a control heart, left anterior oblique view. The
aorta (Ao) arises from the left ventricle (LV), and the main pul-
monary artery (PA) rises from the right ventricle (RV). The aor-
tic arch passes to the left of the trachea, over the left main
bronchus. (b’) Corresponding reconstruction of a mutant litter-
mate Vce/Vece heart showing a ventricular septal defect (VSD); a
common arterial trunk (CAT) arising from the right ventricle
(RV), giving rise to both cranial and pulmonary arteries; and an
aortic vascular ring (AoVR). The trachea is not separated from
the esophagus (Tr-O). (c¢,¢’) Three-dimensional reconstruction
of lungs from wild-type (wt) and littermate mutant (Vce/Vec)
embryos. The cranial (Cr), middle (mi), caudal (Ca), and acces-
sory (Ac) lobes of the right lung and the left lung (LL) are indi-
cated. (d) Lung volumes (mean + SEM, corrected for embryo vol-
ume) are shown for control left and right lungs (Con-LL, Con-
RL), and littermate mutant Vcc/Vee left and right lungs (Mut-
LL, Mut-RL). The mutant left lung is significantly smaller than
the control (t-test, P = 0.003). Axes are anterior (A), posterior (P),
right (R), left (L), dorsal (D), and ventral (V). Bars, 0.5 mm.
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and tracheoesophageal malformations, pulmonary hypo-
plasia, and renal agenesis. The cardiac malformations in-
cluded dextroposition (two of eight), ventricular septal
defect (eight of eight), double-outlet right ventricle (six of
eight), atrial septal defect (three of eight), common arte-
rial trunk (two of eight), and aortic vascular ring (one of
eight). No abnormalities were observed in single hetero-
zygous control embryos. These results show that that
Vee does not complement Pcsk547.

Epiblast-specific deletion of Pcsk5 recapitulates
the Vee phenotype

Pcsk5 is expressed in maternal-derived, hypoblast-de-
rived, and epiblast-derived tissues (Constam et al. 1996;
Rancourt and Rancourt 1997). To determine the role of
epiblastic Pcsk5 in organogenesis and patterning we
made use of a Pcsk57°% allele that deletes exon 1 by
Cre-mediated recombination (Essalmani et al. 2008). We
used this allele to delete Pcsk5 specifically in the epi-
blast using Meox2Cre and studied the phenotype of em-
bryos (Meox2Cre; Pcsk541/1°%) at 15.5 dpc using MRI
(Supplemental Fig. 3). We found that this recapitulated
the Vece/Vee phenotype, but with reduced penetrance,
likely reflecting incomplete deletion of Pcsk5.
Meox2Cre; Pcsk541/M°% embryos had hypoplastic hind-
limbs (four of four), absent or hypoplastic tail (four of
four), cardiac malformations (four of four), palatal agen-
esis (three of four), tracheoesophageal malformation (two
of four), pulmonary hypoplasia affecting left lung (two of
four), exomphalos (three of four), and renal agenesis
(three of four). The cardiac malformations included dex-
troposition (one of four), transposition of great arteries
(one of four), double-outlet right ventricle (three of four),

Figure 3. Visceral malformations. (a) MRI transverse sections
through the abdomen of a wild-type embryo (wt) at 15.5 dpc,
showing the normal kidneys (LK, left kidney), ureter (LU, left
ureter) and adrenals (LAd, left adrenal). (a’) Corresponding sec-
tions through a mutant littermate Vcc/Vee embryo. The kid-
neys and ureter could not be identified. The pancreas (P) is in-
dicated. (b) MRI sagittal sections through a 15.5-dpc control
embryo showing the normal urinary bladder (UB), urethra (U),
liver (Li), and vertebral column (VC). The tail (T) is indicated.
(b') Corresponding section through a mutant littermate Vce/
Vce embryo. A presacral mass (PM) is seen between the verte-
bral column and the bladder. The liver herniates through the
umbilicus forming an exomphalos (Ex). (¢)] Three-dimensional
reconstruction of a control embryo showing the spinal cord
(SC), gut (G), urinary bladder (UB), urethra (U), and rectum (R).
(c') Corresponding reconstruction of a mutant Vcc/Vee embryo
showing that the presacral mass (PM) is connected to the spinal
cord, and its relation to the bladder and gut. The rectum could
not be defined. (d) Sagittal histological section of a 13.5-dpc
wild-type embryo showing the vertebral column (VC) and the
spinal cord (SC) entering the tail (T). (d’) Corresponding section
of a littermate mutant Vcc/Vee embryo showing the vertebral
column and spinal cord entering the presacral mass (PM). Axes
are anterior (A), posterior (P), right (R), left (L), dorsal (D), and
ventral (V). Bars, 0.5 mm.
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ventricular septal defect (four of four), atrial septal defect
(two of four), right-sided aortic arches (two of four), and
aortic vascular ring (one of four). A presacral mass dis-
torting anorectal and bladder anatomy was observed in
the two embryos that lacked a visible external tail.
Meox2Cre; Pcsk52171°X embryos also had axial and ap-
pendicular skeletal defects similar to Vcc/Vece (Essal-
mani et al. 2008).

PCSK5A C470R mutation affects its secretion
and localization

To investigate the functional consequences of the
C470R mutation we transfected PCSK5A-Flag and
PCSK5A-C470R-Flag-expressing plasmids into COS-1
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cells, and examined the secretion and immunolocaliza-
tion of the Flag-tagged peptides (Fig. 5). Immunoblotting
and pulse-label radioimmunoprecipitation experiments
indicated that both Flag-tagged and untagged versions of
PCSK5A (wild type) are efficiently synthesized and se-
creted into the medium. Although tagged and untagged
versions PCSK5A-C470R were also efficiently synthe-
sized, they could not be detected in the conditioned me-
dium. Immunofluorescence experiments showed that
whereas PCSK5A-Flag is localized to the trans-Golgi net-
work, PCSK5A-C470R-Flag localizes instead to the en-
doplasmic reticulum (Fig. 5).

PCSK5A C470R mutation affects its enzymatic
activity

We next used cotransfection assays to examine the effect
of the mutation on the cleavage of two PCSK5 sub-
strates, BMP4 (Cui et al. 1998), and LEFTY1 (Ulloa et al.
2001). These experiments showed that whereas PCSK5A

wi

F
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Figure 4. Skeletal malformations at 15.5
dpc. (a) Wild-type (wt) embryo showing
normal tail (T), hindlimbs (HL), and fore-
limbs (FL). Mutant littermate embryo
(Vee/Vee) showing absence of tail, and se-
verely hypoplastic hindlimbs. The fore-
limbs are relatively spared. (b, top) Left
hindlimb from the wild-type embryo (left),
and the mutant embryo (right). (Bottom)
The ilium (I), femur (F), tibia (Ti), and
fibula (Fi) are indicated. Wild-type (left)
and mutant (right) forelimb. Ulna (U), ra-
dius (R), humerus (H), and scapula (S) are
indicated. (c¢) Axial skeletons from wild-
type and littermate mutant Vce/Vee em-
bryos, respectively. Vertebrae are num-
bered by craniocaudal position (left), and
by identity (right). The wild-type embryo
has seven cervical (C1-C7), 13 thoracic
(T1-T13, identified by the presence of
ribs), six lumbar (L1-L6), and four sacral
(S1-S4) vertebrae. The first caudal vertebra
(Cal) is also indicated. There are 26 presa-
cral vertebrae. The mutant embryo has 18
thoracic vertebrae, and lacks sacral and
caudal vertebrae, and has a total of 31 pre-
sacral vertebrae. (d) Rib cage from the
wild-type embryo (top), and the mutant
embryo (bottom). In the wild-type embryo,
the clavicle (C) and xiphisternum (X) are
indicated, as are the true ribs (T1-T7, join-
ing the sternum directly). The mutant em-
bryo lacks the xiphisternum, has 11 true
ribs on the right, and nine true ribs on the
left. Axes are anterior (A), posterior (P),
right (R), eft (L), dorsal (D), and ventral (V).
Bars, 0.5 mm.

efficiently cleaves BMP4 and LEFTY1 propeptides to
their mature forms, the mutant PCSK5A-C470R does
not (Fig. 5). We also monitored the enzymatic activity of
the conditioned medium from transfected cells using a
fluorogenic peptide assay. This showed that while con-
ditioned medium from cells transfected with wild-type
PCSK5A plasmid had in vitro enzymatic activity, the
activity of conditioned medium from cells transfected
with PCSK5A-C470R plasmid was identical to that of
vector transfected cells (Supplemental Fig. 4).

Gdf11 deletion partially phenocopies Vce

Certain features of the Vcc mutant (palatal agenesis, re-
nal agenesis, increased numbers of thoracic vertebrae to
18, increased numbers of true ribs, absent tail) pheno-
copy the loss of Gdf11 (McPherron et al. 1999; Esquela
and Lee 2003). We examined Gdf11~/~ embryos at 15.5
dpc using MRI, and confirmed that they had absent tail
(five of five), palatal agenesis (five of five), and renal agen-
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Figure 5. Functional analysis of PCSK5A and PCSK5A-C470R. (a) Western blot of Cos-1 cell extracts and conditioned medium
following transfection with C-terminally Flag-tagged PCSK5A (915-amino-acid isoform, wild type) and the corresponding C470R
mutant. The blot was probed with anti-Flag monoclonal antibody. (b, top panel) Autoradiogram of anti-PCSK5 immunoprecipitates
from HEK293 cells transfected with the indicated plasmids and radiolabeled with [>**S]Met + Cys. (Bottom panel) Autoradiogram of
anti-PCSK5 immunoprecipitates from the conditioned media of the transfected cells. (*) PCSK5A; (**) PCSK5A cleavage product that
deletes the C terminus (De Bie et al. 1996). (c,¢’,d,d’) Immunofluorescence confocal microscopy of Cos-1 cells transfected with
Flag-tagged PCSK5A and PCSK5A-C470R. Cells were stained with DAPI (blue) to localize nuclei, anti-Flag monoclonal antibody
(green), anti-TGN46 polyclonal antibody (red, in c,c’) to localize the trans-Golgi network, and anti-calnexin polyclonal antibody (red,
in d,d’) to localize the endoplasmic reticulum. The merged images are shown, in which colocalizing signals appear yellow. (¢) Western
blot of Cos-1 cell conditioned medium following cotransfection with a mouse BMP2-mycBMP4 hybrid plasmid and either PCSK5A
(wild type, 0.8 or 0.4 pg, lanes 5,6, respectively) or the corresponding C470R mutant (0.8 or 0.4 pg, lanes 3,4, respectively). BMP2-
mycBMP4 plasmid expresses a protein containing the mouse BMP2 prodomain fused to the BMP4 mature peptide in which the BMP4
cleavage site (TRRRAKRUSP) is followed by an internal myc tag. The blot was probed with anti-myc monoclonal antibody. (f) Western
blot of Cos-1 cell conditioned medium following cotransfection with LEFTY1 and either PCSK5A (wild type, lanes 3) or the corre-

sponding C470R mutant (lane 4). The blot was probed with anti-LEFTY1 antibody.

esis (five of five). In addition, we found that these em-
bryos had either an intra-abdominal (three of five) or an
extra-abdominal (two of five) mass arising from the spi-
nal cord, exomphalos (two of five), and abnormal anorec-
tal anatomy (five of five) (Fig. 6). We found no evidence of
cardiac or tracheoesophageal malformation or lung or
hindlimb hypoplasia in these embryos.

GDF11 is activated and cleaved by PCSK5A

GDF11 is a TGFg superfamily molecule (McPherron et
al. 1999), and sequence analysis reveals that it contains a
consensus proprotein convertase cleavage site (Duckert
et al. 2004), suggesting that PCSK5 may cleave the
GDF11 propeptide to its mature form. We used a cotrans-
fection luciferase assay that detects activated GDF11 to
determine if it can be activated by cotransfected
PCSK5A (Yan et al. 2002; Andersson et al. 2006). In this
assay we found that transfection of GDF11 alone into
293T cells activated the reporter, likely reflecting the
presence of an endogenous proprotein convertase (Fig. 6).
This activity was increased threefold by cotransfecting
in PCSK5A-Flag. In contrast, cotransfection of PCSK5A-
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C470R-Flag did not affect reporter activity. We also as-
sayed the ability of conditioned medium from cells
transfected with PCSK5A-Flag and PCSK5A-C470R-Flag
to cleave a GDF11-derived peptide containing the puta-
tive cleavage site. We found that conditioned medium
from PCSK5A-Flag transfected cells achieved a percent
cleavage of 58.4% (mean of two independent experi-
ments), whereas no significant cleavage was observed
with conditioned medium from PCSK5A-C470R-Flag
transfected cells (Fig. 6). Taken together, these results
indicate that PCSK5A can cleave and activate GDF11,
and that the C470R mutation ablates this function.

The Vcc mutation does not affect embryonic Pcsk5
or Gdf11 expression

Endogenous Pcsk5 transcript could be detected in wild-
type embryos, most strongly in the caudal-most somites,
to a reduced extent in more anterior somites, and also
strongly in the apical ectodermal ridges of the forelimb,
and hindlimb buds (three of three examined) (Fig. 7), con-
sistent with previous reports (Constam et al. 1996; Es-
salmani et al. 2006). This distribution was unchanged in
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JControl Figure 6. Phenotypic effects of Gdf11 de-

I Gdf11 letion and its activation by PCSK5. (A,B)

XN Gaf11+Pcskd MRI sagittal section and 3D reconstruction
_ Gdf11+Pcsk5C470R

of a 15.5-dpc control wild-type (wt) embryo
showing a normal urinary bladder (UB), ure-
thra (U), gut loops (G), and vertebral col-
umn (VC). The tail (T) and rectum (R) are
indicated. (a’,b’) Corresponding section and
3D reconstruction of a mutant littermate

NTKRSRRNLGLD  Vector

Gdfi1~~ embryo. A presacral mass (PM)
arising from the spinal cord is seen entering
r > the bladder. The rectum could not be de-
\ P fined. (c,c’) MRI transverse sections of wild-
Jx/"'ff type and mutant littermate Gdf11~~ em-
' bryo, respectively, at 15.5 dpc. The liver (L)
and gut loops (G) are present in the exom-

phalos (Ex) of the Gdf11~/~ embryo. (d) Lu-
ciferase reporter assay for GDF11 activa-
~ tion. Flag-tagged PCSK5A-Flag wild-type
i P and C470R mutant-expressing plasmids

PCSK5A wt

I EA = were cotransfected in 293T cells together

with plasmids expressing GDF11, and

FOXH]1 expression plasmids to monitor in-

duction of the reporter construct AR3-lux.
L Results are presented in relative luciferase
v units (mean + SEM of three independent

N transfections). Values for GDF11 alone, re-
] flecting baseline activity, were set at 1. In

this assay, PCSK5A does not activate lucif-

erase in the absence of GDF11 (data not

shown). (¢) Chromatographic profiles of a 12-mer mouse GDF11-derived peptide (NTKRSRRNLGLD) containing a consensus propro-
tein convertase cleavage site, incubated overnight with conditioned media from vector control, PCSK5A wild-type, and PCSK5A-
C470R transfected HEK293 cells. Axes are anterior (A), posterior (P), right (R), left (L), dorsal (D), and ventral (V). Bars, 0.5 mm.

littermate mutant Vcc/Vec embryos (three of three ex-
amined) (Fig. 7). We were unable to detect endogenous
PCSKS5 protein from mouse embryos using five commer-
cially available antibodies by Western blotting (Supple-
mental Fig. 7). Endogenous Gdf11 transcript could be
detected in wild-type embryos in the tailbud, and in the
forelimb bud and hindlimb bud, consistent with previ-
ous observations (McPherron et al. 1999; Nakashima
et al. 1999). This distribution was unchanged in litter-
mate mutant Vee/Vee embryos (three of three examined)
(Fig. 7).

The Vce mutation results in abnormal Hox and Mnx1
gene expression

Gdf11 deletion is associated with abnormal Hoxc10 and
Hoxc11 expression (McPherron et al. 1999). We therefore
explored the idea that Pcsk5 controls Hox expression
using in situ hybridization (Fig. 7). We found that while
Hoxc10 was expressed in the caudal region of wild-type
embryos, it was almost absent in littermate Vcc/Vee mu-
tants (three of three mutants studied) (Fig. 7). Hoxall
was expressed in the forelimb and hindlimb buds in
wild-type controls, but was markedly reduced in the lit-
termate mutant embryos (three of three mutants stud-
ied). Hoxal0 and Hoxd11 were expressed in the tailbud
region, forelimb bud, and hindlimb bud in wild-type con-

trols but markedly reduced in the littermate mutant em-
bryos (three of three mutants studied) (Fig. 7).

Using an unbiased microarray approach (Supplemental
Fig. 5) we also found that the expression of several Hox
genes was significantly reduced in Vcc/Vee mutants.
These included Hoxc9, Hoxc10, Hoxd9, Hoxd10, and
Hoxd12. In addition, the expression of Hoxallos (a non-
coding transcript from the opposite strand of the Hoxa
locus) (Hsieh-Li et al. 1995) was also significantly re-
duced. Using in situ hybridization we found that the
Hoxallos was expressed in tailbud and forelimb bud in
wild-type, but was markedly reduced in the littermate
mutant embryos. Hoxd10 was expressed in tailbud, fore-
limb bud, and hindlimb bud in the wild-type, but mark-
edly reduced in tailbud and hindlimb bud in the litter-
mate mutant embryos (three of three mutants studied)
(Fig. 7). Hoxd12 was expressed in the tailbud region,
hindlimb bud, and forelimb bud in the wild-type, but
undetectable in littermate mutant embryos (three of
three mutants studied; Fig. 7).

In addition to Hox genes, we found that the ho-
meobox-like gene Mnx1 (HIxb9; HB9, which is expressed
in the motorneurons and specifies their identity; and the
human ortholog of which is mutated in CS) (Ross et al.
1998; Arber et al. 1999; Harrison et al. 1999; Li et al.
1999; Lynch et al. 2000), was ectopically expressed in the
ventral aspect of the tail bud (three of three mutants
studied) (Fig. 7). In contrast, no differences were observed
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Figure 7. Gene expression analysis using
in situ hybridization. Wild-type (wt) con-
trol and littermate mutant Pcsk5Vee/Vee
(Vee/Vee)  embryos, respectively, are
shown at the time points indicated. (a,a’)
Pcsk5 is expressed in the caudal-most
somites (S), and the hindlimb and forelimb
buds (in the apical ectodermal ridge) in
both wild-type and mutant embryos. (b,b’)
Gdf11 is expressed strongly in the tailbud
(TB), hindlimb bud (HLB), and forelimb
bud (FLB) in both wild type and mutant.
(c,c’) HoxalO is expressed in the otic
vesicle (OV), forelimb bud (FLB), hindlimb
bud (HLB), tailbud region (TB), and caudal
end of the wild-type embryo, but is re-
duced in the mutant. (d,d’) Hoxall is ex-
pressed strongly in otic vesicle (OV), hind-
limb bud (HLB), and forelimb bud (FLB) of
the wild type, but is reduced in forelimb
bud (FLB), and absent in hindlimb bud
(HLB) of the mutant. (e,e’) Hoxallos is ex-
pressed in otic vesicle (OV), forelimb bud
(FLB), and tailbud (TB) of the wild-type
embryo, but is reduced in the mutant. (f,f)
Hoxc10 is expressed strongly at the caudal
end of the wild-type embryo, and the tail-
bud region (TB), but only weakly in the
mutant embryo. (g,¢') Hoxd10 is expressed
in otic vesicle (OV), forelimb bud (FLB),
hindlimb bud (HLB), tailbud (TB), and cau-
dal end of the wild-type embryo, but is re-
duced in the mutant. (h,h’) Hoxd11 is ex-
pressed in otic vesicle (OV), forelimb bud
(FLB), hindlimb bud (HLB), tailbud (TB),
and caudal end of the wild-type embryo,
but is reduced in the mutant. (i,i') Hoxd12
is expressed in otic vesicle (OV), forelimb
bud (FLB), hindlimb bud (HLB), tailbud
(TB), and caudal end of the wild-type em-
bryo, but is reduced in the mutant. (j,j’)
Mnx1 (HIxb9, Hb9) in wild-type embryos
is expressed in the motor neurons of the
spinal cord (MN) and in the dorsal aspect
of tailbud (arrowhead). In the mutant em-
bryo, Mnx1 is expressed on the ventral as-
pect of the tailbud, extending apparently
into the gut (G) (arrowhead). (k,k’) T is ex-
pressed in the tailbud (TB) of both wild-
type and mutant embryos. (I,I') Thx6 is ex-
pressed in the tailbud (TB) and caudal end
of both wild-type and mutant embryos.
Bars, 0.5 mm.

in expression of other caudal markers such as T, Thx6
(three of three mutants studied) (Fig. 7).

Nonsynonymous mutations in VACTERL/CRS
patients

The phenotypic features of this mouse mutant resemble
an overlap between VATER/VACTERL association,
CRS, and CS. We studied European (Italian and British)
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patients with features of VACTERL/CRS/CS for muta-
tions in the open reading frame of PCSK5 using amplicon
DNA melting analysis (Herrmann et al. 2006) followed
by sequencing. VACTERL is diagnosed when three or
more features comprising the association are present in
a patient (Khoury et al. 1983). In 36 patients with a
VACTERL score =3 (assigning a score of 1 for each
VACTERL component) we identified four patients with
nonsynonymous variants in PCSK5B (two with E1575K;
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one with E1256K, one with P1228S) (see Supplemental
Table 2). E1575K was present in an Italian patient, and in
a British patient. In 13 patients with CRS, but with a
VACTERL score <3, we identified one patient with a
nonsynonymous change (heterozygous V1250I).

We screened these variants in all patients and in eth-
nically matched controls (137 Italian and 91 CEPH-Eu-
ropean) using an iPLEX (Sequenom) assay. Here we geno-
typed in addition, 59 known SNPs across PCSK5 (Supple-
mental Table 4). E1256K, V12501, and P1228S were not
present in the relevant exons of ethnically matched con-
trols, indicating that they are not common polymor-
phisms. E1575K was present in a single Italian control.
We analyzed protein sequence alignments (Supplemen-
tal Fig. 6) and found that E1256 is conserved in all tetra-
pod lineages where a PCSK5B sequence is available and
in zebrafish. P1228 is conserved in all tetrapods apart
from Xenopus. E1575 is conserved in all eutherian mam-
mals analyzed, while V1250 is conserved in some but not
all eutherian mammals. To determine the origin of the
variant we screened family samples where available, and
found that they were invariably inherited from a pheno-
typically normal parent (Supplemental Table 2.). We also
identified a homozygous P1228S change in a phenotypi-
cally normal sister, and a heterozygous P1228S change in
a second phenotypically normal sister. We investigated
haplotype association with disease using the GENEBPM
software (Morris 2006). The maximum log,, Bayes’ fac-
tor across all windows was 5.35, providing no evidence of
association of haplotypes across the region with disease.

Discussion

In these studies, we identified an ENU-induced recessive
mouse mutation, Vcc/Vee, which has a pleiotropic late
gestational phenotype including cardiac, tracheoesopha-
geal, anorectal, axial skeletal, and limb malformations,
exomphalos, presacral mass, renal and palatal agenesis,
and pulmonary hypoplasia. It results from a C470R mu-
tation in PCSK5 ablating a predicted disulfide bond in
the P domain. We show that the Vcc allele does not
complement a Pcsk5 exonl deletion (Pcsk5%?), with
double heterozygotes (Vcc/Pcsk541) completely recapitu-
lating the Vce/Vee phenotype. Thus, Vee is allelic to
Pcsk5”?, allowing us now to refer to it as Pcsk5V°. The
PCSK5A-C470R mutation blocks export from the endo-
plasmic reticulum and proprotein convertase activity in
vitro, and results in abnormal expression of several cau-
dal Hox genes from different paralogous groups.

The observed phenotype is consistent with the known
expression pattern of Pcsk5, which include the somites,
vertebral cartilage primordia, dorsal surface ectoderm,
the apical ectodermal ridge of limb buds, the first bran-
chial arch, the heart, aorta, adrenals, kidney, gut, and
lungs (Constam et al. 1996; Rancourt and Rancourt 1997;
Essalmani et al. 2006). Importantly, in addition to its
embryonic expression, Pcsk5 is also expressed in nonepi-
blastic tissues such as the extraembryonic endoderm,
trophoblast, ectoplacental cone, and decidua (Constam
et al. 1996; Rancourt and Rancourt 1997). We show here

VACTERL/CRS/CS-like phenotype with Pcsk5 mutation

that an epiblast-specific conditional deletion of Pcsk5
exonl (Meox2Cre; Pcsk51/71°%) recapitulates the cardiac,
tracheoesophageal, and anorectal malformations, hind-
limb hypoplasia, presacral mass, exomphalos, renal and
palatal agenesis, and pulmonary hypoplasia phenotype.
Axial skeletal malformations and renal agenesis in these
conditionally deleted embryos have also been reported
independently (Essalmani et al. 2008). These results in-
dicate that Pcsk5 functions within the epiblast are nec-
essary for anteroposterior patterning and organogene-
sis. Notably, embryos with Pcsk5V°/Ve¢  Meox2Cre;
Pcsk521/Mox ) pesk5Vee/Al and Pesk521/A1 genotypes all
survive until 15.5 dpc and beyond (Essalmani et al.
2008; this study). However the Pcsk5 exon 4 deletion
(Pcsk544/24) results in embryonic lethality by 4-7 dpc
(Essalmani et al. 2006). The mechanism for this earlier
embryonic lethality in Pcsk5%4/2“ is unclear at present,
but may reflect the differing genetic backgrounds of the
mice. Alternatively, it is possible that secreted PCSK5A4
peptide titrates a PCSK5-interacting protein (Essalmani
et al. 2006).

The predicted structure of the protein resulting from
the mutated gene indicates that the C470R mutation
will likely disrupt a predicted disulfide bond in the P
domain. The P domain in the related molecule FURIN is
an eight-stranded B-sandwich that has interdomain con-
tacts with the catalytic domain, and is conserved in
PCSK1-7. The predicted effect of the analogous muta-
tion in the FURIN structure is to displace the loop (471~
482) away from PBla. The P domain is thought to stabi-
lize the catalytic domain, and the propeptide may bind to
a crevice formed by the P domain and the catalytic site
(Henrich et al. 2003). Thus, the loss of catalytic activity
observed in our in vitro experiments (on BMP4, LEFTY1,
and GDF11) is likely a consequence of abnormal P do-
main folding. As the P domain is necessary for the intra-
molecular cleavage and normal trafficking of proprotein
convertases through the secretory pathway (Zhou et al.
1998; Ueda et al. 2003), it is likely that the abnormal
trafficking of the PCSK5A-C470R mutant observed in
our studies (reduced secretion, and ER retention) is a
consequence of the perturbed P domain structure and
reduced catalytic activity. Although these results sug-
gest that loss of PCSK5A catalytic activity is the mecha-
nism for the Vcc phenotype, an alternative explanation
is that the C470R mutation in vivo may simply result in
protein degradation as a consequence of misfolding. A
limitation of our studies is that available antibodies do
not allow us to detect endogenous PCSK5 protein from
mouse embryos, and we are unable at present to distin-
guish between these two alternative explanations.

Genetic evidence indicates that certain PCSK5 targets
such as BMP4 (Cui et al. 1998) and LEFTY1 (Ulloa et al.
2001) are necessary for normal cardiac development
(Meno et al. 1998; Jiao et al. 2003; Liu et al. 2004; Gold-
man et al. 2006). Our studies showed that PCSK5A-
C470R does not cleave either BMP4 or LEFTY1 in co-
transfection assays. BMP4 deficiency is associated with
cardiac abnormalities that include common arterial
trunk, and atrioventricular septation defects (Jiao et al.
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2003; Liu et al. 2004), both abnormalities being observed
in Pcsk5 mutant embryos. Importantly, BMP4 cleavage
is essential for ventral body wall closure (mutation re-
sulting in omphalocoele/exomphalos), and cardiac devel-
opment (Goldman et al. 2006). These features (exompha-
los and abnormal cardiac development) were observed in
the Pcsk5 mutants. Cardiac malformations in LEFTY1
deficiency include double-outlet right ventricle, transpo-
sition of great arteries, atrioventricular septal defect, and
right aortic arch (Meno et al. 1998). These malformations
were also observed in Pcsk5 mutants. Thus it is possible
that cardiac malformations in the Vcc mutant arise, at
least in part, as a result of abnormal BMP4 or LEFTY1
cleavage.

Certain features of the Pcsk5"°/V® mutant—palatal
agenesis, renal agenesis, increased numbers of thoracic
vertebrae to 18, increased numbers of true ribs—pheno-
copy the loss of Gdf11 (McPherron et al. 1999; Esquela
and Lee 2003). Our results presented here extend the
known phenotypic features of Gdf11 deficiency, and
show that there are further points of similarity with
Pcsk5 deficiency; i.e., Gdf11 deficiency also results in a
presacral mass arising from the spinal cord, exomphalos,
and anorectal malformation. We showed that GDFI11
peptide can be cleaved by PCSK5A, that this activates
GDF11-mediated signaling, and that Gdf11 expression is
not deficient in the Pcsk5Y°“/V°¢ mutant. Moreover,
Gdf11 and Pcsk5 are expressed in close physical proxim-
ity in the developing embryo. Gdf11 is expressed in the
tailbud and neural tube, whereas Pcsk5 is expressed in
the adjacent caudal somites (Constam et al. 1996;
McPherron et al. 1999; Nakashima et al. 1999; Essalmani
et al. 2006; this study). Similarly in limb buds, while
Gdf11 is expressed in the mesenchyme, Pcsk5 mRNA
localizes to the overlying apical ectodermal ridge. This
situation is reminiscent of the activation of the related
NODAL precursor in the epiblast by the proprotein con-
vertases FURIN and PACE4, which are provided by cells
in the adjacent extraembryonic ectoderm and visceral
endoderm (Beck et al. 2002; Mesnard et al. 2006).

GDF11 is a TGFp superfamily molecule (McPherron et
al. 1999), and analysis of both human and mouse GDF11
peptides indicates that they have a completely conserved
consensus proprotein convertase cleavage site (after resi-
due 298 in the human peptide; i.e., NTKRSRRINL)
(Duckert et al. 2004). This supports the idea that both
mouse and human GDF11 are PCSK5A targets. Indepen-
dent experiments have shown that selectivity of
PCSK5A for GDF11 is mediated by the Asn residue im-
mediately following the cleavage site, and that other pro-
protein convertases (FURIN, PCSK7 [PC7] or PCSK6
[PACE4]) will not cleave GDF11 (Essalmani et al. 2008).
Taken together, these results indicate that Pcsk5 func-
tions at least in part by activating GDF11 signaling in
the developing embryo. Consistent with this, mutation
in Gdf11, in the type II receptor Acvr2b, and the type I
receptor Alk5, are associated with a caudal phenotype
involving increased numbers of thoracic vertebrae, and
renal agenesis, and are associated with abnormal expres-
sion of Hoxc6, Hoxc8, Hoxc10, and Hoxc11 (Oh and Li
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1997; McPherron et al. 1999; Oh et al. 2002; Esquela and
Lee 2003; Andersson et al. 2006).

The regulation of Hox expression is complex, involv-
ing GDF11 and BMPs (McPherron et al. 1999; Li and Cao
2006), TGFB receptors (Oh and Li 1997; Oh et al. 2002;
Andersson et al. 2006), BMP receptors (Ovchinnikov et
al. 2006), retinoic acid receptors (Daftary and Taylor
2006), chromatin modifying Polycomb/Trithorax genes
(Ringrose and Paro 2007), and noncoding transcripts that
arise at the Hox locus (Rinn et al. 2007; Sessa et al. 2007).
Genetic evidence shows that Hox10acd is necessary for
the suppression of thoracic ribs on lumbar and sacral
vertebrae, and formation of the hindlimb stylopod (fe-
mur, patella) (Wellik and Capecchi 2003). HoxI1acd is
necessary for the formation of the sacrum and the hind-
limb zeugopod (tibia, fibula) (Wellik and Capecchi 2003),
and the metanephric kidney (Wellik et al. 2002). Hoxd12
is necessary for normal anorectal development (Kondo et
al. 1996). Our experiments establish a new mechanism
for the coordinated regulation of paralogous caudal Hox
gene expression. We observed reduction of Hox10acd ex-
pression in Pcsk5 mutant embryos. This could explain
the increased numbers of thoracic vertebrae, hypoplastic
femur, and absent patella. The reduction of Hox11ad in
Pcsk5 mutant embryos (most marked in the caudal re-
gion and the hindlimb bud), could explain the absence of
sacrum formation, abnormal tibia and fibula patterning,
and renal agenesis. The reduction of Hoxd12 would ex-
plain the anorectal malformations. The relatively nor-
mal expression of Thx6 and T, genes also important in
renal, vertebral, and caudal patterning (Showell et al.
2004), suggest that these are unlikely to contribute to the
Pcsk5 mutant phenotype. In addition, our results show
that Pcskb also regulates expression of a noncoding tran-
script Hoxallos (Hsieh-Li et al. 1995). While the func-
tion of this transcript is not known, other noncoding
Hox locus transcripts have been shown to regulate Hox
expression (Rinn et al. 2007).

Our results also show that Mnx1 (HIxb9, HbY), the
mouse homolog of HLXBY9, is misexpressed in the tail
bud region of Pcsk5 mutant embryos. Mnx1 specifies
motor neurons and the dorsal pancreas (Arber et al. 1999;
Harrison et al. 1999; Li et al. 1999), and ectopic expres-
sion triggers motorneuron differentiation (Arber et al.
1999). The ectopic Mnx1 expression observed could ex-
plain the presacral neural-derived mass observed in
RECC/19 embryos. A characteristic feature of CS is this
presacral mass (Currarino et al. 1981; Lynch et al. 2000),
and it is notable that HLXB9 mutations are associated
with CS/Autosomal-dominant sacral agenesis (Ross et
al. 1998; Lynch et al. 2000), suggesting a link.

The features observed in the mouse embryos recapitu-
late many aspects of the VACTERL association, and also
of CRS and CS, syndromes that have significant overlap
with VACTERL. Specifically, the mouse mutant has ver-
tebral, anorectal, cardiac, tracheoesophageal, renal, and
limb malformations observed in VACTERL association.
The mouse mutant also recapitulates anomalies associ-
ated with CRS—i.e., sacral agenesis, spinal cord anoma-
lies, and pulmonary hypoplasia. In addition, it recapitu-
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lates the presacral mass, a feature specific to CS. These
shared features suggested that Pcsk5 may play a role in
these human syndromes. Our preliminary investigations
in this regard support this idea as they identify certain
heterozygous variants in evolutionarily conserved resi-
dues of PCSK5. These variants are present in patients
with VACTERL/CRS phenotypes in humans but are ab-
sent in ethnically matched controls indicating that they
are unlikely to be common polymorphisms. A confound-
ing factor is that the mutations are inherited from appar-
ently normal parents. This raises the possibility that the
phenotype results from additional environmental modi-
fiers such as maternal diabetes (Kousseff 1999; Aberg et
al. 2001; Loffredo et al. 2001), and genetic modifiers; e.g.,
within the PCSK5 genetic network. The functional sig-
nificance of these mutations is unclear at present, and
further work is necessary to determine this.

Taken together, these studies extend our understand-
ing of the role of proprotein convertases in the patterning
of the mammalian embryo. Other members of the Pcsk
family that have been shown to control embryonic pat-
terning are Pcsk6 (SPC4/PACE4), which controls left—
right patterning and anterior central nervous system de-
velopment (Constam and Robertson 2000a), and Furin
(Pcsk3/PACE/SPC1), which controls cardiac tube fusion
and looping, embryo turning, ventral body wall closure,
and yolk sac vasculature development (Roebroek et al.
1998; Constam and Robertson 2000b). In contrast, Pcsk5
has unique roles in controlling anteroposterior axial pat-
terning, coordinated regulation of caudal Hox expres-
sion, neural and gut development, and nephrogenesis.
Our results support the idea that activation of GDF11 by
PCSK5 is likely necessary for normal anteroposterior
patterning, nephrogenesis, and limb and anorectal devel-
opment. They also suggest that activation of BMP4 and
LEFTY1 by PCSK5 may play a role in normal cardiac
development. The identification of nonsynonymous mu-
tations in PCSK5B in patients with VACTERL and CRS
suggests that the PCSK5 genetic network may play a role
in the pathogenesis of these syndromes. In summary, our
data establishes novel and pleiotropic functions for Pcsk5
in mammalian development and the coordinated expres-
sion of caudal Hox genes. We propose that Pcsk5, at least in
part via GDF11, coordinately regulates the expression of
caudal Hox paralogs, to control anteroposterior patterning,
nephrogenesis, and limb and anorectal development.

Materials and methods
Mice and embryos

Standard methods were used to create ENU mutant mice and
genetically map the Vcc mutation (see the Supplemental Mate-
rial). MRI and skeletal preparations were performed as described
(Kaufman 1994; Schneider et al. 2004). The generation of
Pcsk5%+ and Pcsk5™! alleles is described elsewhere (Essal-
mani et al. 2008). Gdf11 knockout mice were a kind gift from
Se-Jin Lee (Johns Hopkins University, Baltimore, MD).

Molecular biology

Standard molecular cloning techniques were used (Ausubel et
al. 1995).

VACTERL/CRS/CS-like phenotype with Pcsk5 mutation

Plasmids

We obtained mouse IMAGE clone 4036159 (CMV-PCSK5A)
from Geneservice Ltd., and introduced a C-terminal Flag tag and
the C470R mutation using PCR. PMT23-BMP2-Myc-tagged
BMP4 was a kind gift from Tom Jessel (Columbia University).
CMV-SPORT6-human-GDF11 plasmid was subcloned from a
GDF11 plasmid (kind gift from Se-Jin Lee). AR3-lux reporter
plasmid has been described previously (Yan et al. 2002). LEFTY1
plasmid was a gift from H. Hamada (Osaka University). We
obtained Hoxc10, Hoxall, Mnx1, and Tbxé mouse plasmids
from Geneservices Ltd. (IMAGE: 30059581, 1095072, 40130560,
636895). Hoxal0O is a gift from P. Gruss and A. Mansouri,
Hoxd11 is a gift from D. Duboule, and Hoxd10 is a gift from D.
Bogani. Hoxal1los plasmid was created by PCR and is common
for opposite strand transcripts 3C, 23A, 59, and 40 (Hsieh-Li et
al. 1995). T plasmid was a gift from B. Hermann.

Cell-based assays

COS-1 and 293T cells were transfected with Fugene (Roche),
and HEK293 cells were transfected with Effectene (Qiagen).
Monoclonal M2 anti-Flag antibody was obtained from Sigma,
anti-myc mouse monoclonal 9E10 was obtained from Roche,
goat anti-mouse HRP conjugate was obtained from DAKO,
LEFTY1 polyclonal rabbit antibody was obtained from Santa
Cruz Biotechnologies (sc-7408), sheep anti-human TGN46 poly-
clonal antibody was obtained from Serotec, rabbit anti-calnexin
antibody was obtained from Abcam (ab13504-100), and second-
ary Alexa Fluor488 goat anti-mouse-conjugated (green) and Al-
exa Fluor594 donkey anti-sheep-conjugated (red) antibodies
were obtained from Invitrogen. Western blot analysis of whole-
cell lysates and serum-free conditioned medium were per-
formed as described (Beck et al. 2002). Radioimmunoprecipita-
tion assays were performed as described (Essalmani et al. 2006).
The luciferase reporter assay was performed as described (Yan et
al. 2002; Andersson et al. 2006). We performed immunofluores-
cence using standard techniques (Ausubel et al. 1995), and data
were collected sequentially using a Zeiss confocal microscope.
Peptide cleavage studies were performed as described (Essal-
mani et al. 2006, 2008).

In situ hybridization

In situ hybridization was performed as described previously
(Bamforth et al. 2004).

Human mutations

Details are provided in the legend for Supplemental Figure 6.
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