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The segment polarity gene porcupine
encodes a putative multitransmembrane
protein involved in Wingless processing

Tatsuhiko Kadowaki,! Elizabeth Wilder,'> John Klingensmith,'* Kimon Zachary, and
Norbert Perrimon?

Department of Genetics, Howard Hughes Medical Institute, Harvard Medical School, Boston, Massachusetts 02115 USA

The Wnt protein Wingless (Wg) functions as a signal in patterning of both the Drosophila embryo and
imaginal discs. Lack of porcupine (porc) activity is associated with mutant phenotypes similar to those of wg
mutations. In porc mutant embryos, Wg protein is confined to the cells that produce it, suggesting that Porc
plays a role in processing or secretion of Wg. porc encodes a novel transmembrane protein that appears to be
concentrated at the endoplasmic reticulum. We present both genetic and in vitro evidence demonstrating that

porc is involved specifically in the processing of Wg. We identified a human sequence related to Porc
suggesting the existence of a family of proteins involved in processing of Wnts.
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Like its murine homolog, the proto-oncogene Wnt-1,
Drosophila wingless (wg) encodes a secreted protein that
has potent effects on the differentiation of responsive
cells (for review see, Klingensmith and Nusse 1994; Sieg-
fried and Perrimon 1994). Wg has been implicated in a
number of developmental processes that include embry-
onic segmentation, gut formation, and imaginal discs
patterning. To identify components involved in Wg sig-
naling, a genetic approach has been undertaken. To date,
four segment polarity genes, dishevelled (dsh), armadillo
{arm), zeste-white3 {zw3), and porcupine (porc) have
been implicated in Wg signaling. The current model (for
review, see Klingensmith and Nusse 1994; Siegfried and
Perrimon 1994; Bhanot et al. 1996; Perrimon 1996) is
that Wg, which requires Porc activity to be secreted, in-
teracts with the seven-transmembrane DFz2 receptor to
activate a signal transduction pathway that is mediated
by Dsh, Zw3, and Arm. This pathway operates in a num-
ber of developmental processes and, depending on the
cell type, regulates different sets of transcription factors.
For example, Wg signaling regulates engrailed (en) in the
embryonic epidermis and genes of the achaete scute
complex at the wing margin.

The function of Porc in Wg signaling is not elucidated.
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Embryos that are missing both the maternal and zygotic
porc gene product have a cuticular phenotype identical
to wg mutant embryos (Perrimon et al. 1989). Interest-
ingly, Wg has an altered, less diffuse distribution in porc
mutant embryos. In wild-type animals, expression stud-
ies have shown that Wg protein is found outside its RNA
expression domain. In the embryonic epidermis, Wg pro-
tein antibody staining appears punctate because of the
accumulation of Wg in intracellular vesicles. These ves-
icles are detected both in wg-expressing and neighboring
wg nonexpressing cells, and the distribution of these ves-
icles appears graded on either side of the wg-expressing
cells {van den Heuvel et al. 1989; Gonzalez et al. 1991;
Couso et al. 1994). In porc mutant animals, Wg appears
to be confined to the expressing cells, and is very stable
(van den Heuvel et al. 1993; Siegfried et al. 1994), sug-
gesting that porc encodes a product required for secre-
tion, processing or normal diffusion of Wg.

The function of porc in Wg paracrine signaling has
been examined previously with the paradigm of en reg-
ulation by Wg. In the embryonic epidermis, at stage 10,
Wy is required for maintenance of en transcription (Di-
Nardo et al. 1988; Yoffe et al. 1995). In mutants such as
dsh that block the reception of Wg signal in the receiving
cells, En expression fades (Manoukian et al. 1995). Sub-
sequently, wg expression decays (Martinez-Arias et al.
1988). This was proposed to be a secondary result of the
decay of en expression, because En is required for the
maintenance of wg expression. In contrast to dsh mu-
tants, porc and wg mutant embryos exhibit decay of wg
mRNA prior to the disappearance of En protein at stage
9 (Manoukian et al. 1995). This observation, as well as
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others (Bejsovec and Wieschaus 1993; Hooper 1994, re-
vealed the existence of a Wg autoregulatory pathway
that operates, in addition to Hedgehog (Hh) signaling, to
maintain wg expression. These results suggested that
Porc and Wg activities are intimately linked and distin-
guished Porc function in Wg signaling from components
such as Dsh, Arm, and Zw3 that mediate Wg paracrine
activity in receiving cells (Manoukian et al. 1995).

To gain additional insights into Porc function, we have
determined the cellular requirement for porc gene activ-
ity and examined the effect of porc mutations on other
Wg-mediated developmental processes. Our results are
consistent with the model that porc encodes a factor
involved in Wg processing. We have identified the porc
gene product and found that it encodes an evolutionarily
conserved putative multi-transmembrane protein that
primarily localizes to the endoplasmic reticulum (ER)
and affects Wg processing in cultured cells.

Results

porc acts nonautonomously in Wg patterning
of the embryonic epidermis

Embryos devoid of both maternal and zygotic porc gene
activity, referred to as porc embryos, die before hatching
with a segment polarity phenotype indistinguishable
from that of wg mutants (Fig. 1B). If Porc is involved in

is reduced to 1-3. No bristles characteristic of ventral (v) pattern occur anywhere in the leg. (G,H) Large clones of porc

Role of Porcupine in Wingless signaling

Wg secretion (see Introduction) then it should act like
Wg nonautonomously in the formation of naked cuticle
(Lawrence et al. 1994). We generated large patches of
porc mutant tissue in the embryo using an unstable
ring-X chromosome (Zalokar et al. 1980). Genotypically
porc mutant tissues were recognized by use of the
X-linked cell autonomous marker shavenbaby (svb),
which decreases the number and size of denticles (Fig.
1C). Genetically porc mutant cuticles were found to se-
crete denticles in either the wild-type or segment polar-
ity configuration (Table 1; Fig. 1D) indicating that porc
acts nonautonomously in Wg signaling. The extent of
nonautonomy observed with porc is comparable to the
nonautonomy observed in wg genetic mosaics (see Dis-
cussion).

porc is required for Wg-mediated patterning
in the imaginal discs and acts nonautonomously

To determine whether the relationship of porc to wg
extends to other developmental contexts, we investi-
gated the phenotypes of porc in imaginal development.
Although porc hemizygotes derived from heterozygous
mothers usually die as late larvae, a few survive through
metamorphosis before dying. porc mutant adults display
a variety of defects relative to wild type. Their wings are
nicked and lack marginal bristles (Fig. 2B}, they lack an-

Figure 1. Phenotype and nonautonomy of
porc mutations. (A) Wild-type embryo. The
segmental pattern is reflected by belts com-
posed of several rows of denticles spanning
the anterior portion of each segment (S). (B)
A porc mutant embryo with an extreme
wg-like segment polarity phenotype. (C)
svb porc embryo. The denticle marker svb
decreases the size and number of denticles,
but does not interfere with the segment po-
larity phenotype. (D) Gynandromorphic
svb porc™%/ring-X embryo. A porc mu-
tant territory, marked with svb, sometimes
develops a wild-type pattern revealing that
porc encodes a cell nonautonomous func-
tion. In this example, the middle of the em-
bryo is bisected by the line of mosaicism
(dotted line), but the denticle belts on both
sides are in wild-type configuration. In the
posterior, denticles are svb and in a seg-
ment polarity pattern. Structure of a wild-
type (E) and porc/Y (F) prothoracic male leg.
The femur (fe), sex combs (large arrow
head), dorsal subapical bristle of the tibia
(curved arrow), and claws (small arrow
head) are indicated. Note that the porc mu-
tant leg is bulbous and truncated, the claw
is duplicated, and the number of sex combs
PB16 mutant cells

occurring in otherwise wild-type (heterozygous) females. (G) f porc dorsal clone, prothoracic leg. A large mutant porc clone occurs in
dorsal and dorso-lateral tissue of the femur, outlined by a dotted line. No pattern abnormality results. (H) f porc ventral clone,
prothoracic leg. A large porc clone extends along the ventral edge of the femur but pattern is wild type. The clone is outlined by a dotted
line. The yellow bristles above it are its twin spot (sister clone) and are wild type.
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Table 1. Mosaic analysis of porcupine

Cross Progeny Total Mosaic Autonomy Nonautonomy Ambiguous
Embryonic gynanders

FM7/svb X ringX/Y svb/ringX 62 9 6 0 3
GLC svb porc x ringX/Y svb porc/ringX 135 13 1 9 3
Adult gynanders

FM7/y w f porc X ringX/Y FM7/ringX 225 21 15 0 6
FM7/y w f porc X ringX/Y v w fporc/ringX 7 18 2 16 0

Animals showing marked and unmarked tissue (mosaic), were evaluated for autonomy or nonautonomy. Some mosaics were ambig-
uous: in embryos because mosaic borders could not be seen, and in adults because of cell death or lack of scorable phenotype. Two

PBIG

alleles, porc and porc'®, were used for these studies.

2Some gynandromorphs died before making adult structures, so the total number of y w fporc/ringX is unknown.

tennal structures, and tergites are incomplete (not
shown). Defects are observed along the proximo—distal
axis: The legs are shortened with tarsal segments re-
duced in size and number, the claws are often missing
but, when present, are often duplicated (Fig. 1F). The
dorsal-ventral axis is also severely affected in porc mu-
tant discs: Ventral pattern elements are missing and are
replaced by duplications of dorsal structures. These phe-
notypes are reminiscent of those exhibited by wg imag-
inal disc mutant phenotypes (Couso et al. 1993; Phillips
and Whittle 1993).

To analyze these phenotypes in the discs, we exam-
ined the expression of genes that are known to be regu-
lated by Wg. In the wing disc, wg is required early for
formation of the wing and later for the specification of

Figure 2. Analysis of porc function in the
wing disc. The Drosophila wing (A} exhibits
characteristic bristles around its periphery,
that are dependent on wg function during the
late third instar. The bristles of the anterior
margin (bracket) are the most easily seen. In
porc hemizygotes {B), these bristles are miss-
ing; in addition, notches form, which are also
characteristic of loss of wg function. Expres-
sion of neu (C,D) or cut (E,F) in wild-type
(C,E) or porc/Y (D,F) wing discs. In wild type,
neu-expressing sensory mother cells are
found in two rows {arrows in C). Expression
of neu at the margin is missing in porc/Y
wing discs. Similarly, wg is required for cut
expression at the margin (E, arrows), which is
missing in porc hemizygotes (F). For each of
these experiments, wandering third instar
male larvae were separated from females and
stained. Approximately half exhibited loss of
cut expression; approximately half of the
males carrying the A101 enhancer trap exhib-
ited the pattern of neu expression shown
here. In each disc, ventral is up and anterior
is to the left.
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bristles around the wing periphery (Couso et al. 1993;
Phillips and Whittle 1993). During this late phase, wg
signaling results in the specification of sensory mother
cells on either side of the dorsal-ventral border in the
anterior compartment. These cells give rise to the inner-
vated bristles of the anterior margin and express the gene
neuralized (neu) (Usui and Kimura 1992; Fig. 2C). Ex-
pression of this gene is not seen in this region of porc
discs (Fig. 2D). Similarly, expression of cut marks the
dorsal-ventral border of the late third instar wing disc
(Fig. 2E), depends on wg activity (Couso et al. 1994), and
is missing in porc mutant discs {Fig. 2F).

In the leg discs, wg is expressed ventrally where it is
required for the specification of ventral structures
{Struhl and Basler 1988). In addition, Wg protein in the
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disc center is required for organization of the proximal—
distal axis. The enhancer-trap line P1394 (E.L. Wilder,
unpubl.] expresses LacZ in cells at the center of the leg
discs and also in a dorsal arc of cells {Fig. 3A). This pat-
tern of expression is similar to that of aristaless (al) and,
like al, responds to the combined signals of wg and de-
capentaplegic (dpp; Campbell et al. 1993; E.L. Wilder,
unpubl.). Expression of this gene is lost in the center of
porc mutant discs, and the dorsal arc is duplicated ven-
trally (Fig. 3B). This suggests that porc is required for wg
function in both proximal—distal and dorsal-ventral pat-
tern specification. The requirement for porc in proximal-
distal pattern is confirmed by the aberrant expression of
apterous (ap) in mutant discs (Fig. 3C,D). Lack of expres-
sion of the ventral marker H15 (Brook et al. 1993) in porc
mutant discs shows that porc is necessary for wg func-
tion in these cells (Fig. 3E,F). These cells are transformed
to dorsal fates, as is shown by the duplication of the
dorsal proneural cluster that expresses neu (Fig. 3G,H).

Because porc acts nonautonomously in the embryonic
epidermis, we tested whether it also functions nonau-
tonomously in Wg-mediated patterning of the imaginal
discs. Two kinds of mosaics were gencrated. First,
marked mitotic clones of cells lacking porc activity were
induced in first-instar larvae. These clones appeared at
the same frequency as control clones and never gave rise
to pattern abnormalities (not shown). Even in the leg, in
which porc is required for ventral patterning, ventral
clones as well as lateral and dorsal clones (Fig. 1G,H)
appear wild type. Second, by use of ring-X instability to
generate adult porc gynandromorphs, we examined the
structures produced in mosaic animals {Table 1}. We ob-
served occasional rescue of adult structures affected in
porc mutant, but only if wild-type tissue occurred
nearby. Thus, studies in the imaginal discs support the
conclusions obtained from the embryonic mosaics that
porc acts nonautonomously in wg patterning.

porc encodes a putative transmembrane protein
that is concentrated at the ER

Ferrus et al. (1990), in their characterization of the
Shaker region, conducted a chromosomal walk that ex-
tended to the proximal region of Dp(1;3)JC153. This du-
plication covers porc, and previous genetic analysis of
the region indicated that porc is located near this break-
point (Eberl et al. 1992). Using RFLP mapping, we de-
fined approximately the genomic position of the porc
gene (Fig. 4; Materials and Methods for details). North-
ern analyses revealed the presence of four transcription
units in the presumptive porc region. Southern blot anal-
yses allowed us to precisely map the proximal break-
point of Dp(1;3)JC153 and identify a DNA alteration as-
sociated with the gamma-rays induced porc©® allele.
Results from these experiments identified the 2.2/2.4-kb
transcripts as the most likely candidates for porc. A 2.4-
kb cDNA was isolated and a number of data obtained to
show that this ¢cDNA encodes porc. First, a sense RNA
prepared from this cDNA was able to rescue the segment
polarity phenotypes of porc mutant embryos derived

Role of Porcupine in Wingless signaling

G

Figure 3. Analysis of porc function in the leg disc. Expression
of LacZ from the P1394 enhancer trap line (A,B), apLacZ (C,D),
H15 (E,F), or neuLacZ (G,H) was examined by X-Gal staining in
wild type (A4,C,E,F) or porc/Y (B,D,F,H) leg discs. LacZ in P1394
(A} is expressed at the disc center in a manner that responds to
the combined activities of wg and dpp (not shown). In addition,
it is expressed in a dorsal cap. The center domain of expression
is missing in porc hemizygotes (B) and the dorsal cap is dupli-
cated ventrally. In wild-type leg discs, ap is expressed in a ring
that includes the presumptive tarsal leg segments (C). In porc
mutant discs (D}, this ring collapses to a central dot. Occasion-
ally, expression is entirely absent. The ventral/anterior region
of wild-type leg discs express the H15 marker (E) that is entirely
missing in porc mutant discs (F). The dorsal cluster of proneural
cells that express neu (G) is duplicated in the ventral region of
porc/Y discs [H). Together, these data show that porc is required
for wg function in both proximal-distal and dorsal-ventral pat-
tern specification.

from germ-line clones (see Materials and Methods for de-
tails). Second, this 2.4-kb cDNA driven by the heat
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Figure 4. Molecular characterization of the porc gene. RFLP
analysis of 15 recombination events that occurred between os
and porc chromosomes is shown. The x-axis indicates the phys-
ical distance and the y-axis represents the number of recombi-
nants carrying the RFLP pattern of the porc chromosome. No
recombinants with porc RELP were found beyond 470 kb. The
approximate position of the porc locus is determined by the
intersection of the linear line with the x-axis. A genomic DNA
fragment covered by each phage is shown below the graph. The
region around 466 kb is shown in detail. Four transcripts were
identified and the 2.2- and 2.4-kb mRNA were determined to
encode a porc transcript based on the location of DNA alter-
ation in porcS?® allele and the position of the Dp(1;3)]C153
breakpoint. The striped and hatched bar indicates a DNA frag-
ment used for a screening of cDNA library and P-element trans-
formation, respectively. {S) Sacl; (X} Xbal; (E) EcoRI; (A) Accl;
(RV] EcoRV.

shock promoter was able to rescue porc mutants. Finally,
a 5-kb genomic fragment that covers this cDNA was able
to rescue porc mutants. Both a 2.2- and 2.4-kb RNA are
detected in 0-3 hr embryos with porc antisense RNA
probe (not shown|. The 2.4-kb transcript is present
throughout development and the 2.2-kb transcript is ma-
ternal-specific. In situ hybridization shows that porc is
uniformly expressed in embryos (data not shown).

porc encodes a protein of 525 amino acids with a pre-
dicted molecular mass of 59 kD (Fig. 5). There is a cluster
of acidic amino acids at the amino terminus, otherwise
the rest of the sequence is hydrophobic. Based on the
results of the three algorithms (Kyte and Doolittle 1982,
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Eisenberg et al. 1984; Rao et al. 1986) for prediction of
transmembrane domains, Porc appears to possess at least
eight transmembrane domains and possibly two more. It
appears that Porc has no cleaved signal sequence and
that its amino terminus is located outside the cytosol
{Hartmann et al. 1989). The hydrophilic region between
each transmembrane domain of Porc is quite small (three
amino acids in one case) and it does not have any cellular
signaling domains (for example, kinase and G protein-
binding domains). These results suggest that Porc may
form a pore that facilitates transport of molecules across
the membrane (Unwin 1989; Griffith et al. 1992). Be-
cause many transport proteins have 12 membrane-span-
ning domains (Henderson 1993}, Porc may form the pore
by self-assembly or association with other transport pro-
teins. It also lacks the ATP-binding cassette that is char-
acteristic of ABC transporter (Ashcroft and Roper 1993).

Searches through available data bases identified one
human sequence, MG61, with striking similarities to
Porc. MG61 was isolated from a human retina cDNA
library {Nathans et al. 1986) and exhibits 37% identity
with Porc (Fig. 5). Porc and MG61 share more homology
in the carboxyl terminus than in the amino terminus and
most strikingly exhibit a similar structure based on the
Kyte-Doolittle hydrophobicity plot.

To determine the intracellular localization of Porc, we
attempted to generate polyclonal antibodies against
Porc. Because of their low titers and relatively low affin-
ities, they could not detect the endogenous Porc in em-
bryos. To circumvent this problem, we expressed an
epitope-tagged (HA) Porc in Kc cells {see Materials and
Methods} in which the epitope was inserted at position
110 of the Porc protein. The Porc-HA construct was
functional because it could rescue porc mutant embryos
following RNA injection in porc mutant embryos de-
rived from germ-line clones (not shown). Immunofluo-
rescent detection of Porc-HA in the transfected Kc cells
shows that it is primarily localized in a reticular perinu-
clear region, the ER (Fig. 6). The same subcellular local-
ization was also observed when the HA tag was inserted
at position 28 of the Porc protein {not shown). These two
epitopes are localized at either the amino or carboxyl
terminus of the first transmembrane domain. If Porc is
localized at the plasma membrane, the HA antibody
should be accessible to either one regardless of the mem-
brane topology of Porc. However, we found that cell per-
meabilization was necessary to detect both proteins, in-
dicating that no, or little, Porc localizes to the plasma
membrane. In addition, the HA epitope-tagged Porc ex-
pressed in mouse 3T3 cells also colocalized with the ER
luminal protein, BiP, by double staining {not shown).
These results altogether suggest that Porc appears to
concentrate at the ER of both Drosophila and mamma-
lian cells.

Porc modifies Wg processing in cultured cells

Because the phenotypic analysis of porc mutants sug-
gests that Porc is involved in Wg processing or secretion,
we tested the roles of Porc on Wg processing in vitro
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Figure 5. Sequence and structure of Porc and MG61. (A) Analyses of Porc and MG61 amino acid sequences with the Kyte-Doolittle
hydrophobicity plot suggests that both Porc and MG61 have similar structures and contain at least eight transmembrane domains. (B)
The putative structure of Porc is shown. The amino terminus is likely to be facing the ER lumen based on the charge difference
surrounding the first transmembrane domain. (C) The alignment of Porc and MG61 amino acid sequence is shown. Regions of amino
acid identities between the two proteins are indicated by black boxes.

with Kc cells that express a low level of endogenous Porc
{not shown). Kc cells were transfected with either HS-Wg
alone or HS-Wg and HS-Porc followed by Wg detection in
the cell lysate and medium in the presence of suramin.
As shown in Figure 7A, three forms of Wg (I, 11, and III} are
detected in the lysates of cells transfected with HS-Wg at
0.5 or 3.0 hr after heat induction. In the lysates of cells
transfected with both HS-Wg and HS-Porc, three Wg
forms are detectable at 0.5 hr, but forms I and II almost
disappear at 3.0 hr after heat induction. In addition, the
largest form of Wg, form IV, is specifically detected in
these cells. The forms II and III are detected in the me-
dium of cells expressing wg alone, whereas only form III
is found in the medium of cells expressing both wg and
porc. The total amount of Wg secreted in the medium
may not be changed significantly by ectopic Porc. Focus-
ing on the form III (an endogenous form of Wg found in
embryos), it is secreted more by cells expressing both wg
and porc than by cells expressing wg alone (Fig. 7A) be-
cause of its enhanced synthesis. The same results were
obtained by pulse labeling the transfected cells with
[**S]methionine followed by chase, as shown in Figure
7B. More Wg forms Il and IV are detected in the lysates
of cells expressing both wg and porc. The forms of Wg
secreted in the medium after a 3-hr chase are the same as
above. Although more radioactivity (1.5-fold) of form III
Wg is found in the medium of cells expressing both wg

and porc compared with cells expressing wg alone, the
total level of radioactivity of Wg detected in the medium
is constant. These results suggest that Porc modifies Wg
processing but does not significantly increase the total
level of secreted Wg by Kc cells.

To further analyze the roles of Porc on Wg processing,
we examined post-translational modifications of Wg.
First, the transfected cells were treated with tunicamy-
cin which inhibits N-linked glycosylation. Only form I is
synthesized in the presence of tunicamycin irrespective
of Porc, suggesting that form I is a precursor whereas
others are N-linked glycosylated products (Fig. 7C}. Sec-
ond, the type of N-glycans associated with Wg was ana-
lyzed by EndoH, which specifically cleaves high man-
nose-type N-glycans synthesized in the ER. As shown in
Figure 7D, all forms, with the exception of form I, are
sensitive to EndoH, suggesting that forms II-IV contain
high mannose-type N-glycans. There is another weak
band (migrating between forms II and III) in addition to
form I in EndoH-treated samples, suggesting that a small
fraction of forms Il and possibly IV may also have En-
doH-resistant N-glycan. Because, as described above,
more forms III and IV are synthesized in the presence of
ectopic Porc (Fig. 7A-D), these results show that Porc
stimulates the processing of Wg intermediates (forms I
and II) as indicated by enhanced addition of high man-
nose-type N-glycan. The same experiment was also car-
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Figure 6. Immunolocalization of epi-
tope-tagged Porc in Kc cells. The HA
epitope-tagged Porc (Porc-HA) is ex-
pressed in Kc cells and detected by an
epitope-specific monoclonal antibody,
12CA5. The staining pattern indicates
that Porc concentrates at the ER. The
corresponding DNA staining and phase
images are also shown. Porc also colocal-
izes with the ER luminal protein, BiP,
when expressed in mouse 3T3 cells (not
shown).

ried out with a wg construct in which the amino-termi-
nal signal sequence was deleted. The processing of this
Wg mutant is not modified by Porc, suggesting that it is
involved in Wg processing along the secretory pathway
(Fig. 7A). Our data are consistent with the in vivo data of
L. Smith, X. Wang, and S. Cumberledge (in prep.), who
found that in porc mutant animals, Wg glycosylation is
abnormal.

Wg signaling in the midgut, but not Dpp or Hh
signaling, is affected in porc mutant embryos

If porc encodes a protein involved in Wg processing, it
raises the issue of its specificity because one may expect
molecules involved in secretory mechanisms to be pleio-
tropic (see Discussion). We examined the role of Porc on
midgut formation because it involves signaling from
both Wg and the TGF beta-like secreted factor Dpp. Both
genes are involved in an inductive cascade leading to
formation of the second midgut constriction (Immer-
gluck et al. 1990; Reuter et al. 1990). Wg and Dpp are
transcribed in visceral mesoderm cells and regulate the
expression of the nuclear homeotic protein Labial {Lab)
in the adjoining endoderm. Although both wg and dpp
mutants entirely lack the second constriction, their ef-
fects on Lab are different. dpp mutants have no Lab ex-
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pression in the endoderm (Immergluck et al. 1990; Reu-
ter et al. 1990), whereas wg mutants express Lab in an
abnormal pattern (Immergluck et al. 1990).

We found that porc mutants lack the second midgut
constriction {not shown). Moreover, Lab is expressed in
porc mutant embryos, derived from germ-line clones,
and the staining pattern is the same as in embryos mu-
tant for wg'™% (not shown), a Wg secretion defective
allele. Rather than a gradient with heaviest staining at
the posterior of the domain, Lab antigen in wg mutants
is not graded. These results suggest that Dpp signaling
does not require porc gene activity.

Further support of the specificity of Porc in Wg signal-
ing comes from examination of the imaginal phenotypes
associated with porc pharate adults. As shown in Figures
1-3, these animals exhibit defects reminiscent to defec-
tive Wg signaling only. If Porc was required for secretion
of other secreted molecules involved in imaginal pat-
terning, such as Dpp and Hh, we would expect porc mu-
tant discs to exhibit defects along their antero—posterior
axis as well {Zecca et al. 1995). Finally, the effect of Porc
on Hh processing and secretion was also tested by use of
cultured cells. The processing and secretion of Hh ex-
pressed in Kc cells is not affected by Porc (Fig. 8). Thus,
Porc is not involved in Hh processing in vitro, which is
consistent with the in vivo data that implicate Porc as a
component of Wg, but not Hh, signaling pathway.
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Figure 7. Effect of Porc on Wg processing. {A) Wg protein in the cell lysate (C) and medium (M) at 0.5 and 3.0 hr after heat shock was
analyzed by Western blot by use of anti-Wg antibody. The overexpression of Porc following cotransfection with hs-porc is indicated
by — and +. Control, Wg, and WgAN (Wg lacking amino-terminal signal sequence) indicate the cells transfected with heat shock
plasmid, hs-wg, and hs-wgAN, respectively. Wg forms I-IV are also shown at the left. The processing of Wg does not significantly
change during a recovery time of 2.5 hr at 25°C in cells expressing wg alone but is stimulated by coexpression of porc. In addition, more
Wg forms III and IV are detected in the medium and cell lysate of cells expressing both wg and porc, respectively. porc does not have
any effect on WgAN. One-tenth volume of cell lysate and half volume of medium was subjected to 10% SDS-PAGE. The medium
contained 0.5 mm suramin to release Wg from the cell surface and extracellular matrix. (B) The processing (cell lysate, C) and secretion
{medium, M) of Wg was analyzed by pulse-labeling the transfected cells by heat shock plasmid {control) or hs-wg (Wg| with [35S|me-
thionine followed by 0- and 3-hr chase. The overexpression of Porc by hs-porc is indicated by — and +. The same results are observed
asin A by this analysis. After 3-hr chase, the radioactivity of forms II and Il in the medium of cells expressing wg alone is comparable
to that of form III in the medium of cells expressing both wg and porc, although 1.5-fold more radioactivity of form IIl is detected in
the presence of ectopic Porc. {C) The effect of tunicamycin (TUN) on Wg synthesized in Kc cells transfected with either hs-wg (Wg|
or both hs-wg and hs-porc (Wg+ Porc) is examined by Western blot. Form 1 is produced in the presence of tunicamycin irrespective of
Porc, suggesting that it is a precursor and that the others are modified by N-linked glycosylation. (D) The EndoH sensitivity of various
Wg forms in Kc cells transfected as in C is analyzed by [**S]methionine labeling followed by immunoprecipitation. The forms II-IV
are sensitive to EndoH, indicating that they contain high mannose-type N-glycans. The presence of additional weak band in the
EndoH-treated samples suggests that a small fraction of forms III and possibly IV may also have EndoH-resistant N-glycans.

Discussion duction process between germ layers. In such mosaics,
where Wg is produced from the mesoderm, extensive

porc is involved in Wg signaling rescue of the ventral epidermis is observed. Similarly, we

A number of data strongly support the model that Porc is
specifically involved in Wg signaling. First, lack of porc
activity results in phenotypes remarkably similar to
those of wg both during embryonic as well as imaginal
patterning. Embryos that lack both maternal and zygotic
porc activity exhibit loss of en expression and cuticular
patterning defects that mimic wg mutant embryos. Sim-
ilarly, porc and wg embryos have identical phenotypes in
the embryonic midgut. porc is also required for Wg sig-
naling during imaginal disc patterning as shown by the
expression of specific markers in developing discs and
phenotypes of the resulting cuticular derivatives.
Mosaic analyses of porc in the embryo as well as in the
imaginal discs reveal that porc acts nonautonomously.
This is consistent with the proposal that porc encodes a
protein required for Wg processing. Wg has been shown
to act as a short-range signal in the embryonic epidermis
{(Vincent and Lawrence 1994). However, Lawrence et al.
(1994) discovered that Wg made in the mesoderm can
sustain En expression in the epidermis revealing an in-

found that in porc embryonic mosaics, the epidermis can
be rescued to a large extent. This probably reflects the
ability of Wg protein to signal across layers from the
mesoderm (see Lawrence et al. 1994).

porc encodes a transmembrane protein involved
in Wg processing

Because Porc modifies N-linked glycosylation of wild
type but not signal sequence-less Wg, we propose that
Porc functions along the secretory pathway. This model
is consistent with the observation that Porc concentrates
at the ER in cultured Drosophila and mouse cell lines.
The processing of Wg, expressed in Kc cells, is unusual in
terms of the presence of signal sequence-cleaved but not
glycosylated product (form 1) at the steady-state level.
This type of intermediate never exists because the signal
sequence cleavage and glycosylation occur cotransla-
tionally for many secreted glycoproteins. Porc clearly
stimulates further processing of this intermediate to
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Figure 8. The effect of Porc on Hh processing in cultured cells.
Hh protein in the cells lysate {C) and medium (M) at 0.5 and 3.0
hr after heat shock was analyzed by Western blot by use of
antibody against Hh amino-terminal fragment [a gift from P.
Ingham ({Imperial Cancer Research Fund, London, UK}; Taylor et
al. 1993]. The overexpression of Porc following cotransfection
with hs-porc is indicated — and +. Control and Hh indicate the
cells transfected with heat shock plasmid and hs-hh, respec-
tively. U and N corresponds to a signal sequence cleaved and
autoprocessed form, respectively (Lee et al. 1994). The medium
contains 0.5 mM suramin to release Hh from cell surface.

N-linked glycosylated form. In addition, the form IV Wg
is specifically produced in cells expressing both wg and
excess porc. There are four potential N-linked glycosy-
lation sites in Wg and they are probably not all glycosy-
lated under physiological conditions. Because the form
IV is not synthesized in the presence of tunicamycin and
is sensitive to EndoH, it is likely to contain ectopic
N-glycans at sites that are not utilized among four pos-
sible glycosylation sites. The modification associated
with form IV Wg could be caused by a prolonged reten-
tion or conformational change of Wg in the ER (exposing
ectopic N-linked glycosylation site) by excess Porc, sup-
porting a model whereby Porc is involved in the modi-
fication of Wg and localized to the ER.

Porc encodes a transmembrane protein with at least
eight membrane-spanning domains and a small hydro-
philic region, suggesting that it may form a pore. A pos-
sible function of Porc could be to aide Wg to translocate
from the cytosol to the ER. In support of this model, we
found that Wg, in contrast to yeast o factor and bacterial
B-lactamase (not shown), was not inserted in microsom-
al membranes when it was translated in vitro, indicating
that it requires other factors that are absent in pancreatic
microsomes. Porc could be such a factor. Porc may sup-
port the translocation of factors necessary for Wg pro-
cessing in the ER. Such factors may be necessary for
changing the environment (for example, pH, ion concen-
tration, and oxydoreduction state) of the ER. It has been
reported recently that the influenza virus M, channel
modifies the intracellular transport of viral proteins by
changing the pH of Golgi (Sakaguchi et al. 1996). Besides
the function of Porc as a channel, it may have direct or
indirect roles on Wg processing in the ER, for example,
glycosylation, disulfide bond formation, and folding. We
examined the effects of Porc on intra- and interdisulfide
bond formation of Wg by nonreducing and reducing 2D-
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gel electrophoresis (Tokida et al. 1990) and found that
Porc did not affect these events in cultured cells. Thus,
Porc does not appear to act on the numerous cysteine
residues that are conserved among different Wnts. To
test whether Porc is involved in glycosylation, it will be
necessary to analyze the effects of Porc on Wg in which
N-linked glycosylation sites are knocked out.

As shown in Figures 7A and B, forms II and Il Wg are
secreted by cells expressing wg alone whereas only form
IIT is secreted by cells expressing both wg and porc. Be-
cause form I1I is the endogenous Wg detected in embryos
(not shown), form II Wg may be secreted by a default
pathway possibly from the ER to the plasma membrane.
Its secretion cannot be observed in cells expressing both
wg and porc because of its enhanced intracellular pro-
cessing to Wg forms III and IV. The effect of Porc on the
total amount of Wg secreted in the medium is much less
than that on Wg processing. These results indicate that
Wg may require other factors for its efficient secretion in
addition to Porc.

Autocrine versus paracrine function of Porc

A puzzle regarding Porc function in Wg signaling is
whether Porc is involved in Wg paracrine signaling (i.e.,
regulation of en expression and formation of naked cu-
ticle). Although porc is required for the maintenance of
en expression by Wg, en expression as well as formation
of naked cuticle is restored in porc embryos following
ectopic expression of wg (Noordermeer et al. 1994; Man-
oukian et al. 1995). This result suggests that Porc func-
tion is not completely essential for Wg activity in these
overexpression assays. This is in contrast to Dsh and
Arm, which are required for Wg signaling following ec-
topic expression {Noordermeer et al. 1994; Manoukian et
al. 1995).

Examination of en expression in porc mutant embryos
suggests that Porc is required in paracrine Wg signaling
{van den Heuvel et al. 1993). Then why is ectopic expres-
sion of wg in porc mutants, by use of either heat shock
(Noordermeer et al. 1994} or the Gal4/UAS system
{Manoukian et al. 1995), able to restore en expression or
generate some naked cuticle? In light of the molecular
results presented in this paper, we propose that when Wg
protein is overexpressed, a small amount is secreted per-
haps by alternative pathways. Indeed, the existence of
multiple secretory routes has been documented, suggest-
ing that this molecular mechanism may happen in Wnt
secretion.

Thus, we propose that Porc functions not only in Wg
autocrine but paracrine signaling as well, and when Wg
is overexpressed, some default pathway can get acti-
vated.

How specific is Porc to Wg signaling!

We investigated porc function in the midgut as well as
during imaginal phenotypes to determine whether porc
is required for distribution of various extracellular sig-
naling molecules. We reasoned that if Porc was required
for secretion of other signaling molecules, porc mutant
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animals may exhibit additional mutant phenotypes. Like
Wg, Dpp is expressed in the visceral mesoderm but is
secreted across tissue layers and is taken up by the ad-
joining endodermal cells, in which it regulates lab ex-
pression (Panagabian et al. 1990; Reuter et al. 1990).
Whereas wg mutants alter the graded expression of Lab
in the endodermal nuclei, dpp mutants show no lab ex-
pression at all. porc mutants show a pattern of Lab ex-
pression very similar to that of wg embryos. Therefore, it
appears that Porc is not required for Dpp function. Fur-
ther, examination of porc imaginal phenotypes with
both molecular and cuticular markers demonstrates the
specificity of Porc to Wg signaling. Examination of the
imaginal structures fails to implicate a function for Porc
in other signaling pathways such as Hh or Dpp. Support-
ing these in vivo data, we found that Porc does not have
any effect on Hh processing in tissue-cultured cells.
Thus, Porc does not appear to be involved in the secre-
tion of other signals.

Our results suggest that Porc does not encode a general
requirement for distribution of extracellular signals.
However, its possible role in mediating the secretion of
other Wnt family members has not been addressed.
Other Drosophila Wnt genes have been reported. The
processing of DWnt-3 in tissue-cultured cells appears dif-
ferent from that of Wg because only matured DWnt-3 is
detected at the steady state (Fradkin et al. 1995). Never-
theless, the analysis of the distribution of other Wnts in
porc mutants may reveal whether their processing de-
pends on Porc function. In addition to the human MG61
porc-related sequence, recently, we have identified both
Xenopus and mouse genes related to porc (T. Kadowaki
and N. Perrimon, unpubl.), raising the exciting possibil-
ity that vertebrate proteins may play an analogous func-
tion in Wnt proteins processing.

Materials and methods
porc mutations

The first porc mutation was isolated in a screen for X-linked
zygotic lethal mutations associated with specific maternal-ef-
fect lethal phenotypes (Perrimon et al. 1989). Subsequently,
three EMS-induced alleles, porc"™¢ (Perrimon et al. 1989),
porc’® and porc®, and one gamma-ray induced allele, porc©8
(Eberl et al. 1992), were characterized. In addition, we deter-
mined that 1(1)15175 (Ferrus et al. 1990) is also a porc allele.
Dp(1;3)]C153 is described in Eberl et al. (1992}. The five known
porc mutations are associated with larval/pupal lethality and
all exhibit a fully rescuable maternal effect lethal segmentation
phenotype.

All experiments were performed with the porc”®?¢ allele and
then confirmed with at least one more allele {usually porc).
Flies were grown at 25°C.

Production of porc mutant embryos and examination
of embryos

Germ-line clones of porc alleles were generated with the ovoP?-
dominant female sterile mutation as described in Perrimon et
al. (1984). Embryos derived from germ-line clones were
mounted for cuticle preparation (Wieschaus and Nusslein-Vol-
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hard 1986} or collected for immunchistochemistry. Lab expres-
sion was detected as described by Klingensmith et al. (1994).

Mosaic analyses

Mosaic patches were detected by the marker svb™"’? {Gergen
and Wieschaus 1986) for embryonic gynandromorphs, and yel-
low |y), white (w), and forked (f*%?) (Lindsley and Grell 1968) for
adult gynandromorphs and somatic clones. Embryonic gynan-
dromorphs were among the progeny of ring-X/Y males crossed
to females bearing svb porc germ-line clones. The ring-X chro-
mosome, a gift from J. Hall (Brandeis University, Waltham,
MA), is kept as In(1)d149, y w 1z /Yy*. Adult gynandromorphs
were produced by mating FM7¢/y w f porc females to ring-X/Y
males. Progeny adults and dead pupae were examined for mo-
saicism (Table 1).

Clones in adult structures were induced by mitotic recombi-
nation. FM7c/f*%porc females were mated to y w/Y males and
their progeny irradiated at the first to early second instar, at a
constant dose of 1000 rads of X-rays. The meiotic location of the
X-linked genes f and porc is 56.7 and 59, respectively. Thus, the
occurrence of mitotic crossovers between the two genes is very
unlikely. Specimens were mounted in Faure’s mountant or de-
hydrated and mounted in methylsalicylate.

Analyses of imaginal discs and adult phenotypes

The porc mutant phenotype in the discs and the adult were
determined using porc”1¢, LacZ-expressing lines were: A101/
TM3 (neuLacZ) {Usui and Kimura 1992), P1394/CyO (E.L.
Wilder, unpubl.) apLacZ/CyO (Diaz-Benjumea and Cohen
1993}, and H15 (Brook et al. 1993). The latter is a homozygous
viable insertion on the second chromosome. P1394 is an insert
that produces an aristaless (al) mutant phenotype; however,
expression of LacZ only partially represents the expression pat-
tern of al. Expression of LacZ in the leg disc resembles al ex-
pression, but its expression in the wing disc does not {E.L.
Wilder, unpubl.). To examine the expression of these genes in a
porc mutant, porc’®¢/FM7 females were crossed to males of
cach strain and male progeny were examined by X-Gal staining.
Anti-Cut antibody was used as described {Blochlinger et al.
1993).

The adult wing and leg are from porc escaper, which facili-
tates the examination of the bristles. Pharate adults, which die
at late pupal stages, exhibit similar phenotypes. However, ex-
amination of mutant wing imaginal discs suggests that their
growth can be severely inhibited (not shown), indicating that
porc individuals that die at earlier phases may suffer from loss
of wg function during limb outgrowth.

RFLP mapping

The position of the porc gene was determined by restriction
fragment length polymorphism [RFLP) mapping (van der Bliek
et al. 1991). Two chromosomes were used for this study: y os?
which carries a mutation at the outstreched locus located just
distal to porc (Eberl et al. 1992}, and y w porc™®¢ £3¢¢ which
carries a porc mutation and the nearby proximal visible marker
forked. Southern blots of y os!, y w porc™™®!® f35¢/FM7, and
FM7/Y DNA digested with different restriction enzymes were
prepared. These blots were probed with lambda phage DNA
covering the os and porc genomic region {a gift from O. Pongs,
Zentrum Molekulare Neurobiol, Hamburg, Germany). These
analyses allowed us to determine the positions of restriction
enzyme sites that are different between the os’ and porc’?®
chromosomes. Fifteen y w/Y wild-type male recombinants
were recovered among the progeny of y os’/y w porc™8té (34
females crossed with OreR males. The genomic DNA isolated
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from these male recombinants were analyzed by Southern blots
to determine the position of the meiotic recombination events.
All recombinants showed the porc”6 and os! RFLP in regions
beyond os and porc?2'®, respectively. In addition, there was a
mixture of recombinants carrying different RFLPs in the region
between os and porc”816. The number of the recombinants car-
rying porc”B!¢ RFLP (y-axis) was plotted against the physical
map {x-axis) at the different positions and this formed a line (Fig.
4). The intersection of this line with the x-axis defines the ap-
proximate position of the porc gene.

Isolation of porc cDNAs

Transcription units located in the porc genomic region were
analyzed by Northern blot hybridizations. Poly(A)* RNA was
prepared from embryos 0-3, 1-5, and 5-9 hr old as described
(Herrick et al. 1990) and riboprobes were prepared from plas-
mids carrying different portions of genomic DNA. This allowed
us to determine the size, expression pattern, and transcriptional
direction of the various mRNAs present in the region. The
breakpoint of Dp(1;3)JC153 and DNA alteration of porc©’® was
analyzed by Southern hybridization with various DNA probes.
porc*® genomic DNA was digested with four base-cutter en-
zymes. A 0-3 hr embryonic ¢cDNA library {Brown and Kafatos
1988) was screened with the Accl-Sacl genomic DNA fragment,
and five positive clones were isolated. They were all identical
based on the restriction enzyme analysis. A 2.4-kb cDNA was
then sequenced by an automatic DNA sequencer (ABI model
373A). {Note: The complete sequence of the porc cDNA has
been deposited in GenBank under accession no. U77310).

Molecular biology

The EcoRI-Xbal genomic DNA covering the porc locus was
cloned in pCaspeR4 (Thummel and Pirrotta 1992) to generate a
genomic porc rescue construct. A heat shock porc construct,
hs-porc, was constructed by cloning the porc cDNA in pBlue-
script KS II following partial digestion by EcoRI and HindIIl.
The Hincll-NotI DNA fragment containing the porc cDNA was
then cloned into the Hpal-Notl site of pCaspeR-hs (Thummel
and Pirrotta 1992). The injection procedure for generating
P-element transformants is described in Spradling (1986).

To generate an HA epitope-tagged porc, the porc cDNA was
first cloned into pUC19 followed by destruction of Notl site.
New Notl site was then introduced at position 182 or 425 by
site-directed mutagenesis. A Notl DNA fragment carrying three
HA epitopes from pGTEP1 (Tyers et al. 1992) was inserted to
these sites. This epitope-tagged cDNA was transferred to pBlue-
script KS II and cloned into pCaspeR-hs.

Heat shock wg constructs, hs-wg and hs-wgAN, were con-
structed by PCR with wg ¢cDNA as a template and the fol-
lowing primers; primer 1: 5'-CGGGATCCATGGATATCAGC-
TATATCTT-3’, primer 2: 5-CGGGATCCATGTGCAGCG-
GCGGCAGCAGTCTCAGC-3', and primer 3: 5'-CGAG-
GCCTTTACAGACACGTGTAGATGA-3'. Primer 1/3 and 2/3
produces wild-type wg and mutant wg, respectively. PCR prod-
ucts were then cloned in BglII-Stul site of pCaspeR-hs after
BamHI and Stul digestion.

RNA injection

For injections of RNAs in early embryos, capped RNA was pre-
pared with SP6 and T3 RNA polymerase from the linearized
plasmids NB40 and pBluescript KS 1I, respectively. NB40 con-
tains the wild-type porc sequence and pBluescript KS IT contains
the porc-HA sequence. The RNA was dissolved in an injection
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buffer and injected into precellular blastoderms as described
(Schneider et al. 1991). The embryos were derived from females
with homozygous svb¥"?7% porc™¢ germ-line clones crossed
with wild-type males. porc mutant embryos rescued as a result
of the RNA injection showed the svb phenotype. The injected
embryos were allowed to develop at 18°C under halocarbon oil
and their cuticles examined after 3 days. In these experiments,
germ-line clones of porc were generated with the FLP-DEFS tech-
nique (Chou and Perrimon 1992} as described (Siegfried et al.
1994}. Of 198 embryos injected, 28 were rescued to various ex-
tent.

In situ hybridization

Overnight collection of OreR embryos were subjected to stan-
dard in situ hybridization by use of sense [negative control) and
antisense probes. The probes were generated from a plasmid
carrying the porc cDNA Sacl-Xhol fragment by PCR in the
presence of digoxigenin-16-dUTP. The hybridization signal was
detected by alkaline phosphatase-conjugated antidigoxigenin
antibody and NBT/X-phosphate complex (Boehringer).

Transfection of Kc cells and indirect immunofluorescence

Kc cells were maintained in HYQ-CCM3 medium (Hyclone)
and inoculated in six-well plates at 50% confluency. They were
transfected with 2.5 pg hs-porc HA plasmid with DOTAP trans-
fection reagent (Boehringer) for 48 hr at 25°C. Cells were then
heat shocked at 37°C for 45 min followed by attachment to
poly-L-lysine coated eight-well chamber slides. After 90 min at
25°C, they were fixed with 4% paraformaldehyde in PBS for 15
min at room temperature. Following cell permeabilization with
0.5% TX-100 in PBS for 5 min, cells were blocked with PHT
{PBS containing 5% horse serum and 0.1% Tween 20) for 1 hr.
They were then incubated with 5 pg/ml of 12CA5 monoclonal
antibody directed against the HA epitope in PHT for 2 hr fol-
lowed by multiple washes with PT (PBS with 0.1% Tween 20)
for 1 hr. The FITC-conjugated antimouse antibody was used at
a dilution of 1:200 for 1 hr followed by 3 washes each with PT
and PT containing 0.3 m NaCl for 1 hr. Cells were also stained
with 1 pg/ml DAPI for 5 min and mounted with SlowFade
reagent {(Molecular Probes).

To analyze the processing of Wg, Kc cells were transfected
with hs-wg or hs-wgAN alone or along with hs-porc plasmid as
above. After heat shock, new medium containing 0.5 mM
suramin was added, then incubated at 25°C. The cell lysate and
medium was recovered at 0.5 and 3 hr after heat shock followed
by Western blot analysis with rabbit anti-Wg antibody {1000
dilution). The processing of Hh in Kc cells was examined as
above except that a hs-hh plasmid and rabbit anti-Hh antibody
(2000 dilution) were used.

Tunicamycin, pulse-chase, and EndoH treatment

Tunicamycin was added to the cells 3 hr prior to heat shock and
present throughout experiment at 25 pg/ml. The cell lysate was
analyzed by Western blot with anti-Wg antibody. The trans-
fected cells with indicated plasmids were labeled at 30 min after
heat shock with 250 p.Ci of Pro-mix (35S-Cys/Met mixture, Am-
ersham) in methionine-free M3 medium containing 0.5 mm
suramin for 1 hr followed by 0 and 3 hr chase by adding cold
methionine at a final concentration of 0.25 g/1. The cell lysate
and medium prepared in RIPA buffer was immunoprecipitated
with anti-Wg antibody and protein A-Sepharose. Immunopre-
cipitates were analyzed with 10% SDS-PAGE and the radioac-
tivity of individual Wg form in the medium was measured by
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Bio-Image Analyzer, BAS2000 (FUJI). To test for EndoH sensi-
tivity, transfected cells were labeled for 5 hr as above except
that suramin was not included in the medium. The immuno-
precipitates from cell lysates were suspended in 0.1 M sodium
phosphate buffer, at pH 6.0 with 0.1% SDS, then boiled for 5
min. They were then treated with 2 microUnits of EndoH or
buffer in the presence of 1 mm PMSF for 15 hr at 37°C.
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