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ABSTRACT

The gutfeeling (guf) gene was uncovered in a genetic screen for genes that are required for proper
development of the embryonic peripheral nervous system. Mutations in gufcause defects in growth cone
guidance and fasciculation and loss of expression of several neuronal markers in the embryonic periph-
eral and central nervous systems. gufis required for terminal differentiation of neuronal cells. Mutations
in guf also affect the development of muscles in the embryo. In the absence of guf activity, myoblasts
are formed properly, but myoblast fusion and further differentiation of muscle fibers is severely impaired.
The guf gene was cloned and found to encode a 21-kD protein with a significant sequence similarity to
the mammalian ornithine decarboxylase antizyme (OAZ). In mammals, OAZ plays a key regulatory role
in the polyamine biosynthetic pathway through its binding to, and inhibition of, ornithine decarboxylase
(ODC), the first enzyme in the pathway. The elaborate regulation of ODC activity in mammals still lacks
a defined developmental role and little is known about the involvement of polyamines in cellular
differentiation. GUF is the first antizyme-like protein identified in invertebrates. We discuss its possible

developmental roles in light of this homology.

HE development of the peripheral nervous system
(PNS) is a complex process that requires the se-
quential activity of a large number of genes (for review
see JAN and JaN 1993; for additional genes see SALZBERG
et al. 1994; KaNIA et al. 1995). The PNS of Drosophila
embryos serves as an excellent model system to study
the genetic and molecular basis underlying these pro-
cesses due to its simple structure, the availability of
many markers, and the amenability of the fly to genetic
manipulations. During early stages of embryonic devel-
opment, a small number of ectodermal cells are se-
lected and determined as sensory organ precursors
(SOP) (reviewed by CAMPOS-ORTEGA 1988). These pre-
cursors then divide and their progeny differentiate to
give rise to neurons and associated support cells that
constitute various types of sensory organs.

Whereas the role of genes involved in early determi-
native events that regulate SOP recruitment has been
partially elucidated (reviewed by CaMPUZANO and Mo-
DOLELL 1992; GHYSEN ¢t al. 1993), little is known about
genes that play a role in terminal stages of neuronal
differentiation. Several genes that are expressed in all
the SOPs following their selection have been identified
(e.g., BELLEN et al. 1992; BIER et al. 1992; KANIA et al.
1993). These genes may be required for early aspects
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of neural differentiation. However, their function in
sensory organ formation is still unclear. One exception
is the prospero gene that was shown to affect differentia-
tion, but not identity of sensory neurons. In the absence
of prospero, the axonal trajectories in the periphery are
aberrant. The prospero gene is thought to be involved
in regulation of gene expression as in its absence the
expression of other neuronal precursor genes persists
longer than normal in the developing PNS (VAESSIN et
al. 1991).

Many lines of similarity can be drawn between the
developing PNS and the developing muscles. Like the
specification of SOPs in the PNS, muscle development
is thought to begin with the specification of a single
founder cell for each muscle (BATE 1990). The founder
cells then fuse with neighboring fusion-competent cells
to form syncytial muscle precursors with specific identi-
ties. These precursors then differentiate to form a spe-
cific muscle fiber following the developmental program
presumably dictated by the founder cells. One differ-
ence in the developmental strategies used in these two
systems is that PNS development is a strictly lineage
dependent process, whereas muscle development in-
volves the recruitment of neighboring nonlineage-re-
lated cells. However, despite this difference, common
mechanisms seem to be used for the specification of
primary precursors through the activation of helix-loop-
helix proteins (for review see LAssaR and WEINTRAUB
1992; JaN and JaN 1995). In addition, the neurogenic
genes have been shown to play a similar role in both
systems where they function to restrict the number of
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sensory organ and muscle precursors that are singled
out from a population of ectodermal or mesodermal
cells respectively (CORBIN et al. 1991; BATE et al. 1993;
NYE et al. 1994). Interestingly, mutations in genes that
have been shown to participate in PNS development,
such as numb, extramacrochaetae, and tramtrack, also affect
muscle development (UEMURA et al. 1989; CUBAS ef al.
1994; GUO et al. 1995). Hence, muscle and nervous
system development clearly share some molecular path-
ways required for determination and differentiation.

In recent years we have initiated systematic screens
for genes that play a role in embryonic PNS develop-
ment. We have carried out mutagenesis screens on the
second and third chromosome of Drosophila to identify
mutations that disrupt normal PNS development in the
embryo (SALZBERG et al. 1994; KANIA ef al. 1995; A. SALZ-
BERG and H. J. BELLEN, unpublished data). Here we
report the phenotypic analysis and cloning of the gutfeel-
ing (guf) gene that was uncovered in one of these
screens (KaNIA et al. 1995). In its absence, neural pre-
cursors are determined and divide properly to give rise
to neurons and associated support cells. However, these
neurons fail to complete terminal neural differentiation
and express very reduced amounts of many late neu-
ronal markers. Interestingly, mutations in gufalso cause
defects in the embryonic musculature. In the absence
of guf, myoblasts are formed properly and the identity
of different muscles is specified correctly. However,
myoblast fusion and further differentiation of muscle
fibers is impaired.

The guf gene was cloned and found to encode a ho-
mologue of the vertebrate ornithine decarboxylase anti-
zyme (OAZ). Ornithine decarboxylase (ODC) is the
first enzyme in the polyamine biosynthetic pathway, and
its activity is regulated by an elaborate array of mecha-
nisms that respond to various cellular signals for growth
or differentiation (reviewed by Havasui 1989). OAZ
binds to ODC, inhibits its function and induces its rapid
degradation (HAvAsHI and CANELLAKIS 1989; MURA-
KAMI et al. 1992). In addition, OAZ represses polyamine
uptake into the cell (MITCHELL ¢t al. 1994; SUZUKI et al.
1994). Polyamines are essential for most living cells and
have been implicated in multiple cellular processes
such as the control of DNA, RNA and protein synthesis,
post-translational modifications and protein cross link-
ing (reviewed by HEBY 1981; TABOR and TABOR 1984).
However, despite the wealth of biochemical data, the
complex regulation of ODC activity and polyamine lev-
els still lack defined developmental roles. The data pre-
sented here suggest that GUF, a putative antizyme in
Drosophila, is required for cellular differentiation in
neuronal and myogenic lineages during embryonic de-
velopment.

MATERIALS AND METHODS

Molecular techniques: Sequencing of genomic and ¢cDNA
clones was performed using the dideoxy nucleotide chain

termination method (SANGER ¢ al. 1977) with the automated
fluorescence procedure (Applied Biosystems) in the Depart-
ment of Molecular and Human Genetics sequencing core.
Poly(A)™ RNA was prepared from different developmental
stages of Canton-S embryos and larvae as described by Sam-
BROOK ef al. (1989). Library screening, Southern and North-
ern analyses were conducted as described in SAMBROOK et al.
(1989). Sequence analysis and data base searches were carried
out using the Genetic Computer Group (GCG) sequence
analysis software package.

Fly strains and genetic protocols: All stocks were main-
tained on standard Drosophila medium at room temperature
(ASHBURNER 1989). Genetic nomenclature is as outlined by
LinDsLEY and Zivm (1992). Canton-S was used as the wild-
type strain in this study. The Pelement insertion strains 118/
3, 95/12, and 95/40 were generated by TOROK et al. (1993)
and are of the y w; PllacZw" }/ CyO genotype. The PllacZw")
is an enhancer detector described in BIER ef al. (1989).

Excision mutagenesis was conducted as follows: 118/3 vir-
gins were crossed to Sp/CyO; ry’"°Sb Piry*, A2-3/99B/TM6
males. Individual y w; PflacZ, w"}/CyO; v’*Sh Piry*, A2-
3199B/+ male progeny with mottled eyes were crossed to w;
Alp/Cy0 virgins and the progeny was scored for loss of eye
color. Fifty-seven w™ excision strains (50 lethal and seven via-
ble) were established. Genomic DNA of the excision strains
was analyzed by PCR to determine the molecular nature of
the excision event. The primers used were the 31 bp of the
Pelement inverted repeat 5'CGACGGGACCACCTTATG-
TTATTTCATCATG3' and two genomic primers located 154
bp upstream and 242 bp downstream of the 118/3 insertion:
5'GCCGGTGATGGTTTCGCAAGTGATTATGS’ and 5'AAC-
GAAAGGCTTATCAGCGAAGCGGCGAS', respectively. Le-
thal excision strains that did not contain Pelement sequences
{based on the PCR data) were further characterized by South-
ern analysis to identify deletions caused by imprecise excision
events.

RNA in situ hybridization to whole mount embryos: Digoxi-
genin-labeled RNA probes were prepared as described in the
RNA labeling and detection kit (nonradioactive) from Boeh-
ringer Mannheim. In situ hybridization to whole mount em-
bryos was performed as described by INGHAM et al. (1991).
The full length ¢cDNA was used as a template to synthesize
RNA probes for studying the distribution of guf transcripts in
wild-type embryos. To assess the presence of guf transcripts
in the deletion allele guf*™*’, a shorter probe corresponding
to the ORF and 3’ untranslated region was generated by using
the 900-bp Sall to 3" EcoRI fragment as a template. For unam-
biguously identifying the homozygous guf“*” embryos, a Oy0,
wg-lacZ balancer was used and a lacZ RNA probe was added
to the hybridization.

Immunocytochemistry and fB-galactosidase activity stain-
ing: For B-galactosidase (B-gal) activity staining, embryos
were dechorionated in bleach washed with water and fixed
for 20 min in a 1:1 mixture of heptane and fixative (0.1 M
phosphate buffer pH 7.6 plus 4% formaldehyde). After fixa-
tion embryos were washed thoroughly with 0.1 M phosphate
buffer containing 0.5% Triton X-100 and 0.3% deoxycholate
(PBT) and incubated in staining solution (10 mM phosphate
buffer pH 7.2, 150 mM NaCl, 1 mm MgCl2, 3 mM potassium
ferricyanide, 3 mM potassium ferrocyanide, and 0.2% X-gal).
To remove vitelline membrane following X-gal staining, the
embryos were placed in equal volumes of methanol and hep-
tane and shaken vigorously. Embryos were then washed twice
with methanol and twice with PBT and immunocytochemi-
cally stained using standard techniques (BIER et al. 1989).
For the characterization of embryonic phenotypes, the anti-
bodies listed below were used. MAbs 22C10 and 1D4 (Goob-
MAN et al. 1984; VAN VACTOR ¢t al. 1993) were used in a 1:50
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dilution. Polyclonal antisera against Pros (VAESSIN et al.
1991), Cut (CLP2, BLOCHLINGER et al. 1990), RK2 (CAMPBELL
et al. 1994), Synaptotagmin (LITTLETON ef al. 1993), Drosoph-
ila. Muscle Myosin (KIEHART and FEGHALI 1986), D-MEF2
(L1LLy et al. 1995) and Neurotactin (DE LA ESCALERA e al.
1990; HORTSCH ef al. 1990) were used in a 1:1000 dilution.
Anti-MSP-300 anti-serum (VOLK 1992) was used in a 1:300
dilution. Anti-sera against CPO (BELLEN et al. 1992), Atonal
(JARMAN et al. 1994) and EVE (FRASCH et al. 1987) were used
in a 1:5000 dilution.

RESULTS

Isolation of mutations in the guf gene: Mutations in
the guifeeling (guf) gene were uncovered in a genetic
screen designed to identify genes that play a role in the
development of the embryonic PNS (KANIA e al. 1995).
Embryos from 2000 strains carrying homozygous lethal
Pelement insertions on the second chromosome
(TOROK et al. 1993) were stained with monoclonal anti-
body (MAb) 22C10 (FUJITA et al. 1982; GOODMAN et al.
1984) and examined for defects in the PNS. The guf
gene was identified by three insertional mutations that
caused similar phenotypes and were mapped to cytolog-
ical position 48E5-12 (strains 118/3, 95/12 and 95/40;
KANIA ¢ al. 1995). Precise or near precise excision of
the P{118/3} insertion in guf reverts both the lethality
and the PNS phenotype, demonstrating that the inser-
tion causes the phenotype.

Additional guf alleles were generated by imprecise
excision of A118/3}. One allele, guf lexd7 corresponds to
a small deficiency that removes most of the guftranscrip-
tion unit and the entire open reading frame (see below).
This deletion was found to abolish zygotic expression of
guf (see below) and hereafter is referred to as a null
allele. The insertional alleles, guf™ "%, guf"”* and
guf”"'*’ cause phenotypes that are very similar to those
observed in guf™*” embryos (see below), suggesting that
they are severe loss of function or null alleles.

guf is required for terminal differentiation in the
PNS: Mutations in gufare embryonic lethal and cause
multiple defects in the embryonic PNS. First, a smaller
number of PNS neurons express 22C10 in homozygous
guf embryos than in wild-type embryos and the overall
intensity of 22C10 immunoreactivity is much decreased
when compared to wild-type embryos (KANIA et al. 1995;
Figure 1, A-C). The lateral and ventral PNS clusters
are more severely affected than the dorsal and ventral
clusters. On average, six to seven neurons are labeled
with MAb 22C10 in lateral clusters of guf embryos as
compared to 10—11 in wild-type (open arrows in Figure
1, A-C), and only three to four neurons label in the
ventral cluster of mutant embryos as compared to seven
in wild-type (not shown). The lateral chordotonal neu-
rons seem to be most severely affected by mutations in
guf and only one to three chordotonal neurons are
evident in each lateral cluster as compared to five in
wild-type embryos. However, the loss of 22C10 immuno-

reactivity is not restricted to chordotonal neurons and
is evident in all types of sensory neurons.

In addition to the lack of 22C10 expression, PNS
axons of guf embryos display severe defects in growth
cone guidance and fasciculation (Figure 1, A-C). One
of the most noticeable defects that is observed in all guf
embryos is splitting of the intersegmental nerve (ISN)
into two fascicles (closed arrows in Figure 1, B and C).
The ISN “loop’” phenotype was observed in 57% of
abdominal segments in guf”"’*’ homozygous embryos
(n = 168 segments) and 62% of abdominal segments
in guf* embryos (n = 121 segments). Crossing of the
ISN into neighboring segments (see Figure 1C) is much
less frequent and was observed in single segments of
~40% of the examined guf“?’ embryos. Defects in
growth cone guidance and fasciculation are not re-
stricted to ISNs but are also evident in segmental nerves.

MAb 22C10 is a relatively late marker for PNS devel-
opment as neuronal cells express the 22C10 antigen
only after they exit the cell cycle and start differentiat-
ing as neurons. Thus, lack of 22C10 expression may
indicate a true loss of neurons stemming from a failure
of precursor formation, failure of precursor division,
transformation of neurons into lineage-related support
cells, or cell death. Alternatively, this phenotype may
reflect a failure of neuronal cells to fully differentiate
and express late neuronal markers. To distinguish
among these possibilities, we used a variety of cell-type-
specific markers to assess number and identity of PNS
cells in guf embryos of various developmental stages.
Since chordotonal neurons are among the most se-
verely affected neurons (Figure 1, B and C), we mostly
focused our analysis on the formation of the conspicu-
ous cluster of lateral chordotonal organs.

To determine whether the precursors of chordotonal
organs were affected in guf embryos, we immunocyto-
chemically stained them with antibodies against the
Atonal protein (JARMAN et al. 1994). The pattern of
chordotonal SOPs in the mutant was found to be indis-
tinguishable from that of wild-type embryos (data not
shown). To determine whether SOP division is im-
paired, we examined the PNS of mutant embryos with
anti-Couch potato (CPO) antibodies (BELLEN et al.
1992). The CPO protein is present in nuclei of all the
cells that constitute each sensory organ. Thus, the num-
ber of CPO positive cells reflects the number of cell
divisions each precursor went through. As shown in
Figure 1E, the level of CPO protein is reduced in guf
mutant embryos when compared to wild-type (compare
Figure 1, E and D), but a wild-type number of CPO
positive nuclei is evident in each chordotonal organ.
These observations indicate that zygotic gufis not re-
quired for the determination of SOPs or their division
but is required during later stages of PNS development.

Loss of 22C10 immunoreactivity may reflect a trans-
formation of chordotonal neurons into another type
of neurons that normally express lower levels of this
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FIGURE 1.—Loss of guf activity alters differentiation but not cell identity in the PNS. All the micrographs in Figure 1 are
oriented such that anterior is to the left and dorsal is up. (A—C) Abdominal segments of stage 16 wild-type (A), guf™'®’
homozygous (B), and guf***” homozygous (C) embryos stained with MAb 22C10. The dorsal (d) and lateral (I) PNS clusters are
indicated in A, and the lateral chordotonal organs are marked with open arrows. Note the obvious reduction in the level of
22C10 expression, the defasciculated appearance of the intersegmental nerve and the misrouting of axons (closed arrows) in
mutant embryos. (D and E) Detailed view of lateral PNS clusters of wild-type (D) and guf™*” (E) embryos doubly labeled with
MAb22C10 (labels neuronal membranes, darker brown) and anti-CPO (nuclear staining in all PNS cells). The cap cells, sheath
cells, neurons and ligament cells are indicated in D. The intensity of anti-CPO and 22C10 staining is severely reduced in mutant
embryos. However, cap cells, sheath cells and neurons are still identifiable. The ligament cells that normally stain faintly with
anti-CPO cannot be seen in this micrograph. (F and G) Stage 15 guf**/CyO, P{wg-lacZ) (F) and homozygous guf**’’ (G)
embryos doubly labeled with anti S-gal (brown stripes in F) and anti-Cut antibody (clp2, BLOCHLINGER et al. 1990). No obvious
defects are observed in the PNS of mutant embryos when stained with this antibody. (H and I) Stage 15 guf***’/Cy0, P{wg-lacZ}
(H) and homozygous guf**” (I) embryos doubly labeled with anti S-gal (brown stripes) and anti-Pros antibody (VAESSIN et al.
1991). Nuclei of chordotonal sheath cells are indicated by arrows. (J and K) Similar view of guf“*’/CyO, P{wg-lacZ} (J) and
homozygous guf***” (K) embryos doubly labeled with anti S-gal (brown stripes) and anti-Repo antibody (RK2; CAMPBELL et al.
1994) that reveals peripheral glia and ligament cells of the lateral chordotonal organs (arrows). Note that ligament cells in guf
mutants express decreased levels of the Repo protein and they appear less organized than in wild-type embryos.

e

“a

antigen. Hence, we stained embryos with anti-Cut anti-
body (BLOCHLINGER et al. 1990) that labels only external
sensory organs and a subset of multiple dendritic neu-
rons allowing us to establish whether the identity of
chordotonal neurons is altered in guf mutants. As
shown in Figure 1, F and G, the pattern of Cut expres-
sion appears normal in guf embryos, indicating no
change in the identity of sensory organs. To determine
whether the identity of cells within each chordotonal

organ is altered, we stained embryos with anti-Prospero
(VAESSIN et al. 1991) to reveal sheath cells, and the anti-
Repo/RK2 antibody (CAMPBELL et al. 1994; HALTER et
al. 1995) to reveal ligament cells. As shown in Figure
1, H-K, normal numbers of sheath and ligament cells
are evident in most lateral chordotonal organs of guf
embryos. The results of these experiments suggest that
loss of gufactivity does not alter the identity of sensory
organs, nor does it alter the identity of cells within each
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organ. We conclude that gufis not required for cell fate
determination but rather for terminal differentiation
of the developing PNS cells.

Whereas cell type-specific antigens are expressed in
a normal spatial pattern in the PNS of guf mutants,
the level of many markers is greatly reduced. Reduced
expression levels were observed for the 22C10 antigen
(Figure 1, B and C) and CPO protein in mature em-
bryos (Figure 1E). In addition, the level of the glial
homeo protein Repo in ligament cells of the lateral
chordotonal organs, but not in exit and peripheral glia,
is severely decreased when compared to wild-type em-

bryos (arrow, Figure 1, K and J). However, the levels of

Prospero and Cut proteins in the PNS seem to remain
unaffected by mutations in guf (Figure 1, G and I).
These observations indicate that mutations in guf may
exert their effect on late PNS differentiation by altering
protein levels.

Central nervous system (CNS) neurons of guf em-
bryos exhibit similar defects to those observed in the
PNS: As mutations in guf seem to affect most or all
types of sensory neurons, we examined the CNS of mu-
tant embryos to determine whether CNS neurons are
affected in a similar fashion. guf embryos exhibited a
severe reduction in the number of 22C10-expressing
cells in the ventral nerve cord when compared to wild-

FIGURE 2.—CNS phenotype of guf
mutant embryos. (A and B) Ventral
view of the ventral nerve cord of
stage 16 wild-type (A) and guf™"
(B) embryos immunocytochemically
stained with MAb 22C10 (anterior is
to the left). Severe reduction in the
number of 22C10-expressing cells is
evident in mutant embryos. (C and
D) Dissected nerve cords of wild-type
(C) and guf*"” (D) embryos stained
with an anti-Synaptotagmin antibody
(LITTLETON et al. 1993). The level
of Synaptotagmin protein is greatly
reduced in the mutant and the
nerve tracts appear narrower than
in wild-type embryos. Note that the
overall width of the CNS is similar
in mutant and wild-type embryos (in-
dicated with arrows). (E and F) Ant-
Fas II staining reveals defects in axo-
nal pathways of CNS neurons in the
ventral nerve cord. Wild-type (E),
guf™” (F) embryos stained with
MAb 1D4 and filleted. Whereas
three distinct fascicles can be seen
on either side of the midline in wild-
type embryos (E), only two fascicles
are evident in most segments of guf
embryos (F). In addition, the nerve
fascicles appear defasiculated in the
mutant (arrowhead in F) and the
commissures appear thicker than
normal (arrow).

type embryos (Figure 2, A and B). However, the number
of neuroblasts in the CNS of stage 10-11 guf embryos
appeared normal when visualized with antibodies
against Prospero (data not shown). The overall width
of the ventral nerve cord appeared normal when exam-
ined with Nomarski optics (demarcated by arrows in
Figure 2, C and D). This suggests that like in the PNS,
the lack of 22C10 expression in the CNS does not reflect
a true loss of neuronal cells but a failure of these cells
to fully differentiate as neurons.

To further assess late neuronal differentiation in the
CNS, we stained embryos with antibodies against the
synaptic vesicle protein Synaptotagmin (LITTLETON et
al. 1993). This protein serves as a terminal differentia-
tion marker, as expression and synaptic localization of
Synaptotagmin just precedes synaptic activity (LITTLE-
TON et al. 1993). As shown in Figure 2, C and D, Synapto-
tagmin is barely detectable in guf embryos when com-
pared to wild type. This observation again supports the
view that mutations in gufimpair late neuronal differen-
tiation by altering protein levels.

To examine the axonal pathways in the CNS of guf
mutants, we immunohistochemically stained embryos
with MAb 1D4 that recognizes the Fasciclin-II (Fas II)
protein (VAN VACTOR ¢t al. 1993). In wild-type embryos,
anti-FASII staining reveals three distinct longitudinal
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FIGURE 3.— gufis required for muscle differentiation. The embryo in micrograph (C) is oriented such that anterior is to the
right and dorsal is up. All other embryos in this figure are oriented such that anterior is to the left. (A) Lateral view of a stage
16 guf”""*?/Cy0, Pwg-lacZ} embryo stained for B-gal activity (blue stripes) and immunocytochemically stained with antibodies
against Drosophila Muscle Myosin (DMM, KIEHART and FEGHALI 1986). Note the highly organized array of bodywall muscles in
every segment. (B) A similar view of homozygous guf”"'*” embryo reveals many muscle abnormalities. Myoblasts often fail to
fuse and remain mononuclear (small arrows) and many muscle fibers display abnormal shapes. The degree of abnormalities is
quite variable from embryo to embryo in guf”''*” as well as in the deletion mutant guf*"”. (C and D) Lateral view of stage 16
embryos stained with antibodies against MSP-300 (VoLk 1992). Note the severe reduction in the level of MSP-300 protein in
guf™" embryo (D) when compared to wild-type embryo (C). (E and F) Anti-Myosin staining reveals defects in visceral muscle
formation in the absence of guf. (E) Lateral view of a guf™'¥?/CyO, PlwglacZ} embryo stained with X-gal (blue stripes) and
anti-Myosin. The visceral muscles form a thin smooth layer around the gut (arrows). (F) A similar view of guf”"'*’ homozygous
embryo reveals the rippled appearance of the visceral muscles.

tracts on either side of the midline (Figure 2E). The
organization of these tracts in guf embryos is aberrant
(Figure 2F). Although three distinct fascicles can be iden-
tified in some segments, most often only two fascicles are
evident and these fascicles appear less tight than normal.
The most medial fascicle, MP1, is the least severely af-
fected, whereas the most lateral fascicle is the most se-
verely affected. In addition, the posterior commissure
appears thicker than normal (arrow in Figure 2F).

In summary, the defects observed in the CNS of guf
embryos are very similar to those observed in the PNS
and consist of alterations in the protein levels of neu-
ronal-specific markers coupled to misrouting of axons
and defects in fasciculation. These data suggest that guf

plays a similar role in PNS and CNS development. How-
ever, further analysis of cell identities in the CNS of guf
mutants is required to exclude the possible involvement
of gufin cell fate determination in the CNS.

Muscle differentiation is impaired in the absence of
guf: Examination of guf embryos with Nomarski optics
indicated that mutant embryos also display defects in
muscle development. To study the fully developed mus-
cle pattern, we stained embryos with antibody against
Drosophila Muscle Myosin (KIEHART and FEGHALI 1986).
This antibody labels all somatic muscle fibers, the cardial
cells and the visceral muscles. As shown in Figure 3A,
somatic muscles of the body wall are organized in a
highly stereotyped pattern in wild-type embryos. This
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FIGURE 4.—Heart formation in guf mutant embryos. (A) The two rows of cardial cells that form the contractile part of the
heart express Muscle Myosin in wild-type embryos (arrow). (B) In guf""*” homozygous embryos, Myosin expression in the
cardial cells is largly absent and only occasionally Myosin expression is detected in these cells (arrow). Arrowheads point toward
dorsal-most muscles. (C and D) Dorsal view of stage 15 wild-type and guf™'*” homozygous embryos immunocytochemically
stained for the EVE protein (FRASCH et al. 1987). In wild-type embryos, EVE is expressed in two rows of nuclei of the dorsal-
most muscles in each abdominal segment (arrowheads) and pairs of pericardial cells (arrows). (C). No obvious reduction in
the number of EVE positive nuclei is seen in the mutant, but the nuclei remain clumped together and are not distributed
normally within muscle fibers (D). (E and F) Dorsal view of wild-type (E) and guf”"'*’ homozygous (F) embryos stained with
an antibody against D-MEF2 (LILLY ef al. 1995). Similar number of D-MEF2 positive nuclei is evident in mutant embryos when
compared to wild type, but the distribution of nuclei in the bodywall muscles is clearly aberrant (F). Note that the assembly of

the heart into a linear tube appears relatively normal in the mutant (arrow).

P118-3 lex47

pattern is considerably disrupted in guf or guf
homozygous embryos where numerous muscles are miss-
ing, displaced or exhibit aberrant shapes (Figure 3B).
In addition, these embryos contain many mononucleate
myoblasts that failed to fuse into muscle syncytia (Figure
3B). Similar defects were observed in guf mutant em-
bryos stained with antibodies against the spectrin-like
MSP-300 protein that is expressed in muscles (VOLK
1992) and chordotonal neurons. As shown in Figure 3D
the level of MSP-300 protein is greatly reduced in muscle
fibers and chordotonal neurons of mutant embryos
when compared to wild type (Figure 3C).

Anti-Myosin staining also revealed defects in the vis-
ceral and cardiac musculature (Figure 3, E and F and
Figure 4). In wild-type embryos, a thin layer of evenly
spread visceral muscles is detected around the gut (Fig-
ure 3E). In guf embryos the visceral muscles seem to
spread properly around the developing gut, however
the thickness of this muscle layer appears less uniform
than that of wild-type embryos leading to its rippled
appearance (arrowheads in Figure 3F). The constric-
tions of the gut form properly in guf mutants. The con-
tractile part of the heart normally consists of a double
row of Myosin-expressing cardial cells that form a linear
tube underneath the dorsal midline (arrow in Figure
4A). Although the cardial cells form properly and the
assembly of the heart into a linear tube appears rela-

tively normal in gufmutants (arrow in Figure 4F), Myo-
sin expression in the cardial cells is essentially absent
(compare Figure 4, A and B).

To determine whether the defects observed in the
somatic musculature of guf embryos stem from aberrant
specification of these muscles or from later differentia-
tion defects, we stained guf embryos for nautilus RNA
(MICHELSON et al. 1990) and for the Evenskipped (EVE)
protein (FRASCH et al. 1987). nautilus is normally ex-
pressed in a subset of developing muscles in stage 12/
13 embryos. This expression pattern does not appear
to be altered in gufembryos (data not shown). The EVE
protein is also present in the nuclei of the dorsal-most
muscle (arrowhead in Figure 4C) and pairs of pericar-
dial cells in each abdominal segment (arrows in Figure
4C). In guf mutants, the number of EVE positive cells
appears similar to wild type, but the distribution of nu-
clei in the dorsal somatic muscle is abnormal. Instead
of segregating into two crescent rows of nuclei on either
side of the segment, these nuclei remain clumped to-
gether (arrowheads in Figure 4D). Similarly, these dor-
sal muscles display abnormal morphology when visual-
ized with anti-Myosin antibody and do not appear as
broad and spread out as in wild type (compare arrow-
heads in Figure 4, A and B). The aberrant distribution
of nuclei within muscle fibers is not restricted to the
dorsal-most muscles and is evident in all muscle fibers
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when stained with antibodies against D-MEF2 (compare
Figure 4, E and F). These results indicate that the initial
specification of individual muscles occurs properly in
the absence of gufactivity, but myoblast fusion and dis-
tribution of the syncytial nuclei within the developing
muscle fibers is aberrant. Hence, we conclude that in
the myogenic lineages, as in the PNS, gufis not required
for cell type specification but for terminal differentia-
tion of muscle cells. We propose that mutations in guf
affect muscle development by reducing the level of vari-
ous muscle-specific proteins.

The guf gene encodes an antizyme-like protein: To
clone the gufgene, ~16 kb of genomic sequences flank-
ing the P{118-3}, A95-40} and P95-12} insertions were
isolated by plasmid rescue (WILSON et al. 1989). Addi-
tional genomic clones that span the guflocus were subse-
quently isolated from a ADASH genomic library and a
restriction map was constructed (Figure 5A). The Pele-
ment insertion sites were mapped by restriction analysis
and found to lie within a 50-bp region. The precise loca-
tion of P118/3} and P95/12} insertions was subse-
quently determined by sequence analysis (Figure 5B).

To identify transcribed regions, individual genomic
fragments were labeled and hybridized to whole-mount
embryos. Two fragments rescued from either side of
the P{118/3} and P{95/12} insertions (a 2.5-kb Psil and
a 2.2-kb HindIII fragments, see Figure 5A) hybridized
to embryos in a pattern consistent with the 8-gal expres-
sion observed in the gufinsertional strains (see below).
The 2.5-kb Pstl fragment was therefore used as a probe
to screen a 9—12-hr-old embryonic cDNA library (ZINN
et al. 1988) and two identical 2.1-kb cDNA clones were
isolated. These cDNAs correspond probably to a full
length, or nearly full length, gufmRNA since a predomi-
nant 2.1-kb band is detected on Northern blots probed
with guf cDNA or genomic probes (Figure 6). Southern
analysis and partial sequencing of genomic clones indi-
cate that the cDNA clones are most likely colinear with
the genomic DNA and hence, gufis probably an intron-
less gene.

As shown in Figure 5B, guf cDNA contains a single
long open reading frame that is preceded by an uncom-
monly long (MARONI 1993) untranslated leader (1260
bp). The predicted 20.8 X 10* Mr GUF protein is hydro-
philic and acidic (predicted pI = 4.39) containing no
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FIGURE 6.—Developmental Northern analysis. Northern
blot of embryonic (E; the numbers denote age of embryos in
hours), larval (L), pupal (P), and adult (A) Poly(A)" RNA
probed with a 6.0-kb Psdl genomic fragment that spans the
guflocus (Figure 5). Similar results were obtained when guf
cDNA clones were used as probes (not shown). Poly(A) " RNA
(2.5 pg) was loaded in each lane. The rp49 probe (ribosomal
protein) was used as a standard to evaluate the amount of
RNA loaded in each lane.

hydrophobic regions that may correspond to a trans-
membrane domain or a signal sequence. Search of the
PROSITE dictionary of protein sites and patterns did
not identify any potential sites for posttranslational
modifications such as phosphorylation. BLAST searches
(ALTSCHUL et al. 1990) revealed a significant sequence
similarity between GUF and the vertebrate ODC anti-
zyme (OAZ) (MIYAZAKI et al. 1992; TEWARI et al. 1994;
IcHIBA et al. 1995). The sequence similarity between
GUF and OAZ spans almost the entire length of the
GUF protein excluding the first 30 amino acids (Figure
5C). The overall homology is 24.4% identity and 42%
similarity. The highest degree of conservation, 43%
identity and 61% similarity, is found in the region of
amino acids 100-157. Interestingly, a 22-amino acid
stretch that was shown by ICHIBA et al. (1994) to be
essential for the binding of OAZ to ODC is found in
the core of this domain (amino acids 116-137, under-

FIGURE 5.—Structure and sequence of the guf gene. (A) Structural map of the guf genomic region and transcription unit.
The P-element insertions, P95/12} and P{118/3}, are inserted within the transcribed region at positions +467 and +448,
respectively. The orientation of the lacZ gene in both insertions is the same as the gufgene. Deletion of genomic DNA associated
with the guf**"” excision allele is represented by dashed lines in the lower bar. The breakpoints of this deletion were estimated
by Southern analysis. H, HindIIl; P, Pstl; S, Sall; B, BamHI; R, EcoRI; black box in the ¢cDNA represents the putative coding
region. Clones and probes mentioned in the text are depicted at the top. (B) Nucleotide sequence and predicted amino acid
sequence of guftranscript. The 5" region of the cDNA contains two copies of the most frequently occurring downstream promoter
elements in the +20/+30 region (bold) (ARKHIPOVA 1995). The PCR primers used for the analysis of P{118/3} excisions are
underlined. This sequence has been submitted to the GenBank database under accession number U29529. (C) Sequence
alignment between GUF and OAZ from frog rat and human. Two forms of OAZ (29 and 23 kD) that differ from each other in
their amino-terminal are produced in mammalian. Both products contain the sequence shown in Figure 5. Bold, identities
between Drosophila and vertebrate antizymes; asterisks, similar residues in all four proteins. The region that was defined by
ICHIBA et al. (1994) as necessary for binding to ODC is underlined.
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lined in Figure 5C). In contrast, the short stretch that
was found by ICHIBA et al. to be most important for the
ODC-destabilizing activity of OAZ (amino acids 74-79)
is not conserved.

guf mRNA distribution: Northern analysis revealed
that the gufgene is expressed in all stages of embryonic
and larval development as well as in pupae and adults
(Figure 6). An abundant 2.1-kb transcript is detected
in all developmental stages. An additional transcript
(~1.6 kb) that labels faintly with guf probes (Figure 6)
may correspond to a different splicing variant of guf.
However, this band could not be detected in other RNA
samples prepared from similar developmental stages,
suggesting that it may be a degradation product of the
2.1-kb transcript.

The expression pattern of the guf gene was deter-
mined with gufanti-sense RNA probes using in situ hy-
bridization to whole mount embryos. Low levels of
uniformly distributed guf RNA is detected in precellu-
larized embryos, suggesting a maternal contribution of
guf transcripts. During gastrulation and germband ex-
tension guftranscripts are mostly abundant in the meso-
derm and the invaginating posterior midgut (Figure
7A). At stage 11, patches of mesodermal cells that,
based on their position, probably correspond to fat
body precursors (HOSHIZAKI et al. 1994) begin to ex-
press higher levels of guf RNA (Figure 7B). A strong
signal is also detected at this stage in the Malpighian
tubule rudiments and the foregut. As germband retrac-
tion takes place, guf expression is maintained in the
developing fat body, Malpighian tubules and the poste-
rior and anterior midgut. In addition, at late stage 12
and stages 13—14 gufis expressed at low levels through-
out most of the embryo (Figure 7C) including the sube-
ctodermal layer that contains most of the PNS cells. At
stage 14, guf transcripts are first detected in the devel-
oping body wall muscles. Expression of gufin body wall
muscles, fat body and the midgut is maintained
throughout the rest of embryonic development (Fig-
ure 7D).

The Pelement enhancer detectors inserted in the guf
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FIGURE 7.—Distribution of guf mRNA
in the embryo. In situ hybridization to
whole embryos using gufantisense RNA as
a probe. (A) Lateral view of stage 7 em-
bryo. guf expression is mainly detected in
the mesoderm and the invaginating poste-
rior midgut. Arrows, ventral furrow; M,
mesoderm; PM, posterior midgut invagi-
nation. (B) Dorso-lateral view of a stage 12
embryo. Fat body precursors are indicated
with arrows. (C) Dorsal view of stage 13
embryo reveals gufexpression in the devel-
oping fat body, Malpighian tubules, fore-
gut and midgut. (D) Lateral view of stage
16 embryo. The expression of gufin body-
wall muscles is indicated by arrows.
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gene confer [-gal expression in a pattern similar to the
distribution of guf mRNA. Homozygous P118/3}, A95/
12} and P{95/40} embryos exhibit very high levels of /-
gal activity in the midgut (KANIA ef al. 1995 and data
not shown). (Due to the strong expression in the gut
and the defects in the sensory nervous system caused
by these insertions we named the gene gutfeeling). Very
weak lacZ expression was detected in the developing
somatic muscles starting at stage 14 of embryonic devel-
opment. Embryos heterozygous for these insertions dis-
play weak [-gal expression in developing muscles,
whereas expression in other tissues mentioned above is
undetectable.

Since gufis expressed in Malpighian tubules and fat
bodies, we examined the Malpighian tubules and fat
bodies of guf**’” embryos to determine whether they
exhibit morphological defects. Malpighian tubules were
visualized by anti-Cut staining and found to be morpho-
logically normal in mutant embryos (Figure 1G). Fat
bodies were visualized with antibodies against Neurotac-
tin (DE LA ESCALERA ef al. 1990; HORTSCH et al. 1990)
and no obvious morphological defects were observed
(data not shown).

To assess the extent of maternal contribution of guf
mRNA and to determine whether zygotic gufexpression
is eliminated in the deletion allele guf™"’, mutant em-
bryos were examined by in situ hybridization with guf
antisense RNA probe. This probe did not contain se-
quences from the 5’ terminus that are not removed
by this deletion (the probe corresponds to nucleotides
1310-2164 of the cDNA, see Figure 5). These experi-
ments revealed that guf mRNA is present in guf**"" ho-
mozygous embryos until cellular blastoderm at levels
similar to those found in wild-type embryos (data not
shown). The store of maternal guf mRNA is depleted
rapidly during gastrulation, and by the end of stage 7
only low levels of residual guf transcripts are detected
in the invaginating posterior midgut. No gufexpression
was detected in guf**’” embryos at later stages of em-
bryogenesis. These data suggest that zygotic guf expres-
sion is eliminated in guf**” embryos.
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DISCUSSION

The guf gene is required for differentiation of neu-
rons and muscles in Drosophila embryos: The network
of gene interactions that takes place in determined cells
leading to their terminal differentiation as neurons re-
mains largely unknown. Through systematic genetic
screens we have identifed many genes that are required
for normal PNS development (SALZBERG et al. 1994;
Kania ef al. 1995). The phenotypes associated with some
of these genes suggest that they play a role in neuronal
differentiation rather than determination (e.g., senseless,
depleted; SALZBERG et al. 1994). Here we describe the
phenotype associated with mutations in one such gene,
guf, that was uncovered in a second chromosome screen
(KANIA et al. 1995). Phenotypic analysis of gufsuggests
that this gene plays a role in terminal differentiation of
PNS cells.

Loss of function mutations in guf are embryonic le-
thal and cause defects in the embryonic peripheral and
central nervous system. The PNS of gufembryos exhibit
frequent defects in growth cone guidance and fascicula-
tion of peripheral axons. In addition, the level of the
neuronal specific antigen 22C10 is greatly reduced
when compared to wild-type embryos. In spite of the
defects observed in the PNS at late stages of develop-
ment, early markers revealed no alterations in the num-
ber or identity of SOPs that are formed in gufembryos
as compared to wild type. In addition, cell fate determi-
nation within the PNS lineages seems not to be affected
in the absence of guf, such that the number and identity
of cells that constitute sensory organs appear normal.
These data suggest that guf plays a role in terminal
differentiation of PNS cells following their specification
as neurons or support cells but is not required for the
specification of cell identities. Based on the observation
that the levels of several neuronal-specific proteins are
abnormally low in mutant embryos, we propose that guf
is required for the regulation or maintenance of gene
expression in the differentiating PNS. The failure of
PNS cells to express late neuronal markers may explain
the abnormal morphology of neuronal cells and the
defects in growth cone guidance and fasciculation.

The pattern of body wall muscles is also disrupted in
guf mutant embryos as many muscle fibers are missing
or misplaced. In addition, the layer of visceral muscles
surrounding the gut appears rippled and less regular
than normal. Early subdivision of the mesoderm to so-
matic, visceral and cardiac mesoderm was found to oc-
cur normally in the absence of guf (data not shown),
and the initial specification of individual muscles does
not seem to be affected. However, myoblast fusion and
segregation of the syncytial nuclei within the devel-
oping muscles is aberrant leading to abnormal mor-
phology or complete loss of specific muscle fibers.
Based on these data we propose that gufis required for
differentiation but not cell fate determination of all
types of embryonic muscles.

Possible function of guf: Phenotypic analyses of PNS
and muscle development in guf embryos suggest that
the requirement for guffunction is very similar in these
two systems. First, different types of sensory organs and
different types of muscles are affected similarly by muta-
tions in guf. Second, in both systems, the specification
of primary precursors and their descendants occurs
normally in terms of number and identity, but terminal
differentiation is impaired. Finally, in both systems guf
seems to affect the level of proteins normally expressed
in terminally differentiated cells.

The predicted GUF protein exhibits a significant se-
quence similarity to ODC-antizyme that plays a key role
in the regulation of polyamine levels in mammalian
cells (reviewed by HavasHl and CANELLAKIS 1989). The
highest degree of similarity is found in the region found
to be important for binding of the antizyme to ODC
(IcHIBA et al. 1994; Lt and CoOFFINO 1994; MAMROUD-
KIDRON ¢t al. 1994; see Figure 5C). However, the do-
main that was defined as necessary for the destabiliza-
tion of ODC is not conserved in GUF. These data sug-
gest that GUF binds to ODC and inhibits its activity but
does not induce its destabilization and rapid degrada-
tion. This prediction is in agreement with the assump-
tion that Drosophila ODC is a stable protein, as was
suggested by RoM and KAHANA (1993) based on se-
quence comparisons between Drosophila ODC and
ODC from other species. However, experimental data
to support our hypothesis are still lacking.

The possibility that mutations in gufaffect embryonic
development through an alteration of polyamine levels
is very intriguing. Polyamines were implicated in many
cellular processes including protein biosynthesis and
post-translational modifications (reviewed by TABOR
and TABOR 1984). Inhibition of polyamine synthesis in
the early chick embryo by ODCspecific inhibitor was
shown to inhibit general transcription and block gastru-
lation (LOWKVIST ef al. 1986). Targeted disruption of
the ODC-1 gene in nematodes revealed no apparent
phenotypes except for a reduction in brood size of ho-
mozygous mutants (MACRAE et al. 1995). Most of the
knowledge in this field comes from in vitro studies and
cell culture systems in which the tight regulation of
ODC activity seems to be dispensable (COFFINO and
PozNANSKI 1991). The role of polyamines in embryonic
development remains largely unknown.

Spermidine is the predominant polyamine in Dro-
sophila embryos, and its concentration fluctuates
throughout embryonic development (CALLAERTS et al.
1992). It has been shown that superphysiologic concen-
trations of spermidine can inhibit protein translation in
vitro (MATSUFUJI et al. 1995). This invites the speculation
that lack of GUF activity may affect protein translation
by generating an excess of spermidine at certain stages
of embryogenesis. However, to this end, it is not known
whether the abnormal patterns of protein expression
observed in guf mutants reflect alteration in the tran-
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scriptiont or translation levels of the corresponding genes
or defects in the maintenance of the produced proteins.
In addition, there is no evidence that an excess of spermi-
dine can inhibit translation éin vivoe. Another possibility
is that an excess of polyamines causes a cytotoxic effect
as was proposed by COFFINO and PoznaNskr (1991).

When and where is guf required?: Several questions
arise when one compares the expression pattern of the
guf gene and the phenotypes associated with its loss.
The early expression of gufin the invaginating meso-
derm of gastrulating embryos suggest that this gene
may play an early role in mesoderm differentiation. OQur
data indicate that early mesoderm development occurs
properly in the absence of zygotic guf. However, mater-
nal contribution of guftranscripts could circumvent the
need for zygotic expression during early embryogenesis
and mask early phenotypes. This question should there-
fore be addressed by phenotypic analysis of embryos
that lack both zygotic and maternal guf.

Expression of gufin bodywall muscles is first detected
by in situ hybridization at stage 14 when myoblast fusion
and migration takes place. The timing of expression
correlates well with the proposed role of gufin muscle
differentiation. In the PNS however, the picture is less
clear. Low levels of gufmRNA are distributed uniformly
throughout most of the embryo during stages 12-14.
Therefore, we could not determine unambiguously by
in situ hybridization whether guf is expressed in the
developing PNS. Hence, a nonautonomous role for
GUF in the nervous system cannot be excluded at this
point. By examining CNS development in snailand twist
mutant embryos, which lack mesoderm all together,
RAO et al. (1991) have concluded that the early meso-
derm is not essential for the initiation of neural devel-
opment. However, examination of late aspects of ner-
vous system development in snail” twist” background is
not feasible. To assess whether the somatic musculature
itself is required for normal PNS development, we ex-
amined the PNS of embryos that lack the D-mef2 gene
(Df(2R)P544, LILLY et al. 1995). In Df(2R)P544 embryos,
myoblasts are specified properly, but myoblast fusion
does not take place and the somatic and visceral mus-
cles do not form (BOUR et al. 1995; LILLY et al. 1995).
When visualized with MAb 22C10, the PNS of
Df{2R)P544 embryos exhibited defects in the organiza-
tion of neuronal clusters and misrouting of peripheral
axons (data not shown). However, the morphology of
neuronal cell bodies and axonal fascicles, as well as
the level of 22C10 antigen, appear normal. These data
suggest that muscle formation is not required for induc-
tion or maintenance of neuronal properties in the PNS
and we therefore conclude that the reduced protein
levels in the PNS of guf mutants are not secondary to
defects in muscle formation.

Previous work on ODC-antizyme in vertebrates has
shown that it is not only involved in the regulation of
ODC activity but that it is also involved in the regulation

of polyamine uptake by cells (MITCHELL ¢t al. 1994).
Thus, it is possible that in guf mutants some cells over-
produce polyamines and secrete them, leading other
cells, that also lack GUF activity, to take up too many
polyamines. The lack of GUF could thus produce de-
fects in specific sensitive tissues, even though the guf
gene is normally not expressed in these tissues or is
expressed at very low levels. This may explain the de-
fects in the PNS and CNS where we observe very low
levels of guf mRNA.

Finally, it is interesting to note that polyamines are
potent blockers of inward rectifying K" channels
(FICKER ef al. 1994; LOPATIN ef al. 1994), and that these
channels are found in muscles (SAKMANN and TRUBE
1984) and neurons (CONSTANTINI and GALVAN 1983).
Recently, mutations in an inward rectifying K* channel
have been shown to underlie the neuronal defect in
the mice weaver mutants that exhibit developmental cer-
ebellar defects (SLESINGER et al. 1996). Hence elevated
levels of polyamines in Drosophila may severely affect
the resting membrane potentials of muscles and neu-
rons by blocking the inward rectifying K* channel, pos-
sibly causing many late developmental defects, such as
growth cone guidance defects.
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