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Summary

Summary

sel-12 and hop-1 are two C. elegans genes which are structurally and functionally
homologous to the human presenilins, PS1 and PS2. Mutations in the human presenilins
contribute to the majority of familial Alzheimer's disease cases. Work in C. elegans also
revealed that presenilins are involved in Notch signaling as a reduction of sel-12 presenilin
activity is able to suppress the phenotypes associated with /in-12/Notch gain-of-function
mutations. Several lines of evidence suggest that presenilins are an active protease that
mediate the transmembrane cleavage event that releases the LIN-12/Notch intracellular
domain from the membrane. This step is crucial for nuclear Notch signaling. As a
consequence, loss of all presenilin activity, in a sel-12; hop-1 double mutant, causes
phenotypes associated with the complete absence of all Notch signaling in C. elegans.

Loss of sel-12 function in C. elegans leads to a highly penetrant egg-laying defect
(Egl) which resembles the Egl defect present in /in-12 hypomorphic alleles. The inability of
sel-12 mutant animals to lay eggs is shown here to be caused by two defects: (i) a & cell
specification defect which results in a blockage of the vulva-uterine connection and (ii) a sex-
muscle patterning defect leading to morphologically abnormal and misattached vulva-
muscles.

In order to find new molecules that are able to influence presenilin mediated signaling
we screened for extragenic suppressors of the sel-12 Egl defect. In several screens four spr
genes (suppressor of presenilin) were identified, which are able to suppress both sel-12
defects in the egg-laying system. The spr genes are not able to influence LIN-12/Notch
signaling directly but require the activity of the second C. elegans presenilin hop-1 for sel-12
suppression. Molecular analysis of SPR-5 revealed that it belongs to a conserved family of
FAD containing polyamine-oxidase like proteins. The human homologue is found to be an
integral component of the CoOREST transcriptional co-repressor complex. Further analysis of
the other spr genes revealed that SPR-1 is the C. elegans homolog of the human CoREST
protein, which is also a component of the CoREST complex. Based on the physical
interaction of SPR-5 and SPR-1 presented here, it is likely that a CoOREST like complex also
exists in C. elegans. Mutations in this complex lead to a stage specific de-repression of sop-1
expression which is then able to substitute for sel-/2 presenilin activity during development

of the egg-laying system.
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Summary

The two remaining suppressors, spr-3 and spr-4, encode nuclear C2H2 zinc finger
proteins that have been shown to up-regulate sop-1 transcription in a similar way and thus
may be involved in nuclear targeting of the C elegans CoREST complex.

Additionally, sel-12 is highly expressed in neurons, which suggests that it may also be
required for neuronal function. Experiments presented here show that sel-12 is also involved
in the function and morphology of the AIY interneurons, which control the thermotaxis

behaviour in C. elegans.
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Introduction

Alzheimer's disease

Alzheimer's disease (AD) is a progressive, degenerative neurological disorder that results in
dementia, with impaired memory, thinking and reasoning. It is one of the major causes of
death in the developed countries. The primary risk factor for Alzheimer's disease is old age.
Therefore the number of people affected by Alzheimer's disease increases markedly with
advancing age. Only 5-10% of the population that are over 65 years old develop Alzheimer's
symptoms, while the probability increases to 30-50% for those that are over 85 years old.
Thus the risk of Alzheimer's disease doubles every five years after the age of 65 (Evans et al.,
1989; Kawas et al., 2000). There is no obvious bias between sexes, since men and women are
almost equally affected.

The major behavioural hallmarks of Alzheimer's disease are progressive loss of
memory and language. As a consequence of the impairment of judgement and planning,
Alzheimer's disease is often accompanied by personality changes resulting in depression,
uneasiness, paranoia, delusion, or aggression. An unambiguous diagnosis is often difficult due
to the behavioural alterations which overlap with other age related dementia. Most of the
Alzheimer's cases can only be confirmed with the identification of specific brain
abnormalities after death.

One of the hallmarks of Alzheimer's disease is the presence of characteristic
extracellular amyloid plaques in the brains of patients and in most cases neurofibrillary
tangles which appear as intraneuronal lesions (Figure 1). Additional pathogenic alteration
found in the brains of AD patients are microgliosis, astrocytosis, selective neuronal
degeneration and neuronal loss and multiple neurotransmitter deficits.

Analysis of the amyloid plaques found in the brains of AD patients revealed that they
are mainly composed of a short peptide of 40-42 amino acids, termed amyloid beta (A)
peptide. This AP peptide is cleaved from a larger membrane protein, the amyloid precursor
protein (APP), through two subsequent proteolytic events (Figure 2). The A} protein is
secreted by all cells throughout the body, but is produced in particularly large amounts in the
brain and in the vascular system. The amyloid plaques are seeded outside the cells and
develop in the space between the neurons. The amyloid plaques form early in the disease
process, before any surrounding neuronal damage is evident. Plaque formation precedes the
appearance of AD symptoms by up to 10-20 years. As the plaques grow in size they destroy
the surrounding neurons and posses the space formerly occupied by the neurons (Figure 1). In

the process of aggregation other cellular proteins are also deposited in the amyloid plaques.
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Figure 1: (A) Alzheimer's disease brain showing the typical amyloid plaques. (B) Magnification of the boxed
area. Extracellular amyloid plaques (arrow) and intraneuronal tangles (arrowheads) are marked as well as the
cell body of a neuron (n) (picture taken from Selkoe, 1999).

A second hallmark of AD brains is often the presence of intraneuronal lesions called
tangles (Figure 1). Tangles are filamentous inclusions composed of hyperphosphorylated
forms of the microtubule associated protein Tau. Alterations of the cellular Tau protein can
lead to the formation of paired helical filaments (PHF) appearing as intraneuronal tangles at
autopsy (Johnson and Hartigan, 1999). The Tau protein normally is involved in the
stabilisation of microtubules (Xie et al., 1998). Tangles of Tau protein are a defining
characteristic of a large number of neurodegenerative diseases and are therefore thought to be
a secondary consequence of a primary neuronal injury and thus, an indication of disease

progression (David et al., 2002).
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Genes involved in Alzheimer's disease

Most of the AD cases occur sporadically and with a late onset after the age of 85. However, 5-
10 % of the AD cases are characterised by an early onset (average onset between the age of
30 and 55 years) and by a rapid disease progression. Most of these AD cases exhibit an
autosomal dominant transmission within the families (St George-Hyslop, 1998). This stable
inheritance made it possible to map and identify the genes, which, when mutated, lead to

familial AD (FAD). A summary of the verified genes causing FAD is shown in Table 1.

Table 1: Confirmed genetic loci contributing to the incidence of Alzheimer's disease and their effect on A}
production

Chromosome Genes affected consequence
21 amyloid precursor protein (APP) increase in AP production
19 ApoE4 polymorphism density of AP plaques and
vascular deposites
14 Presenilin 1 (PS1) ratio of AP4y/ A4 increases
1 Presenilin 2 (PS2) ratio of AP4y/ APa4o increases

A, amyloid B-protein; Table modified from (Selkoe, 2001).

Additionally, it was also obvious that genetic risk factors exist that contribute to late onset
AD. The first susceptibility gene identified for the common form of late onset AD was the

apolipoprotein E (ApoE) (Strittmatter et al., 1993).

ApoE

ApoE is a major serum lipoprotein that is involved in metabolism, transport and storage of
cholesterol (Weisgraber et al., 1994). Three common isoforms of ApoE e2, €3, and e4, exist
as a result of amino acid substitutions at codons 112 and 158. Lipoproteins containing ApoE
e4 are cleared more efficiently from blood than those containing ApoE e2 and ApoE e3.
ApoE does not cross the blood-brain barrier but is synthesized by astrocytes in the brain.
There, it is thought to be involved in the mobilization and redistribution of cholesterol and
phospholipids during membrane remodeling associated with plasticity and synaptogenesis.
Individuals carrying one or two copies of the ApoE e4 allele have a significantly increased

risk of developing AD as compared to individuals carrying no ApoE e4 allele (Dal Forno et
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al., 2002). However, the ApoE genotype does not strongly affect the severity of the disease or
its progression, nor does it strongly affect the age of onset of the disease. In contrast to ApoE
e4, the e2 allele may confer a slightly protective effect (Talbot et al., 1994). Apolipoprotein E
is found in amyloid plaques and neurofibrillary tangles. It binds to B-amyloid peptide in
cerebrospinal fluid. /n vitro studies have indicated that ApoE isoforms may differentially
affect f-amyloid deposition and B-amyloid fibryl formation (Wisniewski et al., 1994).
Furthermore, a deletion of the ApoE gene in APP overexpressing mice completely abolishes
amyloid plaque formation, without affecting the A} steady state levels. In Contrast,
transgenic mice that overexpress a mutated version of human APP and either the human
ApoE e4 or e3 allele show a drastically reduced clearance of AP deposition in the brain
(Brendza et al., 2002; Holtzman et al., 2000; Poirier, 2000). These experiments suggest that
an interaction between ApoE and B-amyloid peptide is somehow linked to B-amyloid
deposition and amyloid plaque formation. However, the role of ApoE may be indirect. ApoE
is involved in cholesterol metabolism and transport and might therefore influence 3-amyloid
aggregation. It has been demonstrated that lowering the cholesterol content in neurons by
extracting cholesterol out of membranes reduces -amyloid production and thus reduces
aggregation (Fassbender et al., 2001; Simons et al., 1998). Blocking cholesterol synthesis in
neurons by blocking the hydroxymethylglutaryl-CoA (HMG-CoA) reductase through the
drugs of the statins family also inhibits B-secretase cleavage of APP (Frears et al., 1999). This
is further supported by the recent finding that Drosophila mutations that lower the
concentration of cholesterol ester lead to neurodegeneration and an aberrant processing of the
Drosophila APP like protein (APPL) (Tschape et al., 2002). As the generation of the -
amyloid protein seems to be highly sensitive to cholesterol levels it might be possible that a
slight alteration of the cholesterol metabolism induced by different ApoE alleles may have an

impact on the development of AD.

APP

Since the B-amyloid peptide, which is processed from the amyloid precuror protein (APP), is
the main constituent of the amyloid plaques found in AD brains, it was very suggestive to find
linkage of FAD to the APP region on chromosome 21 (Table 1). Furthermore, chromosome
21 is present in three copies in Down syndrome patients, which develop symptoms of AD in
their 30s. The APP gene encodes a type I transmembrane domain protein which is

transported to the cell surface. Three main isoforms exist, which are derived from a single
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gene by alternative splicing (Selkoe, 2001). The most common form of APP in neurons is a
695 amino acid long version (Figure 2)(Sisodia et al., 1993). Although the physiological
function of APP is still unclear, it is localized to synapses and thought to be involved in the
process of synaptic transmission (Sisodia et al., 1993). However, mice carrying a deletion of
the APP gene appear phenotypically normal (Zheng et al., 1996). However, these mice do
show an increased sensitivity to kainic acid induced seizures with an increased rates of cell
death (Steinbach et al., 1998). In addition, it has been shown that the secreted form of APP
has neuroprotective properties in vitro (Mattson et al., 1993; Smith-Swintosky et al., 1994)
and in vivo (Perez et al., 1997). Therefore, APP might play an excitoprotective role, rising the
threshold levels for neurotoxicity. In contrast to the knock out mice, overexpression of APP in
transgenic mice leads to a variable phenotype which depend on the APP construct used and on
the genetic background (Andra et al., 1996; Carlson et al., 1997; Steinbach et al., 1998). For
example, overexpression of APP in the brain leads to learning and memory deficits and to the
formation of amyloid like deposits in the brain and vasculature of transgenic mice (Calhoun et
al., 1999; Czech et al., 1994; Dewachter et al., 2001; Hsia et al., 1999; Koistinaho et al., 2001;
Sturchler-Pierrat et al., 1997). Overexpression of the Drosophila melanogaster APP homolog,
APPL, in flies results in a disruption of axonal transport (Torroja et al., 1999). In spite of the
different phenotypes found in the various animal models, a conclusive model of APP function
has not been worked out yet.

However, the biochemical consequences of the FAD mutations on APP processing are
well established (Figure 2). All FAD mutations lead to an increased production of the 42
amino acid long variant of the amyloid 3 peptide, increasing the AB42/AP4o ratio (Table 1).
Since A4, exhibits a much higher tendency to aggregate than A4, this is thought to increase
the probability of plaque formation and therefore AD (Jarrett et al., 1993a; Jarrett et al.,
1993b). APP is proteolytically processed by three different proteases called a-,3- and y-
secretase (Figure 2)(Selkoe, 2001). The B-amyloid peptide is released by the sequential action
of the B- and y-secretases, whereas the cleavage of APP by the a-secretase occurs within the
-amyloid domain and thus prevents the generation of AP (Figure2) (Price et al., 1998;
Selkoe, 2001). The mutations in APP associated with the autosomal dominant form of FAD
cluster around the o-,3- and y-secretase cleavage sites (Figure 2). AP is always present in the
brain even in healthy individuals due to constitutive processing of APP by the - and y-
secretases. However, the majority of AP generated is AP4o with only a few percent being
AP42. In FAD patients the AP42/APa ratio is shifted towards the amyloidogenic APa;.
Consequently, the FAD mutations in APP act either by shifting the - and y-secretase
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cleavage events towards the generation of A4, or by reducing the a-secretase cleavage,
which also results in more A} due to increased - and y-secretase cleavage. Since in FAD
patients more of the highly amyloidogenic ABa; is produced, it is much more likely that an

amyloid plaque is seeded over time, leading to an earlier onset of AD in those patients.

— CHO
— CHO

N [ | C
KPI

35 383 hrR
ISEVKM DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIGLMVGGWIA TV | V ITLYMLKK
NL GaN MV P
K G
& F

p a (AR

Figure 2: Schematic representation of the most abundant form of the amyloid precursor protein (APP)
containing the secretion signal sequence at the amino terminus and a kunitz type inhibitory (KPI) domain. The
position of the amyloid peptide sequence (Ap) relative to the transmembrane domain (TM) is shown. The
positions of the a-, -,y-secretase cleavage sites are marked along with familial Alzheimer's disease (FAD)
linked mutations found in APP, which cluster around the sites of cleavage.

Recently, a more carboxyterminal y-secretase cleavage product was reported, which end at
position 49, called AP (Figure 2). The site of cleavage within APP corresponds to the site 3
cleavage of the Notch receptor. This cleavage has also been shown to be dependent on

presenilin activity (Okochi et al., 2002; Sastre et al., 2001).

Presenilins

Shortly after the first FAD mutations in APP were identified, a second FAD locus on
human chromosome 14 was discovered. The gene identified to cause early onset AD when
mutated was later called presenilin 1 (PS1) (Table 1)(Hardy, 1997; Price et al., 1998; Tanzi,
1999). Most of the PS1 mutations linked to FAD cases are characteristic to cause a very early
disease onset (as early as 25) (Campion et al., 1995; Wisniewski et al., 1998) and rapid

disease progression. In addition, mapping of the FAD locus on chromosome 1 revealed that a
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Figure 3: ClustalX alignment of the confirmed presenilin (PS) proteins from different organisms. The position
of the invariant aspartate residues (red triangle) in the transmembrane domains (TM)6 and 7 are marked along
with the sites of endoproteolysis (arrows) at the beginning of the large cytoplasmic loop. Identical residues are
highlighted in black, similar residues in grey. [SEL-12 (accession number AF171064) and HOP-1 (AF021905);
human PS1 (AH004968) and PS2 (NM012486); Xenopus laevis PSa (D84427) and PSP (D84428);
Drosophila melanogaster PS (U78084); Danio rerio PS (AJ132931); ]
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second gene similar to presenilin 1 (PS1) was also responsible for a minor proportion of FAD
cases and was called Presenilin 2 (PS2) (Table 1)(Price et al., 1998; Renbaum and Levy-
Lahad, 1998). PS1 and PS2 encode highly conserved polytopic transmembrane proteins
(Figure 3)(Hutton and Hardy, 1997). Similarly to APP, Presenilins are broadly expressed, but
are predominantly present in neurons and, to a lesser extend, also in glia cells (Lee et al.,
1996). Furthermore, like APP mutations, FAD mutations in PS1 and PS2 also increase the
AP42/ AP ratio by producing more AB4, (Borchelt et al., 1996; Citron et al., 1997). The same
effects were observed in transgenic mice expressing APP and FAD mutants of PS1 (Borchelt
et al., 1997; Price et al., 2000). This indicates that the presenilins affect the y-secretase
processing of APP, suggesting that the presenilins are involved in the cleavage process. Even
though more than 150 mutations in PS1 and PS2 have been identified in FAD patients, only
missense mutations or small in frame deletions were found. This suggests that presenilins

activity may be required for viability (Czech et al., 2000).

The Amyloid Hypothesis Model of Alzheimer's Disease progression

Although the FAD mutations found in APP, PS1 and PS2 account for only 30-50% of the
autosomal dominant AD cases (Cruts et al., 1996), and these only represent a minor fraction
of all AD cases, their value for our understanding of the disease progression is enormous.
Furthermore, the disease phenotype in the majority of the FAD cases is indistinguishable from
that of sporadic AD. Analysis of the amyloid plaques and of the effects of FAD mutations on
APP processing have suggested that the 3 -amyloid peptide is one of the key players in AD.
The model that summarises the pathogenic step leading to AD, with A} aggregation as the
initial pathogenic step, is widely known and accepted as the "Amyloid Cascade Hypothesis"
(Hardy and Selkoe, 2002). According to this theory, increased production of AP4;, due to
FAD mutations or increased gene dosage in the case of Down's syndrome, leads to a higher
probability of AB4, aggregation and to the nucleation of plaques (Figure 4).

Once an extracellular seed is formed, it works like a dump or sink for other proteins
and for the large amounts of secreted A4 to aggregate also to it. This process, although it is
considered to be nearly irreversible, is time-consuming, if not favoured by pathogenic

predisposition. This may explain the late onset for sporadic AD.
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Figure 4: Representation of the widely accepted model of the development of Alzheimer's disease. The
processes that have an enhancing effect on the disease progression are marked by arrows.

It is not the deposition of AP alone that causes AD, since A also triggers a chain of
events eventually resulting in the dysregulation and death of neuronal cells: Once a diffuse
AP plaque has formed, microglial cells are activated in the vicinity of the plaque and initiate
an inflammatory response by releasing cytokines (Selkoe, 2001). Subsequently, astrocytosis
starts and, in this phase, large amounts of proteins are released, which are prone to accumulate
in those plaques. Furthermore, the growing plaques and the increasing inflammatory response
progressively lead to neuronal injury and dysfunction around the plaques. Moreover, there is
evidence that already the A} protofibrils, which precede the amyloid plaque formation, are
neurotoxic (Hartley et al., 1999; Lambert et al., 1998). Similarly, mice over-expressing APP
exhibit functional alterations in the brains long before diffuse AP4; plaques are detectable
(Hsia et al., 1999).

Therefore, aggregated A4, already seems to be sufficient to disrupt neuronal
metabolism and ionic homeostasis even without the appearance of plaques (Figure 4). It has
been shown that the neuronal calcium homeostasis is strongly disturbed in AD (LaFerla,
2002; Mattson et al., 2001). Most notably, alterations in calcium signaling are detectable
before extracellular A pathology becomes visible (Guo et al., 1999; Larson et al., 1999;
Leissring et al., 2000). This imbalance sensitises the cell and renders it vulnerable to oxidative
injury, which increases with age. Therefore, AP} deposition might affect cell ion homeostasis,
which in turn increases the vulnerability of the cell to the toxic effects of AP} resulting in a

deadly cycle.
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Besides AP's effect on calcium homeostasis of the cell, it may also affect other cellular
processes. A hallmark of the AD pathology in the brain is not only the appearance of amyloid
plaques, but also the formation of neurofibrillary tangles within neurons. The fibrillar
aggregates of hyerphosporylated Tau protein are also thought to lead to cell injury and death.
It is well established that the appearance of tangles follows the formation of amyloid plaques
(Hardy et al., 1998). Therefore, it is likely that the cellular changes induced by the A}
aggregates also disrupt the association of Tau with microtubules due to the hyper-
phosphorylation of the Tau protein and its subsequent aggregation (Figure 4). Evidence that
AP deposition and Tau aggregation influence each other also comes from transgenic mice.
Recently, it has been shown that mice over-expressing APP and a mutant form of the Tau
protein exhibit a strongly increased neurofibrillary tangle pathology whereas the appearance
of the A deposits was unaffected (Lewis et al., 2001). Similarly, Tau mutant mice that have
been injected with AB4; protofibrills directly into the hypocampus also show an increased
tangle formation (Gotz et al., 2001). This further supports the view that A deposition results
in dysregulation of Tau function, which leads to intraneuronal tangle formation (Figure 4).

Eventially, these events lead to the death of neurons, which could be detected in AD,
culminating in the clinical behavioural abnormalities and ultimately the death of the patient.
Therefore, AD is clearly a multi-factorial disease rather than a monocausal disease, since all
pathogenic events potentiate and affect each other. However, the initial lesion that triggers
most of the subsequent events is most likely to be caused by A4, deposition. Therefore, the
biggest risk factor for AD is increased age and the concomitant decline in cellular integrity
with age. Thus, the fight against Alzheimer's disease is ultimately connected to a fight against

ageing, which is even more complex than the processes outlined above.

Biological functions of presenilins

Despite of our knowledge about the effects of pathogenic mutations in PS1 and PS2 on AP
processing, the biological function of presenilins is less well understood. Presenilins are
polytopic transmembrane proteins. Hydropathy analysis reveals the existence of up to ten
hydrophobic clusters that could serve as transmembrane domains. /n vivo topology studies
suggest the existence of eight transmembrane domains (Figure 5) (Doan et al., 1996; Li and

Greenwald, 1996; Li and Greenwald, 1998) although other topologies are discussed
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(Lehmann et al., 1997; Nakai et al., 1999). Presenilins contain no obvious signal peptide and
the N- and C-termini are presumably located in the cytoplasm (De Strooper et al., 1997; Doan
et al., 1996; Li and Greenwald, 1996) (Figure 5).

Early studies based on over-expression have localized the presenilins mainly in the
endoplasmic reticulum (ER) and Golgi subcellular compartments (De Strooper et al., 1997,
Kovacs et al., 1996; Walter et al., 1996). Since these overexpression studies may overinterpret
the accumulation of unfolded presenilin proteins in the ER/Golgi system, localization of the
endogenous presenilins was necessary. Subcellular fractionation experiments and confocal
microscopy confirmed that, in neurons, presenilins are indeed mainly found in the ER/Golgi

system and in the nuclear membrane (Annaert et al., 1999; Kim et al., 2000; Li et al., 1997).

luminal

Aspartate residues

4 C
cleavage site

cytoplasm

Figure 5: Schematic representation of the topology of the presenilin protein. The amino (N) and carboxy (C)
terminus reside in the cytoplasm. The large cytoplasmic loop between the transmembrane domains (TM) 6 and 7
is cleaved endoproteolytically. The position of the invariant aspartate residues in TM6 and 7 are marked by
asterisks.

However, recent experiments also suggest that presenilins are localized to the plasma
membrane presented at the cell surface of human cells (Kaether et al., 2002; Ray et al., 1999)
and Drosophila (Nowotny et al., 2000). Furthermore, endogenous presenilins were also
detected in early endosomes (Lah and Levey, 2000). The abundance of presenilins in the
secretory and endocytic pathways may reflect its involvement in the trafficking, maturation
and processing of other proteins that enter the secretory pathway and that are delivered to the
plasma membrane.

Presenilins are synthesised as a precursor which is endoproteolytically cleaved and
forms a stable heterodimer (Figure 5) (Podlisny et al., 1997; Thinakaran et al., 1996).
Endoproteolysis is rapid and, as a result, in vivo only very little holoprotein can be detected.

This endoproteolysis of presenilins has been shown to be conserved between humans,
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Drosophila (Nowotny et al., 2000) and C. elegans (Li and Greenwald, 1996; Okochi et al.,
2000). Endoproteolytic processing greatly enhances the stability of the presenilins. Mutations
that prevent the endoproteolysis result in very unstable proteins which are rapidly degraded
(Morihara et al., 2000; Wolfe et al., 1999). Furthermore, the amino terminal- and carboxy
terminal- presenilin fragments have been shown to form a functional protein when expressed
separately in C. elegans (Levitan et al., 2001a). In cells only the N-and C-terminal fragments
can be detected with a half live of over 24 hours (Dewji et al., 1997; Ratovitski et al., 1997;
Weihl et al., 1999; Zhang et al., 1998). Accordingly, it is difficult to overexpress presenilins
in cell culture (Steiner et al., 1998). When presenilins are over-expressed in transfected cells,
or in PS1 transgenic mice, only little full length holoprotein can be detected (Czech et al.,
2000; Thinakaran et al., 1996). This suggests that the endoproteolysis of presenilins is a step
during its maturation (Thinakaran, 2001). The presenilin cleavage products remain closely
associated in high molecular weight (HMW) complexes (Capell et al., 1998; Edbauer et al.,
2002; Li et al., 2000a; Seeger et al., 1997; Yu et al., 1998). Therefore, it is likely that the
proteolytic processing of presenilins is a sign of their incorporation into the HMW complexes.
Once assembled the complex components are stabilized. The fact that excess presenilins are
degraded rapidly, suggests that other complex components are limiting (Thinakaran, 2001).
Presenilin containing complexes exhibit proteolytic activity and have been shown to
be required for APP cleavage at the y-secretase site (Figure 6) (De Strooper et al., 1998). A
prerequisite for this so called y-secretase cleavage event is the preceding proteolytic
processing at either the a- or B-secretase site of APP (Figure 6).
Elimination of PS1 in mice leads to a strong reduction in the production of both A4 and
AB42 (De Strooper et al., 1998). On the other hand, deletion of both PS1 and PS2 completely
abolishes the production of A (Herreman et al., 2000). The blockage of the y-secretase leads
to an accumulation of a- or B-secretase cleaved C-terminal stubs of APP (Figure 6). Genetic
and biochemical studies in C. elegans and Drosophila revealed that presenilins are also
involved in the proteolytic processing of other transmembrane proteins, most notably the
LIN-12/Notch receptors (Fortini, 2001; Levitan and Greenwald, 1995; Struhl and Greenwald,
1999; Struhl and Greenwald, 2001; Ye et al., 1999).
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Figure 6: Comparison of the proteolytic processing events in the amyloid precursor protein (APP) and the Notch
receptor. The sites corresponding to the different cleavage events are marked by arrows. Functional domains are
annotated. The presenilin molecule is shown which is required for y-secretase and site 3 cleavage releasing the [3-
amyloid peptide (AP) and the Notch intracellular domain (NICD), respectively.

In C. elegans it was shown that mutations in sel-/2, one of the two somatic
presenilins, lead to a reduction of LIN-12/Notch signaling (Levitan and Greenwald, 1995).
Furthermore, additional removal of the second presenilin, Zop-1, completely abolishes
signaling by the two C. elegans Notch receptors, LIN-12 and GLP-1 (Li and Greenwald,
1997; Westlund et al., 1999). Null mutations in the single Drosophila presenilin lead to Notch
like phenotypes and lethality (Struhl and Greenwald, 1999; Ye et al., 1999). The studies were
supported by the finding that PS1 deficient mammalian cells show a dramatic decrease in the
y-secretase like site 3 cleavage of the Notch receptor (De Strooper et al., 1999). The
dependence of Notch signaling on presenilin activity is further demonstrated by the fact that
mice lacking PS1 and PS2 also show a Notch like phenotype. Presenilin knock-out mice
display abnormal somitogenesis and axial skeletal development with shortened body length,
as well as cerebral haemorrhages (Shen et al., 1997; Wong et al., 1997). PS1-/- mice die at
birth and exhibit an abnormal embryonic neurodevelopment in the forebrain characterised by
a premature loss of neuronal precursors (Shen et al., 1997). The early embryonic lethality of
PS17"PS2”" mice (Herreman et al., 1999) is similar to that seen in mice that either carry a
deletion of the Notchl locus (Conlon et al., 1995; Swiatek et al., 1994), or express a site 2

cleavage defective Notchl receptor (Huppert et al., 2000).
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The proteolytic processing of Notch resembles, in many aspects, the processing of
APP (Kopan and Goate, 2000; Sastre et al., 2001). Notch is cleaved by a furin-type protease
at the site 1 while it passages through the Golgi system (Figure 6). The resulting two
fragments are thought to be either covalently held together by a disulfide bond or by calcium
ions (Rand et al, 2001). This heterodimeric Notch receptor is now activated and competent to
be bound by its ligand when presented at the cell surface. The binding of the ligand stimulates
a second cleavage of the Notch receptor the site 2 (Figure 6) by a TACE type or Kuzbanian
type protease. This processing step liberates the membrane bound Notch C-terminus which
then becomes a substrate for a presenilin dependent y-secretase. Subsequently the Notch
carboxy- terminal fragment is cleaved within its transmembrane domain at site 3 releasing the
Notch intracellular domain (NICD). The NICD translocates to the nucleus where it interacts
with other proteins to form an transcriptional activating complex (Mumm and Kopan, 2000;
Struhl and Adachi, 1998). The presenilin dependent site 3 cleavage and release of the NICD
have been shown to be absolutely required for the activation of genes downstream of Notch
(Struhl and Adachi, 2000; Struhl and Greenwald, 1999; Struhl and Greenwald, 2001). This
site 3 cleavage of the Notch receptor is analogous to the y-secretase cleavage of APP and
strictly dependent on presenilin activity (De Strooper et al., 1999; Kopan and Goate, 2000;
Sastre et al., 2001).

Do presenilins belong to a novel type of transmembrane proteases?

It is well established that presenilin activity is absolutely required for the y-secretase
activity that cleaves the Notch receptors and APP (De Strooper et al., 1999; De Strooper et al.,
1998). However, no direct evidence has been presented that presenilins may be involved
directly in proteolysis. Therefore, it was very informative that y-secretase inhibitors that
mimic the transition state of the transmembrane domain cleavage are able to specifically
target crosslinking reagents to the presenilins (Beher et al., 2001; Evin et al., 2001; Li et al.,
2000b; Shearman et al., 2000). It was shown that both of the endoproteolytically derived N-
and C-terminal fragments of the presenilins could be crosslinked, providing further evidence
that these are the active subunits of presenilins. Further analysis of the presenilins revealed

that they contain two invariant aspartate residues in the transmembrane domains (TM) 6 and 7
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(Figure 3). These aspartates were thought to be the active site of unusual aspartyl protease
(reviewed in Steiner and Haass, 2002).

Mutagenesis of either of the aspartates in TM6 and TM7 results in a loss of y-secretase
activity (Berezovska et al., 2000; Cervantes et al., 2001; Wolfe et al., 1999). This is
accompanied by the accumulation of the membrane bound and uncleaved C-termini of APP
and Notch receptors. Furthermore, loss of y-secretase activity by mutations in one of the
conserved aspartate residues also inhibits the endoproteolysis of the presenilin molecules
within the large cytoplasmic loop (Figure 5)(Cervantes et al., 2001). Additionally, presenilin
mutants that contain a mutation in one of the aspartate residues also behave like dominant
negative molecules, interfering with the function of wild type presenilins (Wolfe et al., 1999).
These data suggest that presenilins may be the long elusive y-secretase and are proteolytically
active by themselves. This would also explain why the aspartyl protease inhibitors specifically
bind to presenilins and why some of the identified y-secretase inhibitors also inhibit the

autoproteolysis of the presenilin molecules.

Presenilin

Figure 7: Presenilins belong to a family of polytopic aspartyl proteases. The common consensus motive GxDGx
surrounding one of the active site aspartates (yellow triangles) is shown. TFPP are type 4 prepilin peptidases and
SPP are signal peptide peptidases.

However, although it is very tempting to speculate that presenilin may resemble
aspartyl proteases they do not show similarity to classical aspartyl proteases which contain a

D(T/S)G(T/S) signature motif at their active center. Instead, presenilins do contain a highly
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conserved GxGDx motif (x are variable amino acids) in TM7 in which one of the conserved
aspartates is located (Figure 3). Database searches revealed that the same motif is also present
in the active site of bacterial TFFPs (type 4 prepilin peptidases) (Steiner et al., 2000). These
bacterial aspartyl proteases have been shown to remove the leader peptides of type 4 prepilins
(Darzins and Russell, 1997; Lory and Strom, 1997). Therefore, the GxGDx motive may
represent a new signature motif for a novel family of polytopic transmembrane proteases
(Figure 7)(LaPointe and Taylor, 2000; Steiner et al., 2000). This notion has been supported by
the recent finding that signal peptide peptidases (SPP) that remove signal peptides from the
ER membrane after they been cleaved off the secreted protein also share the same GxGDx
motive (Weihofen et al., 2002). Furthermore, SPP proteases are also polytopic transmembrane
proteins with the active site aspartates in their transmembrane domains (Figure 7). They also
cleave their substrate within the transmembrane domain (Lemberg and Martoglio, 2002). In
contrast to the presenilins, the SPP proteases show catalytic activity when isolated without
binding partners.

Therefore, even though presenilins, TFPP and SPP proteases share only minimal
sequence similarity and no substrate conservation, they may all share a similar mode of
action. They are all embedded within the membrane and cleave their substrates within, or very
close to, the membrane, although their topology and the position of the active site aspartate
residues within the molecules vary (Figure 7). However, it is likely that during evolution a
common mechanism has been adapted to the different needs of substrates and biological

functions.

The Presenilin complex

Although there is growing evidence that the presenilins might be the active protease for the
intramembrane cleavage, they have no detectable enzymatic activity on their own. Presenilins
are only active as part of high molecular weight (HMW) complexes that control the cleavage
of transmembrane domains (Capell et al., 1998; Edbauer et al., 2002; Li et al., 2000a; Seeger
etal., 1997; Yu et al., 1998). It is obvious that such a rather non-sequence specific proteolytic
activity has to be tightly regulated. It has been demonstrated that the cell surface display of
the proteolytically active complex is controlled at the level of complex assembly and

trafficking. All presenilin complex components are necessary for assembly and trafficking
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(Chung and Struhl, 2001; Edbauer et al., 2002; Francis et al., 2002; Goutte et al., 2002;
Steiner et al., 2002).

Although it has long been known that presenilins are integral components of high
molecular weight (HMW) complexes (Capell et al., 1998; Seeger et al., 1997; Yu et al.,
1998), the biochemical purification of the different additional complex components proved to
be rather difficult. Again, the use of genetic screens in C. elegans and Drosophila has helped
to identify new presenilin complex components which may resemble the core complex
required for activity. Those screens were based on the assumption that the complex
components that are required for its proteolytic activity should give the same phenotype as the
elimination of presenilins or the different LIN-12/Notch receptors. Indeed, these screens
uncovered new members of the presenilin complex: APH-1, APH-2/nicastrin, and PEN-2
(Chung and Struhl, 2001; Francis et al., 2002; Goutte et al., 2000; Goutte et al., 2002; Hu et
al., 2002; Lopez-Schier and St Johnston, 2002).

APH-2/MNicastrin

extracellular

activated Presenilin PEN-2
Notch stub
ICD
Nucleus ER/Golgi compartment

Figure 8: Schematic representation of the known presenilin complex components. APH-2/nicastrin and PEN-2
are present together with presenilins in the high molecular weight (HMW) complex. APH-1 might also be
present in this complex at the plasma membrane. The presenilin complex cleaves pre-cleaved type I
transmembrane domain proteins within their transmembrane domain, releasing them out off/from the membrane.
In the case of the activated (site 2 cleaved) Notch receptor, the Notch intracellular domain (NICD) is released
and translocates to the nucleus where it activates transcription of target genes.
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APH-2/nicastrin

In a screen for mutants with a glp-1 like phenotype, APH-2 was discovered and it was
subsequently demonstrated to act in the same pathway as the presenilins (Goutte et al., 2000;
Levitan et al., 2001b). At about the same time, a homologous type I transmembrane protein
was isolated in the co-immunoprecipitates of presenilins from human cells and subsequently
called APH-2/nicastrin (Yu et al., 2000). Furthermore, APH-2/nicastrin was also co-purified
with presenilins using inhibitors directed against the active site of the y -secretase (Esler et al.,
2002) which specifically bind to presenilins (Esler et al., 2000). APH-2/nicastrin contains a
large extracellular domain, which is highly glycosylated during the transport through the
ER/Golgi system (Arawaka et al., 2002; Kimberly et al., 2002; Tomita et al., 2002; Yang et
al., 2002). Except for the transmembrane domain, there are no other clearly recognisable
domains present and the sequence conservation between the different species is very low (Yu
et al., 2000).

It was shown that APH-2/nicastrin binds the membrane-tethered Notch receptor after
site 2 cleavage (Chen et al., 2001). Furthermore, APH-2/nicastrin has been proven to be an
essential component of the y -secretase complex and is necessary for the intramembraneous
cleavage (site 3) of the activated Notch receptors (Figure 7) (Chung and Struhl, 2001; Hu et
al., 2002; Lopez-Schier and St Johnston, 2002). Consistently, mutations in APH-2/nicastrin in
mice have also been shown to negatively influence the presenilin dependent site 3 cleavage of
the Notch receptor (Rozmabhel et al., 2002). Reducing the protein levels of APH-2/nicastrin in
mammalian cells by RNA interference (RNA1) not only results in a loss of y -secretase
activity, but also in a destabilization of the presenilin molecules (Edbauer et al., 2002). In
addition, the absence of presenilins also destabilizes APH-2/nicastrin to some extent and
prevents its maturation, as indicated by glycosylation (Edbauer et al., 2002; Tomita et al.,
2002).This suggests that presenilins and APH-2/nicastrin stabilize each other by complex
formation and that the concentrations of the binding partner is the limiting factor during
formation of the HMW complex (Tomita et al., 2002).

The lack of APH-2/nicastrin maturation and transport in the absence of presenilins
also suggests that cell surface display of the HMW complexes is tightly controlled (Kimberly
et al., 2002; Kopan and Goate, 2002). Therefore, a quality control mechanism seems to exist
that assesses the functionality of the presenilin complexes, prior to export from the ER
compartment. It is likely that the endoproteolysis, and thus the stabilization of the presenilins

after their incorporation into the complexes, might serve as one of the check points. Similarly,
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presenilins might also affect the cell surface transport of some its substrates (Leem et al.,

2002).

APH-1 and PEN-2

In addition to APH-2/nicastrin, other presenilin complex components have been
isolated in similar genetic screens the for absence of Notch signaling in C. elegans (Goutte,
2002). APH-1 and PEN-2 (presenilin enhancer) are also strictly required for y-secretase
activity and site 3 cleavage of the Notch receptors (Francis et al., 2002; Goutte et al., 2002).
APH-1 and PEN-2 are conserved multipass transmembrane proteins. APH1 is predicted to
span the membrane seven times (Figure 8) (Goutte et al., 2002), whereas PEN-2 contains two
predicted transmembrane domains (Francis et al., 2002). The orientation within the membrane
for PEN-2 appears to be similar to that of the presenilins, with the N- and C-terminus facing
towards the cytoplasm (Francis et al., 2002). The APH-1 C-terminus is luminal, whereas the
C-terminus may reside inside the cytosol (Francis et al., 2002; Goutte et al., 2002).

PEN-2 and APH-1 have also been reported to be integral components of the HMW
presenilin complexes (Steiner et al., 2002) together with APH-2/nicastrin (Figure 8).
However, for APH-1 no cell surface presentation has been demonstrated so far, although in
mammalian cells APH-1 interacts with presenilins and APH-2/nicastrin and is required for
proteolytic activity (Lee et al., 2002). Therefore, it is also likely that APH-1 may associate
with presenilin complexes during their assembly and/or transport through the ER/Golgi
system (Fugure 8). APH-1 might be an assembly factor controlling the functionality of the
presenilin complexes. Consistent with this view, in aph-1 mutants APH-2/nicastrin is not
transported to the cell surface any more, but stays trapped within the ER system (Goutte et
al., 2002). The APH-2/nicastrin localisation is similarly affected in sel-12; hop-1 double
mutants lacking all presenilin activity in C. elegans (Goutte et al., 2002). Therefore, a lack of
transport to the cell surface might just reflect the lack of functionality of the assembled
complex which is then excluded from further export. Again, the fact that if one complex
component is missing the stability of the other components are affected, may reflect an
additional mode of regulation of presenilin complexes (Edbauer et al., 2002; Steiner et al.,
2002).

The notion that all complex components act at the same step during Notch processing

is further supported by the observation that in C. elegans all of the presumptive complex
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components are able to block the signaling induced by an hyperactive LIN-12/Notch receptor
but are not able to block the signaling induced by the expression of a constitutively active
NICD fragment (Francis et al., 2002; Levitan and Greenwald, 1995; Levitan et al., 2001b). In
addition, all presenilin complex components are broadly expressed in nearly all somatic cells
of C. elegans, making it likely that these complexes are general and integral components of all
cells (Baumeister et al., 1997; Francis et al., 2002; Goutte et al., 2000; Goutte et al., 2002;
Levitan and Greenwald, 1995). This may also indicate that this proteolytically active complex
is required more generally for basic cell function, and may be necessary to clear the plasma

membrane from transmembrane stubs.
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Notch signaling in C. elegans

If presenilins play a rather global role in clearing the plasma membrane from transmembrane
stubs, this would explain why there seems to be no sequence specificity . However, some
signaling pathway may have recruited these unspecific proteases for their signaling purposes
to liberate active molecules from the membrane. One of the signaling pathways that has been
shown to use presenilin activity is the Notch pathway. In Notch signaling, ligand binding
leads to site 2 cleavage of the Notch receptor (Figure 6) to generate a membrane bound stub
with a short extracellular domain. This stub serves as a substrate for presenilins and is
subsequently cleaved at its site 3 (Figure 6), a cleavage that releases the Notch intracellular
domain (NICD) from the plasma membrane. The liberated NICD then translocates to the
nucleus to activate Notch target genes. The site 3 cleavage and the nuclear access of the NICD
have been shown to be dependent on presenilin activity.

In C. elegans there are two Notch type receptors, LIN-12 and GLP-1. Both receptors
are found within an interval of 0.02 centi Morgan (¢cM) on chromosome III, which suggests
that they have arisen from a recent gene duplication (Rudel and Kimble, 2002). Both C.
elegans Notch type receptors are similar in their domain structure and share 48% sequence
identity over the entire length of the molecules (Rudel and Kimble, 2001; Yochem and
Greenwald, 1989). Genetic data suggest that /in-/2 and glp-1 are largely co-expressed and are
partially redundant, although each receptor has acquired more specialised and separate
functions during development (Austin and Kimble, 1989; Fitzgerald et al., 1993; Mango et al.,
1991; Sundaram and Greenwald, 1993b). glp-1 is required very early in development at the 4
and 12 cell stage of the C. elegans embryo. In the adult animal, glp-1 is also needed for the
induction of germline proliferation. In contrast, /in-12 is involved in postembryonic cell fate
decisions in the somatic gonad and in the sex muscle lineage. Furthermore, it is also required

for the pattering of the hermaphrodite vulva.

Blastomere specification in the early embryo

As zygotic transcription starts at about the 12 cell stage, glp-1 mRNA is supplied as a

maternal component to the embryo (Moskowitz and Rothman, 1996). During the first few

divisions GLP-1 signaling is used to induce different cell fates in formerly equal cells by cell-
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cell interactions. At the 4 cell stage, the P2 blastomere induces the posterior AB blastomere
(ABp) to adopt a fate distinct from its anterior sibling ABa (Bowerman et al., 1992; Hutter
and Schnabel, 1994; Hutter and Schnabel, 1995; Mango et al., 1994; Mello et al., 1994;
Moskowitz et al., 1994). This is achieved by restricting the cell-cell contacts of P2 to the ABp
blastomere (Figure 9A). Although both the ABa and ABp blastomere expose the GLP-
1/Notch-receptor at their cell surface, only ABp contacts the P2 blastomere, which selectively
expresses APX-1, a GLP-1/Notch-receptor ligand (Mango et al., 1994; Mello et al., 1994;
Mickey et al., 1996). Therefore, GLP-1/Notch-signaling is activated only in the ABp
blastomere. This induces a cell fate in ABp that is different from that of ABa.

A B Figure 9: GLP-1 mediated
blastomere specifications in the
early embryo. (A) At the 4-cell stage
ABp the ABp blastomere receives GLP-1
ABa signaling from the P2 blastomere
and (B) at the 12-cell stage the ABa
descendants ABalp and ABara are
specified through GLP-1 signaling
* 4—Cell stqge ]_2_Ce" ST_Oge 0 by interacting with the MS cell. (C)
interaction inferaction DIC view of a living wild type
- embryo; the arrow indicates the
anterior half of the pharynx and the
arrowhead the posterior half. (D)
Immuno -stained pharyngeal cell in
wild type embryo. (E) DIC view of
aph-1 mutant embryo in which
GLP-1 signaling is impaired and (F)
immunostaining of pharyngeal cells
in an aph-1 embryo reveals that the
anterior pharynx is missing while
the posterior pharynx is present
(arrowhead) (Goutte et al, 2001).

A similar process occurs at the 12 cell stage, where the MS blastomere induces two
descendants of ABa, ABalp, and ABara to generate pharyngeal tissue (Figure 9B)(Priess,
1994; Priess et al., 1987). This signaling event is also executed through GLP-1 signaling. All
of the descendants of ABa still contain the cell surface exposed GLP-1 receptor, but only

ABalp and ABara contact the MS blastomere (Figure 9B). MS provides the GLP-1/Notch-
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receptor ligand necessary to induce GLP-1 signaling in ABalp and ABara. However, the
identity of the ligand present on the MS cell is not known, but it is not APX-1 (Evans et al.,
1994; Priess et al., 1987). Since the tissue that gives rise to the anterior part of the pharynx is
generated from ABalp and ABara descendants, the anterior pharynx is missing in mutants

defective in these early glp-1 dependent signaling events (Figure 9E and F).

Induction of germline mitosis

The second developmental step that is dependent on GLP-1 signaling is the induction
of mitosis in the germline of C. elegans. A somatic gonad cell, called the distal tip cell (DTC),
signals the neighbouring germline to divide mitotically (Figure 10) (Kimble and White,

1981). This proliferative signal induces growth of the germline during larval development and
maintains a population of germline stem cells in the adult. Furthermore, the localisation of the
distal tip cell at the tip of the germline also establishes the polarity of the germline tissue

(Figure 10).

pachytene fransition  distal mitotic DTC
I L | /

ne
uferus

J3L

spermatheca vulva

Figure 10: Gonad structure of an adult hermaphrodite of C. elegans. The distal tip cells (DTC) lie at the tips of
the gonad arms. Adjacent to the DTCs are the distal mitotic regions of the gonad followed by a transition zone
and the meiotic zone (pachytene). The GLP-1 protein (shaded in grey) is spatially restricted to the distal mitotic
zone of the two gonad arms.

Signaling by the distal tip cell is required continually during larval development and
adulthood for growth of the germline (Lambie, 2002). In its absence, germline nuclei enter
meiosis and complete gametogenesis. The inductive signal from the distal tip cell is the
expression of LAG-2, a Notch receptor ligand (Henderson et al., 1994; Lambie and Kimble,
1991; Tax et al., 1994). This signal is received by the germ nuclei through the GLP-1/Notch-
receptor (Austin and Kimble, 1987; Christensen et al., 1996; Crittenden et al., 1994; Lambie
and Kimble, 1991; Yochem and Greenwald, 1989). GLP-1 activation therefore promotes

proliferation and blocks the entry into the meiotic pathway. By localizing the source of the
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ligand LAG-2 to the distal end of the gonad, GLP-1 activation is spatially restricted
(Henderson et al., 1994). In mutants carrying a constitutively active GLP-1 receptor the germ

nuclei never exit mitosis and the animals therefore display a tumorous germline (Berry et al.,

1997).

The AC/VU decision in the somatic gonad

Although there are functional redundancies between glp-7 and /in-12 in most of their
signaling events, /in-12 may have acquired a more specialised function during postembryonic
development in C. elegans. The somatic gonad of C. elegans not only gives rise to the
germline, but also to tissue that forms the uterus and induces the development of the vulva
(Sulston and Horvitz, 1977). Two cells of the somatic gonad, Z1.ppp and Z4.aaa, that have an
initially equivalent developmental potential, interact with another to select two opposite fates
in each of the cells. One cell will become the anchor cell (AC) while the other will become a
ventral uterine cell (VU) (Greenwald, 1998; Kimble, 1981). A rather stochastic event
determines which of the cells will acquire which of the two fates (Figure 11). At the
beginning of the L2 larval stage Z1.ppp and Z.4.aaa are in close contact to each other. Both
cells initially express the /in-12/Notch-receptor and lag-2, which encodes a membrane
anchored ligand for the LIN-12/Notch-receptor (Figure 11A) (Wilkinson et al., 1994). The
coexpression of /in-12 and lag-2 is unstable and the expression levels of receptor and ligand
may differ slightly between the two adjacent cells. Therefore, one of the cells will receive a
little bit more LIN-12 signaling than the other. This stochastically resolves in a situation in
that /ag-2 expression becomes restricted either to Z1.ppp or Z4.aaa (Wilkinson et al., 1994).
Since the expression of /in-12 and /ag-2 are controlled reciprocally by transcriptional control
through a feedback loop, this leads to a favoured down regulation of /ag-2 in the cell with
more LIN-12 signaling and upregulation of /ag-2 in its neighbour (Figure 11B) (Wilkinson et
al., 1994). As both cells are in contact they will negatively influence each other until they
reach a stable state.

The cell to which /in-12 expression becomes restricted will execute the VU fate,
whereas the cell to which /ag-2 expression becomes restricted will adopt the AC fate (Figure
11). The contact between the AC/VU precursor cells is therefore essential, since in mutants

where cell movement is affected, so that Z1.ppp and Z4.aaa fail to meet, both cells adopt the
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AC fate as a default (Hedgecock et al., 1990). Similarly, in /in-12 loss of function mutants
2ACs are generated (Greenwald et al., 1983).

However, the opposite cell fate transformation is observed in /in-12 gain-of-function

mutants. In mutants which produce an constantly active LIN-12/Notch receptor that does not

require ligand binding both cells adopt the VU fate (Greenwald and Seydoux, 1990).

A Z1.ppp z4.a00

Figure 11: Diagram of the AC/VU cell
fate decision. (A) Two cells of the somatic
gonad, Z1.ppp and Z4.aaa, with the same
developmental potential initially express
both lin-12 and lag-2. However the
expression levels are slightly different. (B)
Through the action of a feedback
mechanism those initial differences are
amplified and stabilised. (C) The cell that
acquires strong /ag-2 expression becomes
the anchor cell (AC) while the cell that
expresses /in-12 adopts the ventral uterine
(VU) fate. The AC induces vulva pattern
formation and & -cells while the VU gives
rise to the uterine epithelium that connects

t ! vulva and uterus.

55 @@

In wild type hermaphrodites, the cell that adopts the VU fate divides further to give

rise to cells of the ventral uterine epithelium (Figure 11C) that connects the uterus and the

vulva (Kimble, 1981; Newman and Sternberg, 1996). In contrast, the AC already has adopted

its terminally differentiated stage and remains without any further division until it fuses to the

uterine epithelium (Newman et al., 1996). Before its fusion the AC plays a key role both in

the induction of vulva development and in the induction of a specialized set of the VU

descendants that are necessary for the formation of a proper vulva-uterine connection (Figure

11C) (Greenwald et al., 1983; Newman et al., 1995).
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Induction of vulva precursor cell fate patterning

During the L1 larval stage a set of hypodermal cells, P1.p to P12.p, are competent to
adopt different cell fates (Figure 12). The so called vulval equivalence group, P3.p to P8.p,
are able to generate the vulva. They are therefore also called vulva precursor cells (VPCs)
(Greenwald, 1998; Kornfeld, 1997). The VPCs can adopt three different cell fates known as
the 1°, 2°, and 3° cell fate. All VPCs are equally competent to adopt all of the possible vulval
fates. The specific fate that they execute is dependent on an inductive signal from the anchor
cell (AC). In wild type hermaphrodites only three of the VPCs, P5.p, P6.p and P7.p, receive
an inductive signal from the AC and generate the cells that form the vulva (Figure 12). The
other VPCs that are not induced receive an inhibitory signal from the hypodermis and fuse to
the hypodermal syncytium (the 3° cell fate, Figure 12)(Herman and Hedgecock, 1990). The
three VPCs that are induced lie beneath the somatic gonad with P6.p being centred under the
AC (Figure 12). The anchor cell (AC) secretes LIN-3, a member of the EGF family of growth
factors (Hill and Sternberg, 1992). This inductive signal is primarily sensed by the VPCs that
are closest to the AC through the presence of the EGF-receptor tyrosine kinase /et-23 on their
cell surface (Aroian et al., 1990; Ferguson and Horvitz, 1985). Thus, P6.p which is closest to
the AC receives the strongest induction by the AC and is primed to adopt the so called 1° fate,
while its neighbours P5.p and P7.p receive less inductive signal and are primed to adopt the 2°
fate (Figure 12) (Sternberg and Horvitz, 1986; Sulston and White, 1980). This predisposition
to acquire a specific cell fate is further stabilised through specific lateral signaling of the
neighbouring VPCs. This lateral signaling event, which also involves LIN-12/Notch-
signaling, is known as lateral inhibition (Figure 12)(Sternberg, 1988). In P6.p, the inductive
signal from the AC leads to a strong activation of the Ras pathway. This has recently been
shown to result in an active down-regulation of the LIN-12/Notch receptor specifically in
P6.p through endocytosis (Shaye and Greenwald, 2002). As a consequence of the reduction in
LIN-12 signaling, the expression of the ligand for the LIN-12/Notch-receptor is up-regulated
in P6.p. The opposite happens in the neighbouring VPCs, P5.p and P7.p. In these cells, the
Ras pathway is actively suppressed through the action of the MAP kinase phosphatase, lip-1
(Berset et al., 2001). The expression of the phosphatase /ip-1 is activated by LIN-12/Notch
signaling. Therefore, P6.p functions as an organiser: it induces LIN-12/Notch-signaling in the
neighbouring cells, which in response then down-regulate their Ras-signaling that would

otherwise antagonise the /in-12 expression in these cells. As a consequence, /in-12 expression
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is stabilised in P5.p and P7.p and this further down-regulates LIN-12 signaling in P6.p by a
feedback mechanism.

Therefore, through the action of an inductive signal and the subsequent lateral
signaling, initially equal cells adopt the different cell fates that are required to give rise to 22

cells that form a proper vulva (Figure 12) (Sternberg and Horvitz, 1989).

Figure 12: Pattern formation during C.
elegans vulva development. (A) During
the L1 stage the P1.p-P12.p cells are
generated. P3.p-P8.p are all competent to
generate vulval tissue and are therefore
also called vulva precursor cells (VPCs).
The remaining Pn.p cells fuse with the
hypodermis during the L1 stage (the 3°

Vuval Equivalence Group fate). (B) In the L2 stage the anchor cell
Pa.p - P8.p (AC) is generated and is centered above
B P6.p. Through an inductive signal
[nmd T ] coming from the AC P5.p and P7.p are
(O] induced to adopt the vulva fate, while the

remaining VPCs receive an inhibitory

@ @ ) @ signal from the hypodermis and
¥ ¥ ¥ ¥ = subsequently fuse with it. After the
hyp\lzdermn!‘ wnn;rtlum . ) : induction of PSp-P7p by the AC, these
C cells are further specified by lateral
signaling to adopt different vulval fates.

(C) The P6.p adopts the 1° fate, while
P5.p and P7.p adopt the 2° fate. The
remaining non-induced VPCs that fuse
to the hypodermal syncytium adopt the
3° fate. The induced VPCs P5.p-P7.p

=0

hypodermis  vulva hypodermis divide in a specific pattern according to
D l their cell fate to generate the 22 cells that
form the vulva (D) (modified from
tnehor el Eisenman and Kim, 2000).

@\« P6.p descendants

P5.p descendants
P7.p descendants

Induction of the n-cell fate necessary for the formation of a proper vulva-uterine connection

The anchor cell (AC) not only induces the patterning of the vulva precursor cells
(VPCs) but also induces some ventral uterine cells to adopt the n-cell fate (Figure 11)
(Newman and Sternberg, 1996). The induction of the nt-cell fate is required for the formation
of a functional vulva-uterine connection that is necessary for proper egg-laying behavior in C.
elegans. At the beginning of the L3 larval stage, after the AC/VU decision has been executed,
the three vulva uterine (VU) cells are still in close proximity to the AC. Each of the three VU

cells generate four intermediate precursors during the L3 stage (Kimble and Hirsh, 1979;
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Newman et al., 1995; Newman et al., 1996). These precursors are competent to adopt two
different cell fates, the p and & cell fates (Newman et al., 1995). These two cell fates differ in
the number of cell divisions they subsequently execute and the orientation of these divisions.
The p cell fate seems to be the default state, while the n cell fate has to be induced by the AC
(Figure 13) (Newman et al., 1995).

-

BC iniicee

e

Figure 13: Cells of the vulva-uterine-seam cell connection. (A) To develop a proper vulva-uterine connection
the n-cell fate has to be induced by the anchor cell (AC,green) during the late L3 stage. (B) After induction the
n-cells give rise to uterine seam cell (utse) and to the uvl cells. Both uterine cell types are required for the
connection of the uterus to the vulva tissue. A DIC image of a mid L4 hermaphrodite vulva in wild type (C), and
in mutants with an abnormal vulva-uterine connection due to a lack of n-cell induction (D). Note that instead of
a thin laminar process of the utse in wild type (C), a thick layer of cells is separating the vulval (v) and uterine
(u) lumen in /in-12 mutants (D). As a consequence of the nt-cell misspecification, the AC often remains unfused
on top of the cell layer (D). The scale bar represents 20 pm. (Pictures were modified from Newman et al, 2000).

Due to the close proximity, six out of the 12 VU descendants surrounding the AC are
in contact with the AC (Figure 13). Since all VU cells express the LIN-12 receptor, all of their
descendants also expose the LIN-12/Notch-receptor at the cell surface (Figure 11). Therefore,
the six VU descendants that are contacting the AC will receive LIN-12 signaling as the AC
expresses the LIN-12/Notch ligand LAG-2 (Figure 11). The maintenance of lag-2 expression
by the AC requires the zinc-finger transcription factor /in-29 (Newman et al., 2000). In /in-29
mutants, the AC is generated and initially expresses /ag-2 which is sufficient to induce the
vulva structures. However, since lag-2 expression is rapidly downregulated in the AC, the &
cell fate is not induced, subsequently resulting in a defective vulva-uterine connection.
Normally, in wild type hermaphrodites those VU descendants that are induced by LIN-12

signaling will adopt the & cell fate. However, in mutants that lack LIN-12 activity all VU
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descendants adopt the p-fate, while in LIN-12 gain-of-function mutants all VU descendants
adopt the 7 cell fate (Cinar et al., 2001; Newman et al., 1995). The = cells fate give rise to the
uterine seam cell (utse) and the uv1 cells (Newman et al., 1996). These two uterine cell types
connect the uterus to the vulva. The utse is a multinucleate cell that forms a thin laminar
process that separates the vulval and uterine lumen. The utse is normally destroyed by the first
egg passing through the vulva. In loss of function mutants of /in-12, sel-12,0r aph-2, the «t cell
fate is not, or only partially, induced. This leads to the incomplete induction of the & cell fate
and of the appearance of a thick layer of cells rather than the thin laminar utse cell (Figure 13)
(Cinar et al., 2001; Levitan et al., 2001b; Newman et al., 1995). This layer of cells represents
a sterical blockage of the vulva uterine connection and the mutant hermaphrodites are egg-
laying defective (Egl). One of the hallmarks of this vulva-uterine connectivity defect is the

appearance of a protruding vulva (Pvl) phenotype in the adult stage (Eimer et al., 2002).

The sex-myoblast/coelomocyte cell fate decision

In C. elegans, some mesodermal tissues are formed embryonically and some develop
post-embryonically (Sulston and Horvitz, 1977; Sulston et al., 1983). The mesodermal tissue
that is formed postembryonically is derived from a single mesoblast, M, which gives rise to
six cell types: striated body-wall muscles, coelomocytes, which are non muscle cells, and four
classes of nonstriated sex-muscles (Figure 14). The hermaphrodite sex-muscles are the eight
vulva muscles (four vimls and four vim2s) and the eight uterine muscles (four umls and four
um?2s). All undifferentiated cells of the M lineage have in common that they express the C.
elegans twist ortholog Alh-8 (Corsi et al., 2000; Harfe and Fire, 1998; Harfe et al., 1998b).
The M mesoblast is born in the posterior part of the animal at the end of the embryonic stage
at the beginning of the L1 stage, just prior to hatching (Sulston and Horvitz, 1977). After three
rounds of cell divisions, the ventrally located descendants of M give rise to the two sex-
myoblast (SM) cells from which the sex-muscles are derived (Figure 14). From the mid L2
stage to the mid L3 stage the SMs migrate anteriorly to the middle of the animal where they
reside at the position of the developing vulva. After three cell divisions the SM descendants
differentiate into the different sex muscle types, the vulval and uterine muscles, involved in
egg-laying.

The two coelomocytes which are generated in the dorsal part of the M lineage (Figure

14) are scavenger cells that non-specifically endocytose fluid from the pseudocoelom (body
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cavity) of the worm (Fares and Greenwald, 2001a; Fares and Greenwald, 2001b). The adult
hermaphrodite has six coelomocytes in total with the four additional coemolomocytes that are
derived from the embryonic mesoderm. All coelomocytes are dispensable for viability.

However, coelomocytes are thought to be part of a simple immune system in the worm.
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Figure 14: Representation of the hermaphrodite specific post-embryonic M lineage (Sulston and Horvitz, 1977).
(A) The M mesoblast is born at the beginning of the L1 stage. Through subsequent divisions it gives rise to 14
striated body wall muscles (BWM), 16 non-striated sex muscles, and 2 coelomocytes (CC), which are non-
muscle cells. The expression of /in-12 in the M-lineage is shown (Wilkinson and Greenwald, 1995). This was
only followed until the generation of the SM myoblasts (asterisks). (B) Schematic ventral view of the M lineage
cells and their positions within the animal throughout development. (C) SM to CC cell fate transformations seen
in /in-12 null mutants and (D) CC to SM cell fate transformations present in /in-12 gain-of-function (gf) mutants
(Greenwald et al, 1983). [abbreviations: SM, sex myoblast; UM, uterine muscle; VM, vulva muscle; d, dorsal; v,
ventral; 1, left; r, right; a, anterior; p, posterior;]
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The lin-12/Notch receptor has been shown to be expressed in the M lineage prior to the
generation of the coelomocytes (CCs) and sex-myoblasts (SMs) (Figure 14) (Wilkinson and
Greenwald, 1995). Furthermore, LIN-12 signaling has been directly implicated in the CC and
SM decisions. Loss-of-function mutations in the lin-12/Notch receptor result in a conversion
of the SMs into CCs whereas gain-of-function mutations lead to the inverse transformation of
CCs into SMs and the generation of additional sex muscles (Figure 14) (Greenwald et al.,
1983; Harfe et al., 1998a). Therefore, LIN-12/Notch signaling activity is required to generate
sex muscles and it is likely that LIN-12/Notch signaling is thereby antagonizing the action of
MyoD. Loss-of-function mutants in the C. elegans MyoD ortholog, 4lh-1, exhibit a CC to SM
transformation which is partially suppressed in lin-12; hih-1 double mutants (Harfe et al.,
1998a; Krause et al., 1990). Similar inhibitory interactions between other basic helix-loop-
helix transcription factors and the LIN-12/Notch signaling pathway have been reported in
vertebrate myogenesis (Kopan et al., 1994; Nye et al., 1994).

Sex muscle morphology and attachment

LIN-12/Notch-signaling is necessary for the cell fate decision that generates the sex
myoblasts, but it also seems to be required at later stages during sex muscle differentiation.
Recently it was shown that LIN-12/Notch-signaling is used during sex muscle differentiation
to facilitate correct morphology and attachment of the vulva muscles (Eimer et al., 2002).
Mutants carrying a temperature-sensitive hypomorphic /in-12 mutation generate the correct
number of sex muscles. However, the functionality of their sex muscles is impaired at the
restrictive temperature. Subsequently these mutants exhibit a completely penetrant egg-laying
defect (Egl). Temperature shift experiments suggest that the defects leading to the Egl
phenotype occur late in development after the mid L3 stage (Sundaram and Greenwald,
1993a). At that time the sex muscle precursor cells undergo the final divisions and
differentiate to adopt the different types of sex muscle fates (Figure 14). Laser cell ablation
studies have shown that the vulva muscles are required for egg laying (M. Stern, personal
communication). When the vulva muscles are deleted or missing due to misspecification,
animals are completely Egl (Corsi et al., 2000). The fact that, upon reduction of LIN-12
signaling, the sex muscle defects and the nt-cell specification defects are the most penetrant
defects suggests that they are most sensitive to alterations in LIN-12 signaling (Cinar et al.,

2001; Eimer et al., 2002; Levitan et al., 2001b).
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Presenilins in C. elegans

The C. elegans genome contains three presenilin orthologs sel-12, hop-1, and spe-4
(Levitan and Greenwald, 1995; L'Hernault and Arduengo, 1992; Li and Greenwald, 1997).
SPE-4 is the most divergent member of this family with a sole role restricted to
spermatogenesis. spe-4 is expressed only during the L4 larval stage when sperm is produced
(Lakowski et al, submitted). SPE-4 is localized to ER/Golgi derived organelles and loss of
function mutations in spe-4 lead sterility due to a lack of proper partitioning of the cytoplasm
during sperm maturation (Arduengo et al., 1998). Accordingly, spe-4 is not able to substitute
one of the other presenilins when expressed ectopically (see Chapter VIII).

In contrast, the other two somatically expressed presenilins, sel-12 and hop-1, are able
to replace each other and are functionally conserved with the human presenilins (Baumeister
et al., 1997; Levitan and Greenwald, 1995; Li and Greenwald, 1997). In sel-12; hop-1 double
mutants, signaling through the Notch receptors LIN-12 and GLP-1 is almost completely
blocked (Li and Greenwald, 1997; Westlund et al., 1999). However, mutant animals carrying
a deletion of #op-1 do not display an obvious phenotype (Westlund et al., 1999). This is
similar to the the mammalian system, where a deletion of PS2 also leads to only minor
defects, whereas PS1 and PS2 double mutants are embryonically lethal (Herreman et al.,
1999).

Mutations in sel-12 lead to a highly penetrant egg-laying defect (Egl) in combination
with a protruding vulva phenotype (Pvl) (Eimer et al., 2002; Levitan and Greenwald, 1995).
The defects have recently been shown to be caused by sel-12 affecting two independent LIN-
12 signaling events: se/-12 mutants display sex muscle morphology and attachment defects
similar to those found in /in-12 hypomorphic mutants (Eimer et al., 2002). Furthermore, se!l-
12 mutant animals fail to specify the n-cell fate correctly leading to the appearance of a thick
tissue separating the vulval and uterine lumen (Cinar et al., 2001). This failure to form a
proper vulva-uterine connection is most likely the cause of the Pvl defect (Eimer et al., 2002).

Therefore, both defects in combination lead to the highly penetrant Egl phenotype of
sel-12 mutants. However, the AC/VU and the SM/CC cell fate decisions and the VPC
induction that also require LIN-12/Notch signaling are not affected in sel-12 mutants (Eimer
et al., 2002; Levitan and Greenwald, 1995). This suggests that these LIN-12 signaling events

that involve feedback loops are more stable towards alterations in LIN-12 signaling.
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Additionally, sel-12 has been shown to be required for proper development of the male
specific sex muscles and tail structures and also for neuronal signaling involved in
thermotaxis (Eimer et al., 2002; Wittenburg et al., 2000). The neuronal defects can also be
rescued by transgenic expression of the human PS1 and PS2 (Wittenburg et al., 2000).
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Amyloid Aggregates, Presenilins, and Alzheimer’s Disease

Ralf Baumeister® and Stefan Eimer

Alzheimer’s disease is today the most common cause of
neurodegenerative death in the western world. The disease is
characterized by two fundamental events, the accumulation of
insoluble fibrillar aggregates of S-amyloid peptide (Ap) and
the degeneration and death of neurons in the brain regions
that are concerned with learning and memory processes.
Abnormal protein deposition is also a shared characteristic of
other age-related neurodegenerative disesases, such as Par-
kinson’s disease, Huntington’s disease, and the Prion diseases.
There is increasing evidence that the mechanism of this ag-
gregation may be similar in each of these diseases.l'! Several
recent studies have advanced our understanding considerably
of the molecular and cellular mechanisms that cause the disease.
The purpose of this article is to summarize recent results.

The Biochemistry of APP Processing and Amyloid Aggregation

The central role in the pathogenesis of Alzheimer’s disease
is played by a small, 40-42 amino acid long, four kDa peptide
called AB. Af is derived from the 695-770 amino acid long
amyloid precursor protein (APP) by various proteolytic steps
that are thought to take place in several intracellular
compartments?! (Figure 1). The detailed mechanism of Ap pro-
duction from APP, the exact localization of the three
proteases involved, and the functions of A and APP are
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not yet understood (for review articles see refs. [3, 4]). The 40
amino acid peptide AB40 is the predominant form that is
produced during the metabolism of APP. Under pathological
conditions the production of a 42 amino acid variant (A$42),
normally a minor product, is enhanced.

ApPA40 is kinetically inert for several days in solution. In the
disease state it is converted into a fibrous form, which is
relatively resistant to chemical denaturing or proteolytic
digestion.l’! This conversion is mediated by a change in the
three-dimensional structure of AS40 and results in an increase
in the hydrophobicity of the peptide. The peptide then
aggregates and forms an ordered fibrillar morphology. The
structural properties of the Af aggregates suggest that, in
contrast to amorphous precipitates, their formation is seeded
and involves polymerization from a nucleus.! ® This process is
very slow because of the high entropy of intermolecular
interactions.[! For this reason, the sporadic forms of Alz-
heimer’s disease, which comprise the fast majority of clinical
cases, occur late in life (usually between the ages of 75 and 85),
although Apf can be detected much earlier. Another AfS
variant, Af42, is more hydrophobic and may produce the
pathogenic seed in the development of the disease.[) AB42 is
highly aggregable and is the predominant form of Af in senile
plaques.?! Overexpression of APP increases the amount of
ApB40 and AB42 and results in faster aggregation.I It is in this
context interesting to note that patients with Down’s syn-
drome, who have an additional copy of chromosome 21 on
which the APP gene is located, invariantly develop symptoms
of Alzheimer’s disease and develop them significantly ear-
lier.!
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respectively; «, 3, y =secretases involved in the cleavages; mut: mutation; wt =normal type.

Modulators of Aggregation

The first susceptibility gene identified for the common,
sporadic form of Alzheimer’s disease was the apoe gene,
which encodes a protein involved in cholesterol transport.[8!
People with a particular variant of the APOE protein (the ¢4
isoform), have an increased risk of developing sporadic late-
onset Alzheimer’s disease.

Convincing evidence that the apoe gene directly affects AS
deposition was provided by Paul’s research group.’’ They
crossed transgenic mice overexpressing a human APP variant,
which exhibits strong AS and amyloid deposition, with apoe-
knock-out mice. The progeny from this cross showed a
dramatic reduction of A deposits, which indicates that the
main contribution of the APOE protein is to promote AfS
fibril formation. Another recent report suggests that other
polymorphisms in the transcriptional regulatory region of the
apoe gene might also be associated with an increased
risk of Alzheimer dementia, even in the absence of the &4
isoform. [

The APOE protein may be considered a modifier of
Alzheimer’s disease since APOE variants do not result in an
earlier onset of the disease but promote the late stages of the
disease. In contrast, mutations in the three identified loci on
chromosomes 2, 14, and 21 cause an heritable form of the
disease (FAD, familial Alzheimer’s disease) that generally
leads to an earlier onset and faster progression of the disease
relative to the sporadic cases. All mutations have been shown
to promote the seeding of amyloid aggregates. The first gene
identified encodes APP itself.!!l The various mutations
affect the overproduction of AfB42 or an overall increase in
Ap secretion. However, these mutations are rare and were
found only in a small patient group worldwide. The vast
majority of FAD cases correlate with two genes, which encode
transmembrane proteins, which been designated presenilin-1
(PS1) and presenilin-2 (PS2). Mutations in PS1 and PS2 are
responsible for the most aggressive clinical forms of Alz-
heimer’s disease, with a mean age of onset of approximately
45 and 52 years, respectively. Recent research on the function
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of the presenilins provides an important clue to understanding
the mechanism of the disease.

Presenilin Mutants and Amyloid Formation

PS1 and PS2 encode proteins of 467 and 448 amino acids,
respectively, which are about 67 % identical in their primary
sequence.l'”l The presenilins are highly conserved in evolu-
tion, and have been identified in nematodes (Caenorhabditis
elegans), fruit flies (Drosophila), clawed frogs (Xenopus),
Zebrafish, and mammals.'¥l Several research groups have
recently analyzed the topology of PS104 5l and its C. elegans
homologue SEL-12.11 The amino and carboxy termini of both
proteins have a cytoplasmic localization and is followed by six
transmembrane (TM) domains and a large, hydrophilic loop,
which again protrudes into the cytoplasma of the cell
(Figure 2). It is very likely that the other presenilins adopt
similar structures based on the sequence conservation.

The phenotypes associated with mutations in the presenilin
genes are most informative for understanding their function in
the nervous system. To date, more than 35 mutations in the
PS1 gene and two mutations in the PS2 gene have been
isolated from FAD patients, which supports the key role of the
presenilins in the mechanism of the disease.

With the noteworthy exception of PS1A10, a splice variant
which eliminates exon 10 (but results in a mutation of a highly
conserved serine to cysteine at the splice site in TM6), all
mutations that have been isolated from patients are single
amino substitutions. No mutations have so far been isolated
from FAD patients that result in frameshifts or premature
translational stops and cause truncations of the carboxy
terminal. This suggests that severe structural or functional
defects cannot be tolerated in the presenilins. The embryonic
lethality of presenilin-knock-out mice supports this view. One
plausible explanation would be that the FAD mutations cause
subtle defects, since they do not have embryonic phenotypes.
More than 80 % of the mutations occur in amino acids that are
conserved in presenilins of different species.!’] The local-
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Figure 2. The structure of PS1. The eight transmembrane domain model of PS1 structure is depicted as suggested by Li et al.'%]
Putative TM domains are boxed. Sites of proteolytic cleavage by presenilinase (black arrowhead, exact position: black asterisk) and
caspase (white arrowhead) are indicated. Positions of FAD mutations in PS1 are boxed.

ization of these mutations suggests that TM2 and the two
large hydrophilic loops are most critical for PS1 function.

Proteolytic Processing of Presenilins

Only a minor amount of the endogenous presenilin proteins
can be isolated as full-length proteins. The most abundant
fragments identified are an approximately 2728 kDa amino-
terminal fragment (NTF) and an approximately 18-20 kDa
carboxy-terminal fragment (CTF).'2l PS2 is proteolytically
cleaved into two stable cellular polypeptides of about 20 kDa
and 34 kDa.['®! The cleavage in the large cytoplasmic loop is
obviously tightly regulated, since overproduction of PS results
in the accumulation of the full-length protein, but not of the
proteolytic fragments. The resulting fragments are very stable
and interact with one another. Since they are found in
complexes with a higher molecular weight, they probably bind
other currently unidentified proteins as well. Considerable
effort was made to identify whether presenilinase cleavage is a
functional requirement,!'”! a stable degradation intermedi-
ate,?* 2! or even a preparation artifact.’?l This question has
not yet been fully resolved. Lack of cleavage is probably not a
central feature of pathogenesis in FAD patients, since little, if
any, full-length PS1 is observed in brain tissue of patients
carrying PS1 mutations.?’

The presenilins PS1 and PS2 are also proteolytically
processed by proteases of the caspase superfamily (proteins
that take part in programmed cell death, apoptosis).['®! This
process generates a larger NTF and a smaller CTF if full-
length presenilin is the substrate, or only a smaller CTF if the
conventional CTF is the substrate (Figure 2). There was a lot
of excitement last year when Tanzi’s research group reported
that the PS2 mutation N141I enhances the intracellular
concentration of the alternative CTF derived by caspase-
cleavage.*l It was postulated that apoptosis-mediated cleav-
age may be required for the effect of mutant PS proteins on
abnormal ApS processing. Indeed, a functional involvement of
PS in apoptosis had been reported before. However, a
combined effort of three research groups showed recently
that the inhibition of caspase cleavage does not affect AS
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generation. Moreover, mutation of the caspase cleavage site
prevented the apoptotic proteolysis, but did not affect the
biological activity of human PS1 and PS2 in C. elegans.*’!

Presenilins and the Metabolism of APP

Mutant presenilin proteins, like mutant APP itself, affect
proteolytic processing of APP (Figure 1). Mutations in all
three genes enhance the processing pathway that results in an
increased production of the 42 amino acid variant Ap42,
whereas AB40 levels are not affected.'”! Since this variant
aggregates much faster than ApS40, these results strongly
support the model of AB42 being the key component involved
in the disease mechanism. All PS1 and PS2 mutations
analyzed to date increase the AB42 levels significantly. These
results strongly support the central role of Af formation and
presenilin function in the disease mechanism.

How are the presenilins involved in the proteolytic
processing of APP? It has long been thought that proteolysis
of APP mostly occurs at or near the cytoplasmic membrane
(the non-amyloidogenic or secretory pathway, upper part in
Figure 1) or during reinternalization (A generating pathway,
lower part in Figure 1).?9 In contrast, the presenilins are
located mostly in the membranes of the endoplasmic retic-
ulum (ER) and the early Golgi apparatus. However, last year
several research groups identified intracellular Af formation
and showed that the ER is the first compartment where AS42
accumulates.””?l These results also suggest that the proteo-
lytic cleavage at the carboxy terminus of AB40 and ApB42 are
accomplished by different enzymes and/or by a different
intracellular localization of the enzyme(s) involved. These
data provoked an exciting new model that explained how the
presenilin can affect APP processing. The localization of the
presenilin in the ER and Golgi membranes suggests that they
are in a perfect position to control the transport and/or
trafficking of APP. There is indeed support for such a role: the
presenilin SPE-4 in the nematode C. elegans controls the
sorting and protein trafficking in specialized organelles.*”l In
addition, several recent publications report that there may be
direct binding of PS1 and PS2 to the immature form of APP in
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the ER.B32I Although these interactions, identified through
co-immunoprecipitation studies and in the yeast-two-hybrid
system, nicely fit into this model, attempts to reproduce these
results in other research groups have failed.?*! Nevertheless,
the generally observed increase in AfB42 production in the
presence of presenilin mutants indicates that APP and
presenilins at least interfere functionally.?l It came as a big
surprise that in cells of PS1-knock-out mice the AB40 and
Ap42 levels dropped by 80%, whereas neurons in FAD
patients have increased levels of AB42.51 Although the
subcellular localization of these fragments could not be
determined, the most obvious interpretation is that the
presenilins themselves have protease (y-secretase, see Fig-
ure 1) activity or may regulate the activity of this protease.
However, these results are also compatible with PS1 having a
role in the intracellular compartmental transport of mem-
brane proteins. In accordance with the latter model a lack of
PS1 could redirect APP sorting and transport from the ER
through compartments that lack y-secretase activities. It is
puzzling to see that both AB40 and AS42 are equally affected
by PS mutants. Additional work is clearly required to solve
these discrepancies, and eventually the presenilins might even
serve as a therapeutic target for Alzheimer’s disease. A
significant decrease of presenilin activity, accomplished by
either reducing the expression levels or by interfering with the
processing, is suggested to reduce the Ap production and,
thus, the aggregation of plaque formation in the brain.

Biological Function of Presenilins

To fully understand the role of presenilins in Alzheimer’s
disease it is essential to know more about their biological
function. The few data we have are derived from work carried
out on the nematode C. elegans and in mice. The SEL-12
mutants C. elegans suggest that the presenilins play a role in
the signal transduction of the Notch transmembrane receptor,
a pathway through which adjacent cells communicate.*®! The
human presenilins are also linked to the Notch pathway, since
human PS1 and PS2 are functional in C. elegans?*?1 and
Notch activity is strongly reduced in PS1-knock-out mice.” 381
It is not clear, at this point, whether the PS proteins function
in the signaling pathway or activity of Notch, or, at an earlier
step, in the sorting and transport of Notch from the ER to the
membrane. Since SEL-12 mutations seem to influence the
function of other secreted transmembrane proteins as well,*"]
which supports the latter model, we suggest that the PS
proteins play a more general role in the cell.

Outlook

Significant progress has been made in the past couple of
years to understand the molecular and genetic basis of
Alzheimer’s disease and FAD. The fundamental importance
of ApB42 and the presenilins as key players in the disease
mechanism has been substantiated. Work in the following
years will most likely concentrate on the identification of new
genes and interactors to close the remaining gaps in the story.
The nematode C. elegans model as a biological assay system to
identify additional components required for presenilin func-
tion, and the availability of several mouse models for AfS
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aggregation will provide additional clues and maybe targets
for therapeutic intervention in the near future.

German version: Angew. Chem. 1998, 110, 3148-3152
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The familial Alzheimer’s disease-associated preseni-
lins (PSs) occur as a dimeric complex of proteolytically
generated fragments, which functionally supports endo-
proteolysis of Notch and the B-amyloid precursor pro-
tein (BAPP). A homologous gene, sel-12, has been identi-
fied in Caenorhabditis elegans. We now demonstrate
that wild-type (wt) SEL-12 undergoes endoproteolytic
cleavage in C. elegans similar to the PSs in human tis-
sue. In contrast, SEL-12 C60S protein expressed from
the sel-12(ar131) allele is miscleaved in C. elegans, re-
sulting in a larger mutant N-terminal fragment. Neither
SEL-12 wt nor C60S undergo endoproteolytic processing
upon expression in human cells, suggesting that SEL-12
is cleaved by a C. elegans-specific endoproteolytic activ-
ity. The loss of function of sel-12 in C. elegans is not
associated with a dominant negative activity in human
cells, because SEL-12 C60S and the corresponding PS1
C92S mutation do not interfere with Notchl cleavage.
Moreover, both mutant variants increase the aberrant
production of the highly amyloidogenic 42-amino acid
version of amyloid B-peptide similar to familial Alzhei-
mer’s disease-associated human PS mutants. Our data
therefore demonstrate that the C60S mutation in SEL-12
is associated with aberrant endoproteolysis and a loss of
function in C. elegans, whereas a gain of misfunction is
observed upon expression in human cells.

Senile plaques composed of amyloid p-peptide (AB)! are an
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invariant pathological hallmark of Alzheimer’s disease (AD).
ApB is generated by proteolytic processing from the B-amyloid
precursor protein (BAPP) (1). B-Secretase, a recently identified
aspartyl protease, mediates the N-terminal cleavage (2-5),
whereas y-secretase performs the putative intramembranous
C-terminal cut (1). These two sequential cleavages result in the
physiological generation and secretion of A (1).

Familial Alzheimer’s disease (FAD) is frequently caused by
mutations in the presenilin (PS) genes PS1 and PS2 (6). PSs
are membrane proteins with 7 or 8 transmembrane (TM) do-
mains (7-10). PSs undergo endoproteolysis (11), which results
in the formation of a ~30-kDa N-terminal fragment (NTF) and
a ~20-kDa C-terminal fragment (CTF). These fragments bind
to each other and form a high molecular weight complex (12—
15). Fragment formation is highly regulated allowing a limited
level of expression (16, 17), which can only be slightly elevated
upon transfection (11). Interestingly, ectopic overexpression of
PSs results in the displacement of the endogenous PS1 and PS2
molecules (11, 16, 18).

FAD-associated PS mutations are thought to gain a patho-
logical misfunction in the endoproteolytic processing of BAPP.
Similar to the BAPP mutations, PS mutations result in the
enhanced production of the highly amyloidogenic 42-amino
acid variant of amyloid B-peptide (AB42) (6).

PSs are not only involved in the aberrant AB production in
rare FAD cases but are also required for physiological AB
production. A PS1 gene knock-out inhibits AB production and
results in the accumulation of C-terminal BAPP fragments,
which are thought to be the immediate precursors for the
v-secretase cleavage (19). The inhibition of y-secretase cleavage
indicates that PSs are directly involved in endoproteolysis of
BAPP. This is supported by the finding that two aspartate
residues located within the putative TM domains 6 and/or 7 of
PS1 and PS2 are critically required for AB production (20—-24).
Moreover, Wolfe et al. (25) hypothesized that PSs are aspartyl
proteases and therefore identical to the y-secretase, which is
strongly supported by the photoaffinity labeling of PS1 and PS2
(26, 27).

PSs do not only support the y-secretase cleavage of BAPP but
also a similar cleavage of Notch (28-30) and Irel (31). FAD-
associated mutations (32) as well as mutagenesis of residue 286
of PS1 to charged amino acids (33) and mutations of the aspar-
tates located in TM6 and TM7 severely reduce endoproteolysis
of Notch (21, 34, 35). Further evidence for a function of PSs in
Notch signaling is also provided by a knock-out of the PS1 gene
(28, 36, 37), which results in a developmental phenotype sim-
ilar to the Notch knock-out. Moreover, genetic evidence indi-
cates that the PS homologous gene sel-12 of the nematode
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Caenorhabditis elegans is also directly involved in Notch sig-
naling, because two mutations in sel-12 reduce the activity of a
hyperactive allele of lin-12, the C. elegans Notch homologue
(38). These sel-12 alleles result in an egg-laying defect (38) and
a functional defect of two neurons involved in the animal’s
temperature memory (39). The additional deletion of the sec-
ond C. elegans PS homologue, hop-1, strongly enhances the
sel-12 phenotype and results in sterility or early embryonic
lethality, depending on the maternal contributions of either
hop-1 or sel-12 (39—41). This is similar to the finding in mice
where the additional ablation of the PS2 gene leads to a full
Notch phenotype (42, 43). Both the egg-laying phenotype and
the neuronal defects in C. elegans can be fully rescued by
overexpression of wild-type (wt) PSI1 and PS2 (44—47). How-
ever, FAD-associated PS1 or PS2 mutants exhibit only a weak
activity in this genetic background, suggesting that human
FAD mutations exhibit a reduced function rather than a dom-
inant negative function (39, 44, 45). On the other hand, FAD-
associated PS1 mutations fully rescue the developmental defi-
cits of the PS1 —/— mice (48, 49).

Although sel-12 function is genetically well understood (38,
39, 41, 44, 45, 50), little is known about the biochemical abnor-
malities, which on the molecular level interfere with sel-12
activity. We therefore analyzed SEL-12 expression and inves-
tigated its endoproteolysis as well as its function in proteolytic
processing of BAPP and Notch. Our data indicate that a loss of
sel-12 function is associated either with a severe truncation of
the resulting protein (sel-12(ar171)) or a defect in endoprote-
olysis (sel-12(ar131)). Moreover, the sel-12 loss of function mu-
tation sel-12 C605 causes a gain of misfunction upon expression
in human cells by increasing aberrant AB42 generation.

MATERIALS AND METHODS

Cell Culture and Cell Lines—Human embryonic kidney 293 (HEK
293) cells were cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum, 1% penicillin/streptomycin, 200
ng/ml G418 (to select for BAPP expression), and 200 ug/ml zeocin (to
select for PS1/SEL-12 expression), as well as 100 ug/ml hygromycin (to
select for Notch AE expression). HEK 293 cells stably expressing PS1
D385A were generated as described previously (35).

Construction of cDNAs—The ¢cDNAs encoding PS1 C92S and sel-12
C60S were constructed by polymerase chain reaction mediated mu-
tagenesis of codon 92 of PSI ¢cDNA and codon 60 of sel-12 ¢cDNA
(GeneBank AF171064) using appropriate primers (51). The mutant
c¢DNAs were cloned into the expression vector pcDNA3.1/zeo(+) (In-
vitrogen) and sequenced to verify successful mutagenesis.

Antibodies—The polyclonal SEL-12 antibody SA6848 was raised
against amino acids 297-313 of SEL-12. Antibody 322 to amino acids
226-364 of SEL-12 was raised against a thioredoxin-SEL-12 fusion
protein. The polyclonal/monoclonal antibodies 3027/B1.3D7 to PS1 hy-
drophilic loop and 3711/BI.HF5c¢ to PS2 hydrophilic loop were described
previously (47). Antibody 2953 and PSIN (gift from Dr. R. Nixon)
against PS1 N terminus were described before (17). Antibody 3926 was
raised against synthetic AB and detects both AB40 and AB42 (52). The
monoclonal antibody 9E10 against c-myc was obtained from Develop-
mental Studies Hybridoma Bank (Iowa City, IA) (53).

Preparation of Protein Extracts from Cultured Cells and C. elegans
Hermaphrodites—Cells were lysed in 10X radioimmune precipitation
buffer containing 10% Triton X-100, 5% deoxycholic acid (Sigma), and
1% SDS, and diluted 10-fold by PBS containing a protease inhibitor mix
(Sigma). 150 mg of frozen worms were resuspended in 300 ul of 10X
radioimmune precipitation buffer. The suspension was sonicated for
15 s X 3 times on ice. Upon sonication, 600 ul of PBS supplemented
with protease inhibitors and 600 mg of glass beads (B. Braun, Melsun-
gen, Germany) were added, and the suspension was incubated for 30
min under constant agitation at 1000 rpm/4 °C. After removal of the
glass beads, the lysate was sonicated again for 10 s X 2 times on ice.
Insoluble material was removed by centrifugation (15,000 X g at 4 °C).
Then, 2.1 ml of PBS containing protease inhibitors was added to the
lysate, and SEL-12 was immunoprecipitated as described (51).

Combined Immunoprecipitation/Western Blotting—Cell lysates or
worm extracts were immunoprecipitated using the indicated antibod-
ies. Following gel electrophoresis, immunoprecipitated SEL-12 deriva-
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tives were identified by immunoblotting using antibody SA6848. Hu-
man PSs were identified by immunoblotting using the monoclonal
antibody PS1N (to detect the PS1 NTF), BI.3D7 (to detect the PS1 CTF),
or BI.LHF5c (to detect the PS2 CTF). Bound antibodies were detected by
enhanced chemiluminescence using standard procedures (ECL, Amer-
sham Pharmacia Biotech).

CNBr Digest—Proteolytic fragments of PS1 or SEL-12 were purified
by immunoprecipitation. Immunoprecipitated SEL-12 and PS deriva-
tives were identified by immunoblotting. Adjacent bands were excised
from the gel and incubated in 70% (v/v) formic acid with or without 500
ul of 80 mg/ml cyanogen bromide (CNBr) overnight at 4 °C (54). The
solution was dried in a Speed-Vac, redissolved in 50 ul of H,O, and
dried again. The dried peptides were dissolved in SDS sample buffer
and separated by SDS-polyacrylamide gel electrophoresis. SEL-12 frag-
ments were identified by immunoblotting.

In Vitro Cleavage by Caspase-3—PS1 and SEL-12 derivatives were
immunoprecipitated from cell lysates and incubated for 4 h at 37 °C in
25 ul of caspase assay buffer (20 mm Hepes/100 mm sodium chloride/10
mM dithiothreitol/10 mM magnesium chloride/1 mm EDTA/0.1%
CHAPS/10% sucrose, pH 7.2) in the presence or absence of 20 ng of
recombinant active caspase-3 (PharMingen) (55). Fragments were sep-
arated by SDS-polyacrylamide gel electrophoresis and identified by
immunoblotting.

Induction of Apoptosis—Apoptosis was induced by treating HEK 293
cells with 1 uM staurosporine (STS) for 6 h as described (62). To protect
caspase-generated fragments from degradation, 50 um N-acetyl-leuci-
nyl-leucinyl-norleucinal (ALLN) was added to the incubation media
(55).

Analysis of BAPP Metabolites—Stably transfected HEK 293 cell lines
were grown to confluence. For the analysis of AB and p3 in conditioned
media, cells were metabolically labeled with 300 uCi of [**SImethionine
(Promix, Amersham Pharmacia Biotech) as indicated. AB species and
p3 were immunoprecipitated from conditioned media with antibody
3926 (52). AB1-40 and AB1-42 were separated on previously described
Tris-Bicine gels (56).

Analysis of Notchl Endoproteolysis—cDNAs encoding the myc-
tagged Notch AE (53) were stably transfected into HEK 293 cells ex-
pressing the indicated SEL-12 or PS derivatives. Endoproteolysis of
Notchl AE was investigated as described (21).

RESULTS

Aberrant Endoproteolysis of SEL-12 C60S in C. elegans—So
far, the expression and endoproteolysis of SEL-12 in the nem-
atode C. elegans has not been studied in detail. We therefore
first analyzed endoproteolysis of wt SEL-12 in the nematode.
Protein extracts from wt worms (N2) were prepared and
SEL-12 derivatives were isolated by immunoprecipitation us-
ing two independent polyclonal antibodies (SA6848 and 322),
which were raised against the large cytoplasmic loop of SEL-12
(Fig. 1la). Precipitated SEL-12 derivatives were identified by
immunoblotting using antibody SA6848. As a negative control
we also analyzed protein extracts from HEK 293 cells trans-
fected with human PS1 as well as worms expressing the sel-
12(ar171) allele, which results in a premature stop of sel-12
translation (W225stop) and should therefore not give rise to
any specific translation product detected by the antibodies
used. Although, indeed, no specific sel-12 translation products
were identified in C. elegans expressing the sel-12(ar171) allele
(Fig. 1b), we detected an approximately 24-kDa CTF in the wt
worms (N2) (Fig. 16). Endoproteolysis of SEL-12 is consistent
with the findings that PSs from all other species analyzed,
including mice (11), zebrafish (18), and Drosophila (57, 58), are
proteolytically processed as well. When we analyzed protein
extracts derived from worms expressing the sel-12(ar131) allele
(SEL-12 C60S), we surprisingly did not detect SEL-12 C-ter-
minal fragments of similar molecular weight as observed in the
wt worms. Instead of the ~24-kDa CTF obtained in the wt N2
worms, a novel fragment of ~32 kDa was observed (Fig. 156). In
parallel the holoprotein appeared to accumulate as well. This
indicates that SEL-12 C60S is not efficiently processed in the
worm and that an alternative processing activity leads to an
aberrant cleavage.
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a

Fic. 1. Endoproteolysis of SEL-12.
a, schematic diagram of SEL-12 and the
antigens (bars) used to generate the
worm-specific antibodies. The arrow de-
notes the expected conventional cleavage
site (8, 9). b, expression and endoproteoly-
sis of SEL-12 in C. elegans. Lysates from
wt PSl-transfected HEK 293 cells or
worms (N2, Bristol Strain N2; arl31,
sel-12 C60S; arl71, sel-12 W225stop) (38)
were subjected to immunoprecipitation/
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Alternative Cleavage of SEL-12 C60S Occurs Close to TM7—
Based on the findings described in Fig. 16, it was difficult to
predict the site of alternative cleavage. Alternative cleavage
could either occur further C-terminal producing a larger NTF
or further N-terminal producing a larger CTF. In both cases the
epitopes for antibodies SA6848 and 322 would be retained in
the novel proteolytic product. To discriminate between these
two possibilities, we performed a cyanogen bromide (CNBr)
digest of isolated SEL-12 fragments. Because no methionine
residues are observed within the cytoplasmic loop, we predicted
that CNBr should not further digest the wt SEL-12 CTF but
may result in additional cleavage products upon incubation
with the larger SEL-12 C60S fragment (Fig. 2a). If the mis-
cleavage would produce a larger NTF due to a C-terminal
cleavage close to TM7, CNBr treatment would create a ~17-
kDa fragment (corresponding to a peptide between Ala-203 and
TM7). In contrast, a larger fragment would be produced by
CNBr digestion (between Ala-203 and the C terminus of SEL-
12) if endoproteolysis of SEL-12 C60S would occur further
N-terminal (Fig. 2a).

SEL-12 loop fragments derived from the wt gene as well as
from the sel-12(ar131) allele were isolated by immunoprecipi-
tation (Fig. 2b), separated on Tris-Tricine gels and visualized
by immunoblotting using antibody SA6848. Bands of interest
were cut out of the gel and subsequently digested with CNBr.
Similar experiments were carried out with isolated NTF and
CTF of human PS1 (Fig. 2b). As shown in Fig. 2b, CNBr
treatment did not reveal additional fragments, when SEL-12
fragment from the wt N2 worm was digested. This was fully
confirmed by CNBr digestion of the human PS1 CTF, whereas
the human PS1 NTF was sensitive to CNBr as expected (Fig.
2b). In contrast, the alternative SEL-12 proteolytic fragment
gave rise to an ~17-kDa species (Fig. 2b), which was completely
absent upon digestion of the SEL-12 fragment derived from the
wt gene (Fig. 2b). Based on its molecular mass, the 17-kDa

peptide may correspond to a CNBr fragment starting at Ala-
203 within the predicted TM5 (Fig. 2a). These results demon-
strate that the alternative SEL-12 fragment in mutant sel-
12(ar131) worms is generated by a cleavage further C-terminal
to the physiological cleavage site thus giving rise to a larger
N-terminal fragment (Fig. 2¢).

The Alternative Cleavage Is Not Produced by Caspases—It
was previously shown that caspases can mediate alternative
cleavage of PS1 and PS2 (59-62). SEL-12 indeed contains
three potential caspase cleavage sites after the aspartate resi-
dues 276, 284, and 345 in the large cytoplasmic loop (Fig. 3a).
Furthermore, FAD-associated mutations may induce apoptosis
(63), and the SEL-12 C60S mutation behaves very similar to
FAD mutations (see below). We therefore investigated whether
caspases could generate the alternative fragment observed in
the SEL-12 C60S worms. If SEL-12 is cleaved at Asp-345, an in
vitro digest of isolated SEL-12 holoprotein could generate a
fragment co-migrating with the alternative fragments observed
in the sel-12(ar131) worms (Fig. 3a). On the other hand, if
SEL-12 C60S is cleaved at Asp-276 or Asp-284, the SEL-12 loop
antibodies should recognize a caspase-generated CTF, which
migrates considerably faster than the regular CTF of SEL-12
(Fig. 3a). Based on previous findings (55, 59—61) caspase-3 was
chosen for the in vitro assay. As substrates we used the wt
SEL-12 and the SEL-12 C60S holoproteins isolated from HEK
293 stably transfected with the sel-12 ¢cDNA (see next para-
graph). As shown in Fig. 3 (b and ¢), cleavage of wt SEL-12 as
well as SEL-12 C60S by caspase-3 resulted in an alternative
CTF with a lower molecular mass than the CTF derived from
wt worms. Therefore, these data suggest that caspase-3 cleav-
age of SEL-12 occurs after either Asp-276 or Asp-284 (see Fig.
3e). To confirm this finding under in vivo conditions, we in-
duced apoptosis in HEK 293 expressing PS1 or SEL-12 with 1
uM staurosporine (STS). To control STS-induced apoptosis we
also monitored the production of the previously described (62)
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Because these residues are either very close to the N or C termini, CNBr cleavage at these sites will not substantially affect the molecular mass
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asterisk indicates the C60S mutation.

alternative CTF of PS1 (Fig. 3d, lower panel). Under conditions
where STS-induced apoptosis led to the generation of the
caspase-generated alternative PS1 CTF, a prominent approxi-
mately 20-kDa CTF occurred in HEK 293 cells expressing
SEL-12. This fragment co-migrated with a SEL-12-derived
CTF, which was generated by caspase cleavage in vitro (Fig.
3d, upper panel). These results are consistent with previous
results on caspase-generated CTFs of human PSs (59, 62—64).
Because the caspase-generated fragment identified by antibody
SA6848 exhibits a considerably different molecular mass as the
alternative fragments observed in the sel-12(ar131) worms
(Fig. 3c), these data demonstrate that the alternative cleavage
in the worm is not mediated by caspases induced during apop-
tosis (Fig. 3e; see also Fig. 2¢). (Note that only the caspase
cleavage of SEL-12 is observed in human cells; see next
paragraph.)

Lack of Endoproteolysis of SEL-12 in Human Cells—To test
if the miscleavage of SEL-12 can be observed upon expression

in human cells, the wt sel-12 ¢cDNA as well as the ¢cDNA
encoding sel-12 C60S were stably transfected into HEK 293
cells. This cell line was previously used in many studies (i.e.
Refs. 21, 33, 35, 65) to investigate endoproteolysis of PSs as
well as their function in Notch and BAPP endoproteolysis. To
mimic the SEL-12 C60S mutation in human PS1, we intro-
duced the corresponding mutation at the conserved codon 92
(PS1 C92S; Fig. 4a) and generated cell lines stably expressing
this cDNA construct.

PS1 and SEL-12 derivatives were identified by a combined
immunoprecipitation/Western blotting protocol. Surprisingly,
this revealed no detectable endoproteolysis of SEL-12 (wt or
C60S) in human cells, although high levels of the holoprotein
were observed (Fig. 4b, first panel). Because worms are grown
at 15-25 °C, the lack of SEL-12 endoproteolysis may be due to
aberrant folding of SEL-12 at 37 °C. To test if that could be the
case, HEK 293 cells were grown at 25 °C for 24 h. However,
under these conditions endoproteolysis of SEL-12 was still not
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of caspase-mediated cleavage of SEL-12. Compare with Fig. 2c. Asterisks indicate degradation products stabilized by ALLN treatment.

observed (Fig. 4b, second panel). In contrast, human PS1 did
undergo sufficient endoproteolysis under these conditions (Fig.
4b, third panel). This suggests that SEL-12 undergoes worm-
specific endoproteolysis and indicates that human cells lack a
component required for SEL-12 cleavage. Furthermore, intro-
duction of the corresponding C92S mutation into human PS1
led to the generation of a C-terminal fragment co-migrating
with PS1 CTFs derived from the wt cDNA (Fig. 4c). This also
indicates that the failure in the endoproteolysis of mutant
SEL-12 is worm-specific and can not be observed upon expres-
sion of the corresponding PS1 mutation in human cells.

We also analyzed whether ectopic expression of SEL-12 re-
sults in the replacement of endogenous PS fragments. Replace-
ment of endogenous PS fragments is a widely observed phe-
nomenon and thought to be an indication of a stable expression
of the ectopic PS variant (11, 16). We observed that SEL-12
could at least partially replace endogenous PS1 and PS2 frag-
ments, because derivatives of both endogenous PSs are reduced
(Fig. 4c; see also Fig. 4b, lower panel). However, sel-12-medi-
ated replacement of endogenous PSs is not as efficient as the
replacement caused by ectopic PS expression (Fig. 4c).

SEL-12 C60S and PS1 C92S Facilitate Notchl Endoprote-
olysis in Human Cells—Because SEL-12 C60S results in re-
duced Notch signaling in the sel-12(ar131) allele, we next an-
alyzed whether SEL-12 C60S or the corresponding human PS1
C92S mutation interfere with Notchl endoproteolysis in hu-

man cells in a dominant negative manner. Cells expressing wt
SEL-12, SEL-12 C60S, endogenous PSs, PS1 C92S, or the
FAD-associated PS1 L286V were co-transfected with the
Notchl AE derivative described previously (21, 28, 33, 35, 53).
In pulse-chase experiments we then followed the production of
the Notchl intracellular cytoplasmic domain (NICD). Cells
were metabolically labeled for 15 min with [2*S]methionine and
chased for 60 min in the presence of excess amounts of unla-
beled methionine. A 60-min cold chase was chosen, because we
and others previously found efficient NICD formation at this
time point (21, 33, 66). Interestingly, SEL-12 C60S as well as
PS1 C92S efficiently supported NICD formation like all other
PS derivatives (Fig. 5; left panel). From these results we con-
clude that, in contrast to the loss of function caused by the
active site mutation (Fig. 5; right panel), the cysteine to serine
mutations in TM1 do not interfere with Notch1 endoproteolysis
in human cells. Moreover, neither accumulation of BAPP CTF's
nor decreased secretion of AB was observed in cells expressing
SEL-12 C60S or PS1 C92S (data not shown). Therefore, these
mutations do not interfere with Notchl and BAPP endoprote-
olysis in a dominant negative manner.

A Gain of Misfunction in Human Cells—The C60S mutation
occurs at a highly conserved amino acid residue (Fig. 4a). This
point mutation is therefore very similar to almost all FAD-
associated point mutations, which also occur at evolutionary
conserved residues and involve chemically rather subtle amino
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acid exchanges (67). We therefore investigated whether the
PS1 C92S mutation, which corresponds to the C60S mutation
of the worm (see above) exhibits a pathological function in
terms of increased AB42 generation. Conditioned media from
metabolically labeled cells stably transfected with wt PS1, the
FAD-associated PS1 L286V mutation, and the PS1 C92S mu-
tation were collected and immunoprecipitated with antibody
3926. This antibody immunoprecipitates all AB species, includ-
ing AB40 and AB42 (47). Immunoprecipitates were separated
on a previously described gel system, which allowed the specific
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Fic. 4. Expression and endoproteolysis of PS1 C92S, wt SEL-12
and SEL-12 C60S in human cells. ¢, sequence alignment of the TM1
region of SEL-12 and PS1/PS2. Based on the significant sequence sim-
ilarity, Cys-60 of SEL-12 corresponds to Cys-92 of human PS1. Boldface
letters denote conserved sequences. b, expression and endoproteolysis of
wt SEL-12 and SEL-12 C60S in HEK 293 cells. Cells were grown at
37 °C (first panel) or 25 °C (second and third panel). Aliquots of the
lysates were subjected to immunoprecipitation/Western blotting with
SA6848 to detect SEL-12 derivatives (first and second panel). To iden-
tify human PS1 derivatives, cell lysates were immunoprecipitated with
antibody 3027 and immunoblotted with BI.3D7 (third panel). ¢, replace-
ment of endogenous PSs by overexpressed SEL-12. PS1 derivatives
were identified by a combined immunoprecipitation/immunoblotting
protocol using antibodies 3027/B1.3D7 (upper panel). PS2 derivatives
were identified by a combined immunoprecipitation/immunoblotting
protocol using antibodies 3711/BL.HF5c¢ (lower panel). Note that over-
expression of SEL-12 reduces expression of endogenous PS1 and PS2.
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detection and quantitation of both AB species (56). Consistent
with previous results (33, 68) this revealed that the FAD-
associated PS1 L286V mutation increased the AB42/AB40 lev-
els (Fig. 6a). Interestingly, the PS1 C92S mutation caused the
production of very high levels of AB42. Quantitation revealed
an increase of approximately 3-fold (Fig. 6a). The data were
further confirmed by a previously described enzyme-linked im-
munosorbent assay (17, 18, 21, 33, 35, 47, 69) (data not shown).
Therefore, the C60S homologous mutation in human PS1 be-
haves like a FAD-associated mutation. We next analyzed
whether wt SEL-12 or the SEL-12 C60S mutation affects AB42
generation in human cells. Interestingly, an increased level of
AB42 was observed upon expression of the wt cDNA. This was
further elevated upon the expression of the C60S mutation
(Fig. 6a). Increased AB42 production driven by wt SEL-12
indicated that wt SEL-12 has a pathological activity in human
cells. Similar to our work on zebrafish PS1 (18), this appears to
be due to several different amino acids within SEL-12 protein
at positions corresponding to previously identified FAD-associ-
ated point mutations (Fig. 6b).

DISCUSSION

Experiments to rescue the egg-laying phenotype of C. elegans
(sel-12(ar131), sel-12(ar171)) are now frequently used to test
the biological activity of human PSs (44, 45, 47, 50). However,
very little is known about the molecular mechanisms of the
sel-12 mutant alleles. Specifically, endoproteolysis of SEL-12,
the PS homologue in the worm has so far not been investi-
gated. Because endoproteolysis of human PS proteins ap-
pears to be an indication for functional expression and com-
plex formation (11, 13, 14, 17, 70), we now studied the
expression of wt SEL-12, SEL-12 C60S (sel-12(ar131)) and
SEL-12 W225stop (sel-12(ar171)) in C. elegans.

SEL-12 undergoes endoproteolysis in C. elegans very similar
to presenilin homologues of other species (18, 57, 58). As ob-
served in other species, we found high levels of a SEL-12 CTF
and only low amounts of the corresponding holoprotein. Ex-
pression of the sel-12(ar171) allele, which results in a prema-
ture translational stop at W225 in TM6, produces a truncated
derivative that corresponds to a truncated NTF as suggested
before (38). Because we and others have shown previously that
such a fragment is unstable and biologically inactive, the
W225stop mutation may correspond to a functional knock-out
(17, 71, 72). In contrast the sel-12(ar131) allele is robustly
expressed. However, we surprisingly found that the C60S mu-
tation inhibited endoproteolysis at the wt cleavage site. We
identified a larger NTF, which suggests that the aberrant
endoproteolytic cleavage occurs much further C-terminal to the
conventional cleavage site, most likely close to TM7. We had
sequenced the sel-12 coding region in sel-12(ar131) worms and
tested the correct mRNA length by reverse transcription-poly-
merase chain reaction (data not shown). Therefore, the aber-
rant fragment is not due to additional mutations that may
result in alternative mRNA splicing. In addition, the sel-
12(ar131) worms had been backcrossed extensively to remove
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Fic. 5. Notch endoproteolysis is supported by PS1 C92S-, wt SEL-12-, and SEL-12 C60S-expressing cells. Notch1 AE was co-transfected
into the cell lines stably expressing wt PS1, PS1 L286V, PS1 C92S, PS1 D385A, wt SEL-12, and SEL-12 C60S. To analyze Notch1 endoproteolysis,
cells were pulse-labeled with [**S]methionine and chased for 60 min. Lysates were immunoprecipitated with antibody 9E10 to the c-myc tag (53).
Only the previously described dominant negative PS1 D385A mutation blocked Notchl endoproteolysis in a dominant negative manner, whereas
all other PS1/SEL-12 derivatives supported Notch1 cleavage. NAE denotes Notchl AE.
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Fic. 6. The pathological function of PS1 C92S, wt SEL-12, and
SEL-12 C60S. a, quantitation of the AB1-42/AB1-40 ratio. Condi-
tioned media from metabolically labeled cells were immunoprecipitated
with antibody 3926 to detect all species of AB. AB1-40 and AB1-42
were identified on a previously described Tris-Bicine gel system (56).
Quantitation of the AR 1-42/AB 1-40 ratio was performed by phospho-
rimaging. Bars represent the mean + S.E. of three independent exper-
iments. Asterisks (*) and (¥¥) correspond to statistical significance (¥p <
0.01; Student’s ¢ test) and (**p < 0.001; Student’s ¢ test), respectively.
b, amino acid exchanges of SEL-12 at sites corresponding to FAD
mutations in human PS1 and PS2. Boldface letters indicate SEL-12-
specific amino acid exchanges at positions, which are conserved in
human PS1 and PS2.

Putative cleavage site
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Fic. 7. Alignment of the SEL-12 and PS1/PS2 cleavage sites.
Cleavage of human PS1 and PS2 is heterogeneous and appears to occur
at three different sites. Arrows denote reported cleavage sites (69, 74,
75, 77). Boldface letters indicate conserved amino acids. All three cleav-
age sites are not conserved in SEL-12.

background mutations in other genes.

The alternative cleavage is remarkable, because the SEL-12
C60S mutation occurs far away from the site of endoproteolytic
processing. This suggests that the mutation affects the struc-
ture of SEL-12, thus blocking the conventional cleavage site
but making a secondary alternative site available for aberrant
proteolytic processing. Interestingly, a very similar phenome-
non was observed for an envelope protein of spleen necrosis
virus (73). Several independent loss-of-function mutations lo-
cated N-terminal from the conserved retroviral cleavage site of
the protein induce aberrant endoproteolysis at a secondary
site.

When sel-12 ¢cDNAs were expressed in human cells, we did
not observe any detectable endoproteolysis. It should be em-
phasized that heterologous overexpression of zebrafish PS1 in
human cells allowed normal endoproteolysis (18). Interest-
ingly, the SEL-12 holoprotein was active in AB generation,
because wt SEL-12 as well as SEL-12 C60S increased the levels
of AB42 generation very similar to the FAD-associated point
mutation PS1 L286V. This is remarkable, because recently it

62

was claimed that the uncleaved holoprotein of PSs is a proteo-
lytically inactive zymogene (26). However, together with previ-
ous findings (69, 76) this appears to be unlikely, because at
least some uncleaved PS derivatives can support aberrant
AB42 generation and do not inhibit Notch endoproteolysis in a
dominant negative manner like the active site mutations (35,
69, 23). The failure of SEL-12 to undergo endoproteolysis in
human cells may be due to the lack of sequence conservation at
the endoproteolytic cleavage site (Fig. 7; Refs. 69, 74, 75). This
suggests that the endoproteolytic activity of human cells does
not recognize SEL-12. However, because SEL-12 induces AB42
generation in human cells (and is therefore pathologically ac-
tive), our data suggest that endoproteolysis of PSs and +y-secre-
tase activity are not necessarily correlated.

The C60S mutation occurs at a highly conserved position
very similar to the FAD-associated PS1 mutation. Indeed, the
introduction of the serine to cysteine mutation at the homolo-
gous position of human PS1 resulted in a significant increase of
AB42 generation, as it is observed in all FAD-associated PS
mutations. One may therefore speculate that the PS1 C92S
mutation could be found at some point in a family with early
onset FAD. Strikingly, during the time this manuscript was
under consideration, this mutation has been reported to occur
in an Italian family (76).
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Mutations in the human presenilin genes cause the most frequent
and aggressive forms of familial Alzheimer’s disease (FAD)'. Here
we show that in addition to its role in cell fate decisions in non-
neuronal tissues’™, presenilin activity is required in terminally
differentiated neurons in vivo. Mutations in the Caenorhabditis
elegans presenilin genes sel-12 and hop-1 result in a defect in the
temperature memory of the animals. This defect is caused by the
loss of presenilin function in two cholinergic interneurons that
display neurite morphology defects in presenilin mutants. The
morphology and function of the affected neurons in sel-12 mutant
animals can be restored by expressing sel-12 only in these cells.
The wild-type human presenilin PS1, but not the FAD mutant
PS1 A246E, can also rescue these morphological defects. As lin-12
mutant animals display similar morphological and functional
defects to presenilin mutants, we suggest that presenilins mediate
their activity in postmitotic neurons by facilitating Notch
signalling. These data indicate cell-autonomous and evolution-
arily conserved control of neural morphology and function by
presenilins.

To study the activity of presenilin genes in neurons, we focused on
C. elegans sel-12 as the detailed morphology and function of many
neurons in C. elegans is known. Like presenilins in other species,
C. elegans sel-12 is strongly expressed in neurons. We tested the
functional integrity of the nervous system of sel-12 mutants by
looking for defects in the execution of a variety of behaviours, such
as movement and response to mechanical, chemical and thermal
stimuli.

We found that sel-12 mutants display a highly penetrant defect in
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their ability to sense and/or memorize temperature. Wild-type
C. elegans display strong preference for their growth temperature,
and can memorize it and store the information for several hours,
suggesting a neuronal plasticity’. This behaviour can be studied with
a simple experimental model. When placed in a radial thermal
gradient on the agar surface of a petri dish, wild-type animals
migrate to their preferred temperature, and then move in isother-
mal circles (Table 1, Fig. 1a). In contrast, the sel-12(ar131) and sel-
12(ar131) and sel-12(ar171) mutant animals have lost the ability to
perform isothermal tracks. Most animals are non-responsive to the
temperature gradient and moved randomly on the plate (ather-
motactic behaviour), and 10% of the remaining animals moved to
colder temperatures than the wild-type (cryophilic behaviour).
These results indicate that sel-12 mutants may have defects in the
neural circuit for thermotaxis.

The neurons necessary for thermotaxis have been studied exten-
sively by mutational analyses and laser ablation studies’. Tempera-
ture input activates the two AFD sensory neurons, which synapse
extensively onto the two AIY interneurons. Chemical signals from
ALY and AIZ (synaptic partners that represent the four central
integrating interneurons), in turn, regulate postsynaptic inter- and
motor neurons that control the motor response. We carefully
examined the morphology of the AFD, AIZ and AIY neurons in
sel-12 animals using green fluorescent protein (GFP) reporter
constructs, and saw no obvious defects in AFD and AIZ neurons
(data not shown). However, we identified defects in the morphology
of ALY neurons (Table 2, Fig. 2). In wild-type animals, the processes
of both AIY neurons extend anteriorly from the cell bodies along the
ventral cord, run around the nerve ring and meet and terminate at
the dorsal midline” (Fig. 2e). In adult sel-12 mutants the AIY cell
bodies are correctly positioned in the head ganglion. However, the
AIY axons often grow too far anteriorly before turning and fasci-
culating in the nerve ring (Fig. 2d), and/or do not stop growth at the
dorsal side of the nerve ring, but turn posteriorly, sometimes
extending up to the midbody region (Fig. 2b—d, classified as
severe defects in Table 2). In addition, short extra neurites often
emerge directly from the cell soma or branch off the primary process
(Fig. 2a, classified as minor defects in Table 2). The number of
animals showing these types of defects in AIY morphology was
higher in sel-12(ar171) mutants (35% defects) than in sel-12(ar131)
mutants (20% defects; Table 2). This is consistent with the severity
of these mutations and their effect on egg-laying behaviour (ar171
carries a nonsense mutation in sel-12 and genetically represents a
null allele, and arl31 carries a missense mutation in sel-12)%
Behavioural defects are far more penetrant than the morphological
defects, indicating that sel-12 animals may also have more subtle
defects in the AIY neurons than can be visualized with GFP

Table 1 Rescue of the sel-12 thermotaxis defect

Genotype Transgene Fraction showing
isothermal tracks
Wild type* 41/46
sel-12(ar131) 1/42
sel-12(ar171) 3/38
hop-1(lg1501) 0/44
lin-12(n941) 0/15
hop-1(1g1501);sel-12(ar131) 0/31
hop-1(1g1501);sel-12(ar171) 0/33
sel-12(ar171);byls101 sel-12::sel-12 38/49
sel-12(ar171);byls100 sel-12::sel-12 19/41
Wild typet 49/55
sel-12(ar131)t 3/40
sel-12(ar171)t 2/39
sel-12(ar131); byEx103t ttx-3::sel-12 18/42
sel-12(ar131); byEx115t ttx-3::sel-12 21/41
sel-12(ar131); byEx1151 tix-3::sel-12 35/67
sel-12(ar171); byEx115% ttx-3::sel-12 18/41

* Strain carries a daf-6(e1377) mutation that did not affect thermotaxis behaviour.

1 Animals expressing ttx-3::GFP.

byls100 and byls101 are independent chromosomally integrated arrays expressing sel-72 cDNA
from the sel-12 promoter.
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constructs. This is not unprecedented, because mutations in other
axonal guidance genes often lead to highly penetrant behavioural
defects with a much lower penetrance of morphological defects than
is visible by light microscopy®.

To confirm that the defects we observed are due to a loss of sel-12
activity, we transformed sel-12 mutants with a sel-12 complemen-
tary DNA under the control of the sel-12 promoter. This construct
rescued the egg-laying defect (data not shown), the thermotaxis
behaviour of sel-12(ar171) and the neurite morphology defect
(Tables 1 and 2). To determine whether sel-12 activity is required
cell-autonomously or non-cell-autonomously, we used the ttx-3
promoter to express sel-12 cDNA exclusively in AIY®. We analysed
sel-12(ar131) and sel-12(ar171) mutants that expressed ttx-3::sel-12
from an extra-chromosomal array. All transgenic animals still
showed the fully penetrant egg-laying defect typical of sel-12
mutants, but expression of sel-12 solely in AIY restored isothermal
tracking (Table 1, Fig. 1d). In addition, the morphology of the ATY
neurons was indistinguishable from wild-type (Table 2). Together,
our data indicate that SEL-12 activity in AIY is required cell-
autonomously for correct neurite connectivity and for the only
known function of this neuron.

A second somatically expressed presenilin, hop-1, exists in
C. elegans and is thought to be largely redundant with sel-12.
hop-1 mutants were described to have no obvious phenotype on
their own, but strongly enhance the developmental defect of sel-12
mutants'® however, we find that hop-1(lg1501) mutants are also
defective in their thermotaxis behaviour. None of the mutants that
we tested performed isothermal tracking. Twenty-seven of the forty-
four animals tested showed cryophilic behaviour similar to those
animals in which both ATY neurons were ablated by microsurgery®,
indicating that hop-1 activity is required for AIY function (Fig. 1c).
Like sel-12 animals, hop-1 animals displayed a weakly penetrant
morphological defect in AIY (Table 2). We found that 91% of
the hop-1(Ig1501);sel-12(ar131) and 94% of the hop-1(Ig1501);sel-
12(ar171) double mutants showed abnormal AIY morphology. The
severity of the defects was considerably stronger than that observed
in the hop-1(lg1501), sel-12(ar131) or sel-12(ar171) single mutants,
indicating that the low penetrance of neuronal defects in sel-12
mutants is due in part to the functional redundancy of sel-12 and
hop-1. These data also indicate that the activities of both presenilins
are required for the function of the AIY interneurons and for their
correct neurite morphology.

The vertebrate presenilin genes are strongly expressed in neurons
and the protein has been detected in neurite growth cones and
vesicles'' ™. This indicates that human presenilins may have a
function in neurite outgrowth. To test whether human presenilins
can functionally replace sel-12 in the AIY neurons, we expressed the
cDNAs of PS1 and the FAD mutant PS1 A246E under the control of
a sel-12 promoter in sel-12 mutants. The neurite morphology in the
strains expressing PS1 was completely rescued (Table 2). In contrast,
rescue was reduced when we expressed PS1 A246E in sel-12 mutants
(Table 2). This is consistent with previous experiments showing that
wild-type human presenilins, but not FAD mutants, can rescue
the sel-12 egg-laying defect”. Our data indicate that human and
C. elegans presenilin may have conserved functions in postmitotic
neurons. We propose that in vertebrates, presenilins may also be
required cell-autonomously to control neurite morphology.

As sel-12 is expressed in most neurons in the C. elegans nervous
system, we analysed the general neural anatomy of sel-12 mutants
using other GFP reporter genes, including a pan-neuronally
expressed unc-119::GFP construct. The position and process mor-
phology of most neurons appeared normal. However, irregular
branching of neurites was sometimes observed in the BDU cells (a
pair of interneurons of unknown function) and fasciculation and
pathfinding defects were observed in neuronal processes in the
ventral cord in 18% of the examined animals (n = 103). We also
examined locomotion and tested many other behaviours (such as
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Figure 1 Tracking of animals on a radial temperature gradient. Animals raised at 20 °C
were tested on a radial temperature gradient ranging from 17 °C (in the central circle)
to room temperature at the edge. After the animals were transferred to the gradient (at
the X-mark on top) they were given at least 1 hour to move freely on the plate. The tracks
they left in the agar were photographed. A representative plate is shown for wild-type (a);
sel-12(ar171) (b); hop-1(lg1507) animals (¢); sel-12(ar171) animals expressing a tx-
3::sel-12 transgene in AlY (d).

chemotaxis to food, foraging and mechanoperception of sel-12
mutant animals) (data not shown), but could not identify any
abnormalities in these behaviours. Accordingly, no anatomical
defects were seen in the associated neurons. This indicates that,
although sel-12 is expressed in most or all neurons, it is absolutely
required in only a subset of neurons.

Is the abnormal morphology of AIY a secondary consequence of
abnormal ALY function? There is evidence that axon connectivity in
C. elegans may not in all cases be determined by developmental
outgrowth, but also can be refined by sensory activity'. To test
whether AIY morphology may be affected by the lack of synaptic
activity, we tested axon development in an egl-19(n2368) mutant
that shows reduced neural transmission owing to a defective
voltage-gated Ca’*-channel subunit'*'®. Whereas only 1 of 137
newly hatched L1 animals tested displayed a non-wild-type AIY
morphology, 38% of the egl-19 animals showed AIY defects as
adults. This indicates that lack of synaptic activity may influence
AIY morphology. We compared AIY morphology in sel-12(ar131)
and sel-12(ar171) mutants shortly after hatching (L1) with that of
adult animals. Sixteen percent of L1 (n = 167) and 20% of adult
arl31 mutants, and 26% of L1 (n = 173) and 35% of adult ar171
mutants exhibited AIY defects. As the defects can be observed
shortly after hatching, and therefore before a significant and
biologically relevant sensory input, we suggest that the morpholo-
gical defects of sel-12 mutants are predominantly generated during
axonal outgrowth in AIY and not as a consequence of a reduced
activity of their neurons.

Results in a variety of model systems have shown that presenilin
activity controls the function of several, obviously non-related
transmembrane proteins. Presenilin activity is required for the
proteolytic processing of the amyloid precursor protein involved
in Alzheimer’s disease', but also for the proteolysis of the Irel
receptor'® and Notch receptor’™". In C. elegans, presenilins are
required for Notch-mediated cell fate decisions in the vulval and
uterine tissues>. The C. elegans Notch homologues LIN-12 and
GLP-1 affect neural development by controlling lineage identity, but
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no expression or activity of lin-12 or glp-1 in the neurons involved in
the circuitry required for thermotaxis has been reported.

To determine whether the consequences of reduced Notch
activity in AIY are similar to those of mutations in sel-12, we
examined the neural anatomy of AlY in lin-12 and glp-1 strong
loss-of-function alleles. We observed a very weak AIY defect in glp-1
alleles. However, there was a highly penetrant defective AIY mor-
phology in lin-12(n941) mutants (61% defects, Table 1). The same
morphological abnormalities were found as in sel-12 mutant
animals, including a failure of the AIY axon to terminate at the
dorsal side of the nerve ring and a remarkable increase in neurite
sprouting very similar to that seen in sel-12 mutants (Fig. 2f). As
with sel-12 mutants, lin-12 animals also display a thermotaxis
defect. Although most of the lin-12(n941) animals displayed
strongly impaired movement on a temperature gradient, 15 out of
44 animals did migrate. All of these animals moved to the centre of
the radial temperature gradient and may be considered cryophilic
(Fig. 1c). From these data we conclude that the reduction of LIN-12/
Notch activity also results in a morphological and behavioural
defect of AIY. The similarity of the observed phenotype indicates
that presenilins may control AIY morphology and function through
the activity of LIN-12/Notch. The defective motility of lin-12(n941)
may also indicate additional neurogenic or myogenic roles for lin-12
that have not been analysed in detail.

We have shown that the AIY defects in sel-12 mutants can be fully
rescued by human PS1, indicating that the neural function of
presenilins is evolutionarily conserved. As we have suggested for
C. elegans, presenilins in other organisms may control the con-
nectivity and function of selected neurons by modulating Notch
signalling in these cells. It has been shown that the Drosophila Notch
is involved in specific regionally constricted guidance of neuronal
outgrowth®, although the cells that require Notch activity were not
determined. Experiments in cell culture show that Notch signalling
affects neurite growth"**, and that a functional interaction between
human PS1 and Notchl exists in postmitotic mammalian
neurons”. On the basis of cell-culture experiments, both auto-
nomous and non-autonomous regulation of neurite development
by Notch signalling have been suggested®. Our results indicate a
conserved function for presenilins in postmitotic neurons which is
supported by data from cell-culture experiments. Owing to the lack
of obvious other behavioural defects of sel-12 mutants, it is likely
that sel-12 activity is only required in a subset of the neurons in
C. elegans, despite the broad expression of sel-12 in the nervous
system. It is interesting to note that the AIY neurons produce the
neurotransmitter acetylcholine (J. Duerr and J. Rand, personal
communication) and that cholinergic neurons have an increased
susceptibility to dysfunction in Alzheimer’s disease”. Mutations in
the C. elegans choline acetyl transferase cha-1 also affect AIY neurite

sel-12(ar171) wild-type

lin-12(n941)

=
L & "

hop-1(Ig1501);sel-12(ar131)

e Y

Figure 2 AlY interneuron morphology in sel-12, wild-type, /in-12 and hop-T1;sel-12
mutant animals. Left, drawing of morphology of AlY interneurons (adapted from ref. 7).
Right, expression of ttx-3::GFP in AlY. Abnormal axonal projections are indicated by
arrows. a—d, Defects seen in sel-712 mutants. a, A posteriorly directed process sprouts
from the cell soma. b, An axon does not terminate at dorsal mid-line but continues to grow
posteriorly; in severe cases we saw extension to the midbody region. ¢, Rootlet-like
projections extend from the cell somata in no defined direction. d, An axon leaves the
fascicle when it turns into the nerve ring. Additional rootlet-like neurites project posteriorly
from the cell soma. e, Wild-type morphology. AlY processes run anteriorly up the ventral
cord, then enter the nerve ring and finally meet and terminate at the dorsal mid-line.

f, Defects observed in /in-12(n941) animals resemble those seen in se/-72 mutants. g, In
hop-1(lg1501);sel-12(ar1317) AlY defects also resemble the defects seen in the other
mutants, but were more severe. Small axonal projections were scored as minor defects
(@). All defects that lead to a gross change in AlY morphology are grouped as severe
defects (b—d, f, g).

morphology (our unpublished results), and it has been reported
that mutations in the human presenilins can reduce choline acetyl
transferase activity that may contribute to the cognitive impairment
in Alzheimer’s disease?. In the human brain, the neural structure
whose function is most severely affected by presenilin mutations
during the progression of FAD is the hippocampus, which is central
to the perception and long-term storage of memory”*. Remarkably,
the neurons most strongly affected in C. elegans by presenilin
mutations are the AIY neurons that are involved in the only
neural circuit for which synaptic plasticity has been suggested®.
Here we correlate behavioural and morphological assays to
monitor presenilin function in a pair of C. elegans neurons. The
detailed knowledge of the C. elegans neural anatomy and the
conservation of presenilin function can now be exploited to analyse
the molecular details leading to these defects. Understanding the
role of presenilins in the nervous system may result in an under-
standing of the abnormal neurite pattern and neural deficits of
Alzheimer’s disease patients. O

Table 2 AlY morphology defects

Strain* Transgene No defects (%) Minor defects (%) Severe defects (%) No. of animals
Wild type 97 3 0 113
sel-12(ar131) 80 16 4 159
sel-12(ar171) 65 12 23 145
hop-1(Ig1501) 70 17 13 100
lin-12(n941) 39 43 18 108
glp-1(e2144) 90 6 4 220
glp-1(q46) 92 7 1 112
hop-1(Ig1501); sel-12(ar131) 4 27 69 70
hop-1(Ig1501); sel-12(ar171) 9 65 26 43
sel-12(ar171) sel-12::sel-12 96 4 9 102
sel-12(ar131) ttx-3::sel-12 98.0 = 2.0 1.0+1.0 1.0+1.0 337
sel-12(ar171) ttx-3::sel-12 98.0 = 2.0 1.0+1.0 1.0+1.0 342
sel-12(ar131) sel-12::PS1 98.5 0.5 0.5+ 0.5 1.0+0.0 369
sel-12(ar171) sel-12::PS! 945+ 25 35=*1. 20+ 1.0 336
sel-12(ar131) sel-12::PS1 A246E 78.0 = 6.0 14.0 £6.0 8.0+ 0.0 224
sel-12(ar171) sel-12::PS1 A246E 745+ 45 155 = 6.5 10.0 = 2.0 453

The neuronal and axonal morphology of AlY in C. elegans wild-type, presenilin, Notch and sel-12 transgenic animals was examined. The percentage of animals displaying no defects, minor defects and
severe defects (for definition see Fig. 2) are listed along with the total number of animals examined. All values for the transgenic lines are given as the mean percentage of two independent lines * the

standard deviation.
* Strains carry an extrachromosomal array containing ttx-3::GFP.
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Methods
General procedures

C. elegans strains were grown as described”’. sel-12(ar171) was separated from the marker
mutation unc-1(e538) by standard techniques to allow analysis of thermotaxis.
sel-12(ar131) and sel-12(ar171) were each backcrossed five times. XY1002 hop-1(Ig1501)
contains a 1,878-base-pair (bp) deletion in the gene. It eliminates bp 20,359-22,238 of
cosmid C18E3 leading to a deletion of the carboxy-terminal exons 4—6 of hop-1.

27

Behavioural assays

We performed single animal thermotaxis assays® and the results were scored® as described.

Expression constructs and generation of transgenic animals

sel-12 cDNA was obtained by PCR from a C. elegans cDNA library (Genbank accession
number AF171064). This cDNA was cloned under the control of a 2.8-kilobase (kb)
fragment 5’ of the translational start ATG of sel-12 to generate pBY895. pBY478 contains a
Kpnl-Spel fragment of the ttx-3 promoter’ that drives expression of the sel-12 cDNA
exclusively in the AIY neurons. The expression constructs for human PS1 (pBY140) and
the FAD mutant PS1 A246E (pBY147) have been described*. pBY140, pBY147 and pBY478
were injected into him-8(e1489) with ttx-3::GFP as a transformation marker. Two
independent lines per construct were crossed into sel-12(ar131) and sel-12(ar171). pBY895
was directly injected into sel-12(ar171) using tph-1::GFP as a transformation marker. Two
integrated lines were obtained after X-ray irradiation and subsequently outcrossed five
times each (byIs100 and byIs101).

Identification of neuroanatomy

The unc-119::GFP reporter construct is expressed in all neurons®. To identify AFD, a cell-
specific gcy-8::GFP was used”. AIY morphology was observed by using tx-3::GFP’. We
generated seven independent transgenic lines by injecting different ttx-3::GFP concen-
trations (1-50 ng wl™). All lines displayed AIY morphology defects in a sel-12(ar171)
background. Line byEx116 was chosen for all subsequent analyses, and was crossed into the
different genetic backgrounds. AIZ was identified by using lin-11::GFP as a marker™.
Additional GFP reporter genes used contain mec-7, tph-1 and sel-12 promoters, which
drive GFP expression in different subsets of neurons. All GFP constructs were injected into
wild-type animals and subsequently crossed into various mutant backgrounds. lin-
12(n941);byEx116 were obtained by crossing into MT1965 lin-12(n941)/eT1 III; him-
5(e1467)/eT1[him-5(e1476)] V. Animals homozygous for lin-12 were Pvl (protruding
vulva phenotype 1) and sterile. Homozygous glp-1(e2144) byEx116 animals were identi-
fied on the basis of their embryonic lethality at 25 °C. byEx116 was also crossed into
hop-1(1g1501 );sel-12(ar131) and hop-1(1g1501);sel-12(ar171) strains. For this purpose,
hop-1(lg1501) was balanced over unc-73(e936). Double homozygous animals were
identified as being sterile and Pvl (ref. 10). The neuronal and axonal morphology was
studied at 630—1,000-fold magnification using a Zeiss Axioskop compound microscope.
Abnormal axonal projections were documented using a Leica TCS NT confocal micro-
scope.

Received 11 February; accepted 25 May 2000.

1. Haass, C. & De Strooper, B. The presenilins in Alzheimer’s disease—proteolysis holds the key. Science
286, 916-919 (1999).

2. Levitan, D. & Greenwald, I. Facilitation of lin-12-mediated signalling by sel-12, a Caenorhabditis
elegans S182 Alzheimer’s disease gene. Nature 377, 351-354 (1995).

3. Levitan, D. et al. Assessment of normal and mutant human presenilin function in Caenorhabditis
elegans. Proc. Natl Acad. Sci. USA 93, 14940—14944 (1996).

4. Baumeister, R. et al. Human presenilin-1, but not familial Alzheimer’s disease (FAD) mutants,
facilitate Caenorhabditis elegans Notch signalling independently of proteolytic processing. Genes
Funct. 1, 149-159 (1997).

5. Hedgecock, E. M. & Russell, R. L. Normal and mutant thermotaxis in the nematode Caenorhabditis
elegans. Proc. Natl Acad. Sci. USA 72, 4061-4065 (1975).

6. Mori, I. & Ohshima, Y. Neural regulation of thermotaxis in Caenorhabditis elegans. Nature 376, 344—
348 (1995).

7. White, J. G., Southgate, E., Thomson, J. N. & Brenner, S. The structure of the nervous system of the
nematode Caenorhabditis elegans. Phil. Trans. R. Soc. Lond. 314, 1-340 (1986).

8. Hedgecock, E. M., Culotti, J. G., Thomson, J. N. & Perkins, L. A. Axonal guidance mutants of
Caenorhabditis elegans identified by filling sensory neurons with fluorescein dyes. Dev. Biol. 111, 158—
170 (1985).

9. Hobert, O. et al. Regulation of interneuron function in the C. elegans thermoregulatory pathway by
the ttx-3 LIM homeobox gene. Neuron 19, 345-357 (1997).

10. Westlund, B., Parry, D., Clover, R., Basson, M. & Johnson, C. D. Reverse genetic analysis of
Caenorhabditis elegans presenilins reveals redundant but unequal roles for sel-12 and hop-1 in Notch-
pathway signaling. Proc. Natl Acad. Sci. USA 96, 2497-2502 (1999).

11. Kovacs, D. M. et al. Alzheimer-associated presenilins 1 and 2: Neuronal expression in brain and
localization to intracellular membranes in mammalian cells. Nature Med. 2, 224-229 (1996).

12. Cook, D. G. et al. Expression and analysis of presenilin 1 in a human neuronal system: Localization in
cell bodies and dendrites. Proc. Natl Acad. Sci. USA 93, 9223-9228 (1996).

13. Lee, M. K. et al. Expression of Presenilin 1 and 2 (PSI and PS2) in human and murine tissues.

J. Neurosci. 16, 7513—7525 (1996).

14. Peckol, E., Zallen, J., Yarrow, J. & Bargmann, C. Sensory activity affects sensory axon development in
C. elegans. Development 126, 1891-1902 (1999).

15. Lee, R, Lobel, L., Hengartner, M., Horvitz, H. & Avery, L. Mutations in the a1 subunit of an L-type
voltage-activated Ca®* channel cause myotonia in Caenorhabditis elegans. EMBO J. 16, 60666076
(1997).

NATURE|VOL406|20JULY2000|www.nature.com

## © 2000 Macmillan Magazines Ltd

letters to nature

16. Katayama, T. et al. Presenilin-1 mutations downregulate the signalling pathway of the unfolded-
protein response. Nature Cell Biol. 1, 479—485 (1999).
17. Struhl, G. & Greenwald, I. Presenilin is required for activity and nuclear access of Notch in Drosophila.
Nature 398, 522-525 (1999).
18. Wolfe, M. S. et al. Two transmembrane aspartates in presenilin-1 required for presenilin endo-
proteolysis and gamma-secretase activity. Nature 398, 513—517 (1999).
19. Ye, Y., Lukinova, N. & Fortini, M. E. Neurogenic phenotypes and altered Notch processing in
Drosophila presenilin mutants. Nature 398, 525529 (1999).

. Giniger, E., Jan, L. & Jan, Y. Specifying the path of the intersegmental nerve of the Drosophila embryo:
a role for Delta and Notch. Development 117, 431-440 (1993).

. Berezovska, O. et al. Notch1 inhibits neurite outgrowth in postmitotic primary neurons. Neuroscience
93, 433-439 (1999).

22. Sestan, N., Artavanis-Tsakonas, S. & Rakic, P. Contact-dependent inhibition of cortical neurite growth
mediated by Notch signaling. Science 286, 741-746 (1999).

23. Berezovska, O. et al. The Alzheimer-related gene presenilin 1 facilitates notch 1 in primary

mammalian neurons. Brain Res. Mol. Brain Res. 69, 273280 (1999).
. Franklin, J. L. et al. Autonomous and non-autonomous regulation of mammalian neurite develop-
ment by Notchl and Deltal. Curr. Biol. 9, 1448—1457 (1999).

25. Pedersen, W. A., Guo, Q., Hartman, B. K. & Mattson, M. P. Nerve growth factor-independent
reduction in choline acetyltransferase activity in PCI2 cells expressing mutant presenilin-1. J. Biol.
Chem. 272, 2239722400 (1997).

26. Mayford, M. & Kandel, E. R. Genetic approaches to memory storage. Trends Genet. 15, 463—470
(1999).

27. Brenner, S. The genetics of Caenorhabditis elegans. Genetics 77, 71-94 (1974).

28. Maduro, M. & Pilgrim, D. Identification and cloning of unc-119, a gene expressed in the
Caenorhabditis elegans nervous system. Genetics 141, 977—988 (1995).

29. Yu, S., Avery, L., Baude, E. & Garbers, D. Guanylyl cyclase expression in specific sensory neurons: a
new family of chemosensory receptors. Proc. Natl Acad. Sci. USA 94, 3384-3387 (1997).

30. Hobert, O., D’Alberti, T., Liu, X. & Ruvkun, G. Control of neural development and function in a
thermoregulatory network by the LIM homeobox gene lin-11. J. Neurosci. 18, 2084—-2096 (1998).

2

=]

2

2

=~

Acknowledgements

Some strains used in this study were provided by the Caenorhabditis Genetics Center,
which is funded by the NIH National Center for Research Resources. We thank

I. Greenwald, E. Lambie and H. R. Horvitz for strains; R. Barstead for cDNA libraries;
O. Hobert and A. Fire for plasmids and R. Donhauser and M. Grim for technical
assistance. We also thank I. Mori and H. Kagoshima for their help with interpreting
thermotaxis data, and C. Haass and the members of our lab for discussions and for
critically reading the manuscript. Part of this work was supported by grants from the DFG
to R.B. and from EMBO to B.L.

Correspondence and requests for materials should be addressed to R.B.
(e-mail: bmeister@lmb.uni-muenchen.de).

68




CHAPTER V

The C. elegans presenilin sel-12 is required for

mesodermal pattering and muscle function

published as:

Eimer S., Donhauser R. and Baumeister R. (2002)

The C. elegans presenilin sel-12 is required for mesodermal pattering and muscle function.
Dev Biol, 251: 178-192.

69



Developmental Biology
doi:10.1006/dbio.2002.0782

The Caenorhabditis elegans Presenilin sel-12
Is Required for Mesodermal Patterning
and Muscle Function

Stefan Eimer, Roland Donhauser, and Ralf Baumeister*

ABI, Department of Biochemistry, Laboratory of Molecular Neurogenetics, Ludwig-
Maximilians-Universitaet Munich, Schillerstrasse 44, Munich D-80336, Germany

Mutations in presenilin genes impair Notch signalling and, in humans, have been implicated in the development of familial
Alzheimer’s disease. We show here that a reduction of the activity of the Caenorhabditis elegans presenilin sel-12 results
in a late defect during sex muscle development. The morphological abnormalities and functional deficits in the sex muscles
contribute to the egg-laying defects seen in sel-12 hermaphrodites and to the severely reduced mating efficiency of sel-12
males. Both defects can be rescued by expressing sel-12 from the hlh-8 promoter that is active during the development of
the sex muscle-specific M lineage, but not by expressing sel-12 from late muscle-specific promoters. Both weak and strong
sel-12 mutations cause defects in the sex muscles that resemble the defects we found in lin-12 hypomorphic alleles,
suggesting a previously uncharacterised LIN-12 signalling event late in postembryonic mesoderm development. Together
with a previous study indicating a role of lin-12 and sel-12 during the specification of the r cell lineage required for proper
vulva—uterine connection, our data suggest that the failure of sel-12 animals to lay eggs properly is caused by defects in at

least two independent signalling events in different tissues during development.

© 2002 Elsevier Science (USA)
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INTRODUCTION

The presenilin genes encode multipass transmembrane
proteins (Doan et al., 1996; Li and Greenwald, 1996, 1998)
that are found in all multicellular organisms. Mutations in
the human presenilin genes (PS1 and PS2) cause aberrant
processing of the amyloid precursor protein APP, resulting
in early-onset familial Alzheimer’s disease (FAD). In addi-
tion, presenilins positively influence lin-12/Notch signal-
ling as has been shown by a number of genetic studies
(Levitan and Greenwald, 1995; Struhl and Adachi, 2000;
Struhl and Greenwald, 1999, 2001; Ye et al., 1999). Prese-
nilins are part of a high-molecular weight complex with
nicastrin/APH-2 that directly or indirectly mediates the
proteolytic release of the C terminus of Notch receptors.
This cleavage is critical for nuclear transport and signaling
of the Notch intracellular domain (Kidd et al., 1998;
Schroeter et al., 1998; Struhl and Adachi, 1998; Struhl et al.,
1993). A similar complex also controls the proteolytic
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cleavage of APP at the y-secretase cleavage site (Yu et al.,
2000).

Targeted deletion of presenilins in different organisms
results in pleiotropic defects. A loss-of-function mutation
in the single Drosophila presenilin gene causes lethal
Notch-like phenotypes, such as maternal neurogenic effects
during embryogenesis, loss of lateral inhibition within
proneural cell clusters, and absence of wing margin forma-
tion (Ye et al., 1999). PS1-deficient mice die soon after birth
from respiratory problems caused by a Notch-like develop-
mental defect (Koizumi et al., 2001; Shen et al., 1997; Wong
et al., 1997), whereas deletion of PS2 causes only mild
phenotypes (Herreman et al., 1999). However, the simulta-
neous deletion of PS1 and PS2 results in an early embryonic
lethality (Herreman et al., 1999) strikingly resembling that
of animals carrying a processing-deficient allele of Notchl
(Huppert et al., 2000) or a deletion of the Notchl receptor
gene (Conlon et al., 1995; Swiatek et al., 1994).

The Caenorhabditis elegans genome harbours two Notch
genes, glp-1 and lin-12, and three presenilin orthologues,
sel-12, hop-1, and spe-4 (Levitan and Greenwald, 1995;
L’Hernault and Arduengo, 1992; Li and Greenwald, 1997).
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spe-4 is a distant member of this family with a sole role
during spermatogenesis. Accordingly, ectopic expression of
spe-4 does not rescue the sel-12 mutant phenotype (S.E.,
unpublished data). However, both sel-12 and hop-1 genes
can substitute for each other and are functionally conserved
with the human presenilins (Baumeister et al., 1997; Levi-
tan et al., 1996; Li and Greenwald, 1997). In sel-12;hop-1
double mutant animals, C. elegans GLP-1 and LIN-12
Notch receptor signalling is almost completely inhibited (Li
and Greenwald, 1997; Westlund et al., 1999). The deletion
of hop-1, analogous to that of the mammalian PS2, does not
reveal an obvious phenotype (Westlund et al., 1999),
whereas mutations in sel-12 alone reduce the activity of
lin-12 and glp-1, resulting in phenotypic effects (Levitan
and Greenwald, 1995). sel-12 mutant animals display neu-
ronal defects (Wittenburg et al., 2000) and a highly pen-
etrant egg-laying defect (Levitan and Greenwald, 1995).
Both defects can be rescued by transgenic expression of
either C. elegans or human PS1 and PS2 (Baumeister et al.,
1997; Levitan et al., 1996; Li and Greenwald, 1997; Witten-
burg et al., 2000). In addition, sel-12 animals also display an
incompletely penetrant, morphologically abnormal, pro-
truding vulva phenotype (Pvl). The cellular nature of this
defect is not known. The penetrance of the Pvl phenotype
differs between sel-12 alleles, but is fully penetrant in
sel-12;hop-1 double mutant animals (Westlund et al., 1999;
S.E. and R.B., unpublished observations).

The ability of C. elegans hermaphrodites to lay eggs is
dependent on the integrity of multiple cell types derived
from various lineages, including epidermal, neuronal, and
muscle cells. Several developmental cell fate decisions
necessary for proper egg laying require LIN-12/Notch sig-
naling. Vulva formation is induced by a signal from the
anchor cell (AC), whose fate is determined by cell-cell
interactions involving LIN-12/Notch activity. A signal
from AC then induces the vulva cell fates in a group of
competent epithelial cells called vulva precursor cells
(VPCs). After induction, VPCs are specified through a
process called lateral inhibition, which again is dependent
on LIN-12 signalling. LIN-12 activity is also required to
generate the sex myoblasts (SM), the precursors of the vulva
and uterine muscles. The vulva muscles, as well as the
neurons that innervate them, are necessary for a proper egg
laying behaviour (Corsi et al., 2000; Trent et al., 1983;
White et al., 1983; M. Stern, personal communication).
Previous studies did not report any obvious morphological
defects in the hermaphrodite-specific neurons (HSN), the
sex-muscles, the vulva precursor cell lineage (VPC), or in
the specification of the AC in sel-12 mutants (Levitan and
Greenwald, 1995). However, AC also induces a group of
uterine cells to form a proper connection between the vulva
and the uterus in a lin-12/Notch-dependent process (Hirsh
et al., 1976; Kimble and Hirsh, 1979; Newman et al., 1995,
1996; Sulston and Horvitz, 1977; Thomas et al., 1990). This
inductive signalling is perturbed in sel-12 null mutants and
weak lin-12 loss-of-function mutants (Cinar et al., 2001).
However, although all sel-12 mutants have a highly pen-
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etrant egg-laying defect, the 7 cell fate specification defect
is only incompletely penetrant, suggesting another role of
sel-12 in egg-laying.

We show here that sel-12 and hop-1 presenilins are
required late in the C. elegans hermaphrodite vulva muscle
development to control their morphology and attachment
to the vulva. Reduction of SEL-12 activity during sex
muscle differentiation impairs egg-laying. Furthermore, we
show that, in sel-12 males, sex muscles are also defective,
resulting in a reduced male mating efficiency. Similar sex
muscle defects were also observed in hypomorphic lin-12
mutant animals. Taken together, these results reveal a
contribution of presenilin mediated Notch signalling not
only in sex myoblast (SM) fate determination, as shown
previously (Greenwald et al., 1983; Harfe et al., 1998a), but
also an as yet uncharacterised role late during sex muscle
development.

MATERIALS AND METHODS

C. elegans Strains and Culture

All strains were maintained and manipulated under standard
conditions as described (Brenner, 1974). Unless otherwise noted,
strains were kept and analysed at 20°C. The following mutants,
and combinations thereof, were used in this work: LGI: unc-
73(e936), hop-1(lg1501) (Wittenburg et al., 2000); LGIIl: unc-
4(e120); LGIII: 1in-12(n676n930), lin-12(0z48) (Sundaram and
Greenwald, 1993); 0z48 was kindly provided by Tim Schedl),
unc-32(e189); LGIV: him-8(e1489), fem-1(hcl7ts) (Kimble et al.,
1984); LGV: him-5(e1490); LGX: sel-12(ar131), sel-12(ar171) (Levi-
tan and Greenwald, 1995), sel-12(1g1401) (gift from EleGene AG,
Martinsried), sel-12(by125) (this work). All sel-12 and hop-1 strains
were outcrossed between 5 and 10 times with the C. elegans wild
type strain N2 before phenotypic analysis.

NH2447(ayls2)IV contains an egl-15::gfp fusion (kindly provided
by C. Branda and M. Stern), PD4667(ayls7)IV contains a hlh-8::gfp
fusion (kindly provided by B. Harfe and A. Fire; Harfe et al., 1998b)
which shows GFP expression during the entire M lineage develop-
ment. The Nde-box::gfp strain, PD4655(ccls4655)l11, is expressed in
all eight vulva muscles and eight uterine muscles (Harfe and Fire,
1998) and was provided by B. Harfe and A. Fire. Strain PD4251
carries an integrated array, ccls4251, which expresses GFP under
the myo-3 promoter in body wall muscle cells (Fire et al., 1998).

To generate sel-12;hop-1 double mutant animals, two strains
were constructed: Both hop-1(1g1501)/unc-73(e936); sel-12(arl71);
ayls2 and hop-1(l1g1501); sel-12(ar171) unc-1(e538)/+; ayls2 strains
were maintained by picking non-Unc hermaphrodites that segre-
gated Unc progeny.

Isolation of Additional sel-12 Alleles

To screen for mutations that fail to complement the Egl defect of
sel-12(arl71) mutant hermaphrodites, sel-12(ar171) unc-1(e538)/
dpy-3(m39) hermaphrodites were mutagenised with 50 mM EMS
and their Non-Dpy Non-Unc F; progeny were scored for the
appearance of an Egl phenotype. After screening 12,000 haploid
genomes, 2 novel sel-12 alleles, by125 and by152, were identified.
To further characterise its phenotype, sel-12(by125) was out-
crossed 7 times and unlinked from dpy-3.
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Plasmid Constructs and Injections

To express sel-12 in differentiated muscle cells, we constructed
transcriptional fusions of the sel-12 cDNA with the myo-3 and
unc-54 promoters. The sel-12 cDNA was amplified from a mixed
stage cDNA library (kindly provided by Bob Barstead) by PCR using
primers RB541 (5'-gaggtacccgggcaaaaaatgccttccacaaggagacaacagg-3')
and RB542 (5'-gtgaattcgcggccgcttaatataataaacacttttgagagacttgtg-3')
and subcloned into pBlueScriptlIKS (Stratagene) as a Kpnl/Notl
fragment leading to pBY453. The sel-12 cDNA sequence was
confirmed by sequencing (GenBank Accession No. AF171064).
Subsequently, a sel-12 Kpnl/Sacl fragment was subcloned into
pPD96.52 to generate pBY897 (myo-3::sel-12) and into pPD30.38 to
create pBY896 (unc-54::sel-12). Each plasmid was injected at 20
ng/pl together with 20 ng/ul pBY218 (ttx-3::gfp fusion (Hobert et
al., 1997), as a cotransformation marker.

To rescue the sex muscle defects of sel-12 animals, the sel-12
cDNA was fused to the hlh-8 promoter at the ATG translation start
of hlh-8. The sel-12 cDNA was amplified by using the PCR primers
RB1098 (5'-atatgattttcacagatgccttccacaaggagacaa-3’) and RB1099
(5'-tctccttgtggaaggcatctgtgaaaatcatatttgaaatcg-3') and was cloned
into pBH47.70 (gift of B. Harfe and A. Fire; Corsi et al., 2000; Harfe
et al., 1998b) to replace GFP. The resulting vector pBY1224
expresses sel-12 from the 1791-bp hlh-8 promoter and was injected
at a concentration of 20 ng/ul. To exclude any influence of the
cotransformation marker on the Egl rescue, pBY1224 was injected
with either pBY218 (ttx-3::gfp fusion; Hobert et al., 1997) at 20
ng/ul, or with the dominant phenotypic marker rol-6 (pRF4; Mello
et al., 1991) at 100 ng/ul. For & cell expression of sel-12, the
plasmid cHCNZ2 (cog-2::sel-12) (Cinar et al., 2001) was injected at
80 ng/ul together with pRF4 (rol-6) at 100 ng/ul as coinjection
marker.

Drug Tests

The egg-laying behaviour in response to 5 mg/ml serotonin
(Sigma), 0.75 mg/ml imipramine (Sigma), and/or 1 mg/ml chlor-
promazine (Sigma) was scored in M9 according to previously
published procedures (Trent et al., 1983; Weinshenker et al., 1995).
Tests were conducted with synchronised adult hermaphrodites
that contained on average 15 eggs in their uterus. Only those
animals that did not show a Pvl phenotype were analysed in the
drug tests (see Results).

Phenotypic Analysis

To analyse their brood size, hermaphrodites were picked as L2 or
L3 larvae onto single plates. After they reached adulthood, animals
were transferred to new plates daily until death, and the progeny
were counted the following day. To quantify the Pvl phenotype,
worms were singled as L2 and L3 and scored as young adults. To
assess their muscle morphology, worms carrying the various GFP
constructs were synchronised and analysed at different develop-
mental stages by using a Zeiss Axioskop microscope. The appear-
ance of a thick tissue separating the vulval and uterine lumen
indicative of a m cell specification defect was scored in worms in
mid-L4 as described (Cinar et al., 2001).

Male Mating Test

Male mating efficiency tests were performed at 25°C according
to Hodgkin (1980). Five young adult males were placed on 3.5-cm

NGM plates with five fem-1(hcl17ts); unc-4(e120) virgins. After
12 h, the males were removed from the plates and the hermaphro-
dites were transferred to new plates daily. As fem-1(hcl7ts) mu-
tants are unable to produce sperm at 25°C, all progeny on the plates
must be cross progeny. To generate sufficient numbers of males for
mating tests, we constructed double mutants of each sel-12 allele
with both him-5(e1490) and him-8(e1489). Two different him
genes were used to exclude any synthetic interaction between the
him mutation and sel-12. The mating tests gave comparable results
in both him genetic backgrounds.

Male Tail Curling Tests

Male tail curling tests were performed as described (Loer and
Kenyon, 1993). Adult males were placed in M9 medium containing
20 mM serotonin, and their ability to curl their tails was scored
after 10 min for a period of 10 s for each animal.

RESULTS

Molecular Characterisation of sel-12 Mutants

Although both sel-12(ar131) and sel-12(arl71) alleles
display a highly penetrant Egl defect, the exact phenotype
differs. To determine the degree of variability, we compared
the phenotypes of both alleles with those of two new sel-12
alleles, by125 and 1g1401. sel-12(by125) contains a muta-
tion in the eighth codon, changing a CAG into TAG, which
converts a glutamine into a stop codon (Fig. 1). sel-
12(by1401) harbours a 1028-bp deletion that extends from
nucleotide 4766 to 5793 of cosmid F35H12, deleting 244 bp
of promoter sequences, the ATG and the first three exons of
sel-12 that encode transmembrane domains 1 and 2. On a
Northern blot, no sel-12 mRNA was detectable from the
sel-12(1g1401) allele, indicating that it is a null allele. The
sel-12 mRNA level from allele sel-12(ar171) was strongly
reduced, whereas sel-12(by125) and sel-12(ar131) had
MRNA levels comparable with wild type (data not shown).

All sel-12 alleles tested display a similar egg-laying defect
(Egl phenotype) to that described previously for sel-
12(ar131) and sel-12(ar171) (Levitan and Greenwald, 1995)
(Table 1). The presumptive null alleles sel-12(arl171) and
sel-12(1g1401) almost never lay eggs, whereas sel-12(by125)
animals occasionally lay a few eggs before retaining eggs as
older adults. Most animals die of a bag-of-worms phenotype
because the young larvae that hatch intrauterinely kill their
mothers. On the other hand, many sel-12(ar131) animals
lay a considerable number of eggs and not all animals
become Egl. We conclude that the sel-12 alleles arl71,
1g1401, and by125 have a comparably penetrant Egl defect,
whereas sel-12(ar131) mutants are somewhat different and
show a weaker Egl phenotype (Table 1).

sel-12 mutant animals also display an easily visible
protruding vulva (Pvl) phenotype (Fig. 1) with a variable
penetrance. The Pvl defect was observed in 80% of sel-
12(ar171), 62% of sel-12(1g1401), and 60% of sel-12(by125)
animals (Table 1). However, only 13% of the sel-12(ar131)
adults became Pvl, suggesting that there is no strong
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FIG. 1.

(A) The SEL-12 topology as proposed (Doan et al., 1996; Li and Greenwald, 1996, 1998). Positions of the mutations used here are

indicated. The arrow marks the cleavage site of SEL-12 (Okochi et al., 2000). sel-12(lg1401) is a 1.0-kb deletion of part of the promoter and
the first three exons of sel-12. (B) Protruding vulva phenotype (Pvl) of a sel-12(ar171) mutant adult hermaphrodite.

correlation between the penetrance of the Pvl and Egl
phenotypes.

It had been suggested previously that the egg-laying
defect of sel-12 mutant animals is caused by a misspecifi-
cation of the = cell lineage that results in a failure of the
vulva to connect to the uterine tissues (Cinar et al., 2001).
Indeed, we noticed that 79% of sel-12(ar171), 73% of
sel-12(1g1401), and 66% of sel-12(by125) animals displayed
the thick tissue separating the uterus and vulva that is
typical for animals with the = cell defect (Table 1). How-
ever, only in a minority of sel-12(ar131) animals is the utse
cell (uterine seam cell) thick, even though 88% of these
animals developed an Egl phenotype (Table 1).

We concluded that a sterical blockage of the vulva open-
ing as a consequence of a 7 cell misspecification is unlikely
to be the only cause of the highly penetrant Egl defect seen
in sel-12(ar131) hermaphrodites (see Table 1). This inter-
pretation is also supported by the observation that most of
the sel-12(ar131) hermaphrodites lay some eggs as young
adults before they become Egl. In addition, since all sel-12
strains tested so far can be mated, we conclude that, in all
alleles, the vulva is open in at least some animals, allowing
sperm entry. We also note that the penetrance of the = cell
defect corresponds rather well to the penetrance of the Pvl
defect. The penetrance of Pvl and egg-laying defects were
also reflected in the brood size of the various alleles. All
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TABLE 1

Phenotypic Characterization of the Egg-Laying
of Different sel-12 Alleles

Phenotype?®
Thick tissue§ Pvl Egl Bagged Progeny
Allele (%) (%) (%) (%) *SEM n
N2 0 (0/40) 0 0 0 316 =8 20
sel-12(ar171) 79 (33/42) 80 100 100 625 25
sel-12(1g1401) 73 (44/60) 62 100 100 816 29
sel-12(by125) 66 (42/64) 60 100 95 94+6 57
sel-12(ar131) 20 (22/108) 13 88 83 100 =7 40

Note. n, number of animals characterised; SEM, standard error of
the mean.

 Pvl, protruding vulva; Egl, egg-laying defective; bagged, death
due to internal hatching. sel-12 molecular lesions are as follows:
(arl71) W227stop; (1g1401) 1.0-kb deletion of part of the promoter
and the first three exons of sel-12; (by125) Q8stop; and (ar131)
C60S.

® Thick tissue describes the defects in utse specification scored
in mid L4, where a thick tissue rather than a thin laminar process
separates the uterus and the vulva (Cinar et al., 2001).

alleles that display a high percentage of Pvl have strongly
reduced brood size. However, sel-12(ar131) animals pro-
duce, on average, a significantly higher number of progeny,
and some animals even reach brood sizes in the range of the
wild type (200 progeny and more).

sel-12 Egg-Laying Does Not Respond
to Neurotransmitter Stimulation

Since most of the sel-12(ar131) animals lack obvious
morphological abnormalities, we reasoned that the highly
penetrant egg-laying defect of this allele cannot be ex-
plained by the Pvl or the 7 lineage defect. The egg-laying
behaviour of C. elegans requires the intact anatomy and
function of the uterus, the vulva, and their respective
muscles, as well as neuronal input from the two HSN
neurons and the six VC motor neurons (Corsi et al., 2000; Li
and Chalfie, 1990). The generation of the anchor cell (AC)
(Kimble, 1981; Sulston and White, 1980; Thomas et al.,
1990; Trent et al., 1983) that is critical for the induction of
the vulva development is not affected in sel-12 animals
(Levitan and Greenwald, 1995) and there is no obvious
defect in the epidermal portion of the vulva (Levitan and
Greenwald, 1998). Since we have previously shown that
neural function is affected in sel-12 mutant animals (Wit-
tenburg et al., 2000), we reasoned that defective neuronal
input into the sex muscles could be the cause of the Egl
phenotype.

Neuronal signalling to the vulva muscles can be mim-
icked by a variety of drugs that stimulate the contraction of
the vulva muscles, and therefore, egg-laying (Trent et al.,
1983; Weinshenker et al., 1995). We exposed sel-12 mutant

animals to the serotonin reuptake inhibitor imipramine, to
the dopamine antagonist chlorpromazine, to serotonin
(Table 2), and to the acetylcholine agonist levamisole (data
not shown). Since we expected that the physical blockage of
the vulva opening in Pvl animals would effectively prevent
stimulation of egg-laying under any conditions, we only
tested non-Pvl animals in our pharmacological assays.
None of the sel-12 alleles that we tested responded to any of
the drugs. Since exogenous addition of serotonin, a strong,
direct stimulator of the egg-laying muscles that is effective
even if the innervating motorneurons HSN are absent
(Trent et al., 1983; Weinshenker et al., 1995), could not
induce egg-laying, our results suggest that sel-12 mutants
have a postsynaptic defect in the muscular structures of the
vulva, or behave like muscle activation mutants (Mac)
(Reiner et al., 1995; Trent et al., 1983).

sel-12 Mutant Animals Display Defects
in Their Sex Muscles

Two types of muscles control the expulsion of fertilised
eggs in the C. elegans hermaphrodite: the uterine muscles
(um1 and um2) and the vulva muscles (vm1 and vmz2) (Corsi
et al., 2000; Sulston and Horvitz, 1977). Both types of sex
muscles are derived from the sex myoblast (SM) cells in
wild type. In the wild type, the SMs migrate during the
second larval stage (L2) from their place of birth in the tail
towards the midbody region, where the epidermal struc-
tures of the vulva are formed. At their final position near
the vulva, they divide three times to generate the eight
uterine and eight vulva muscles (Fig. 2). However, in lin-12
null mutants, a cell fate transformation from SM to CC
(coelomocytes) prevents the generation of all sex muscles.

In order to examine the generation of the SM lineage and
the morphological integrity of the sex muscles in sel-12
mutants, we visualised cells in the SM lineage using differ-

TABLE 2

Pharmacological Egg-Laying Response of Wild Type
and sel-12 Mutant Animals

Eggs layed per time interval
in response to:

Animals
Serotonin Imipramine Chlorpromazine  tested
N2 6.1+09 118+11 78+20 30
sel-12(arl71) 0.5+ 0.3 09 =*0.3 0.2=+00 30°
sel-12(ar131) 1.5*0.3 1.8 £0.3 34 *07 30°

Note. The egg laying response (+SEM) of wild type and sel-12
mutant animals to 5 mg/ml serotonin, 1.0 mg/ml chlorpromazine
(time intervals = 60 min), and 0.75 mg/ml imipramine (time
interval = 90 min) was tested in liquid M9 medium as described
(Trent et al., 1983; Weinshenker et al., 1995).

? Only sel-12 mutant animals without a Pvl were tested (see
Material and Methods).
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FIG. 2. Postembryonic mesodermal M lineage in C. elegans
(lineage was redrawn from Harfe et al., 1998a; Sulston and Horvitz,
1977). The M lineage gives rise to different cell types: BWM (body
wall muscles), CC (coelomocytes), SM (sex myoblasts), UM (uter-
ine muscles), and VM (vulva muscles). The M mesoblast is born
shortly before hatching, and its descendants divide until the L4
stage. The expression patterns of hlh-8 (Corsi et al., 2000; Harfe et
al., 1998b), egl-15 (Harfe et al., 1998a), and lin-12 (Wilkinson and
Greenwald, 1995) within the M-lineage are shown. *, lin-12 expres-
sion has only been followed until the birth of SM. There are no
published expression data for the SM lineage in L3 and L4.

ent GFP reporter constructs. The hlh-8::gfp marker is active
in all cells derived from the M lineage (Harfe et al., 1998b).
To examine whether a transformation of SM into CC fate
occurs in sel-12 mutants, we counted the number of GFP-
positive cells at different stages of larval development in
sel-12 animals expressing hlh-8::gfp. In all sel-12 alleles
tested, we found 2 SMs that, after migration and divisions,
gave rise to 16 hlh-8::gfp-positive cells (data not shown).
From this, we conclude that sel-12 null mutants, unlike
lin-12 null mutants, do not affect the SM/CC decision.
However, the sex muscle cells displayed structural abnor-
malities that we further examined using other markers. To
visualise the vulva muscles, we used an integrated GFP
construct (ayls2) expressed specifically in the vm1 muscles
under the control of the egl-15 promoter (Harfe et al.,
1998a). In a wild type background, more than 99% of the
GFP-expressing vm1l cells in adult animals are symmetri-
cally aligned around the vulva and show the typical
X-shaped structure reported earlier (Harfe et al., 1998a) (Fig.
3A). In sel-12(ar171) mutants, the migration of the SMs is
only weakly affected. About 90% (n = 30) of the animals
examined had the vm1 muscles positioned in the correct
body region, and in only 10% of the animals, a SM descen-
dant was positioned incorrectly in the posterior body re-
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gion. These mismigrated vulva muscle cells still differenti-
ated and acquired their vulva muscle-specific shape (see,
e.g., Fig. 3M). Although the majority of vm1 cells were
found at the correct place, 25 of 30 sel-12(ar171) non-Pvl
animals had visible defects in both their morphology and
their attachment to the vulva opening (Figs. 3B-3D). The
majority (89%) of animals with the weaker sel-12(ar131)
allele also displayed vulva muscle defects. From these data,
we conclude that sel-12 is required for the correct morpho-
genesis of the sex muscles vm1.

In order to test whether sel-12 mutations also affect the
morphogenesis of vm2 muscles, we used an integrated
array, ccls4656, which contains the NdE-box:gfp gene
(Harfe et al., 1998a; Harfe and Fire, 1998). The Nde-box is
derived from the ceh-24 promoter, and in L4, this construct
drives expression late in the development of all vulva
muscles and the uterine muscles (Harfe and Fire, 1998). It is
therefore considered to be a marker for differentiated sex
muscles (Liu and Fire, 2000). The GFP-positive vm2
muscles in all sel-12 alleles tested displayed morphological
defects similar to those seen in the vm1 muscles (Figs. 3K
and 3M). However, the expression levels of the egl-15::gfp
and Nde-box::gfp markers were comparable with wild type,
suggesting that the sex muscles are specified correctly and
have differentiated into muscle cells. Their adoption of the
correct cell fate is also indicated by their expression of
myo-3:gfp (ccls4251), a marker for terminally differentiated
muscle cells.

In summary, mutations in sel-12 affect the morphology
and attachment of the sex muscles. However, the expres-
sion of at least three late markers suggests that parts of their
terminal differentiation program that identifies them as sex
muscle cells are executed correctly.

Expression of sel-12 in the M Lineage Potently
Rescues the Egl Defect

Since sel-12 is expressed in most, if not all, cells of the
animals, the sex muscle defects seen in sel-12 mutant
animals could be caused by loss of sel-12 activity in the
differentiating muscle itself, in its precursor during its
development, or in adjacent cells that provide signals for
muscle orientation or attachment. To distinguish between
these different possibilities, we tried to rescue the sex
muscle defects of sel-12 mutant animals by expressing the
sel-12 cDNA from different promoters. From previous ex-
periments, we knew that the sel-12 cDNA expressed from
its own promoter is able to rescue all defects present in
sel-12 mutant animals (Baumeister et al., 1997; Levitan et
al., 1996; Wittenburg et al., 2000). Since the vulva muscles
in sel-12 mutants expressed a number of muscle-specific
markers, we suspected that sel-12 is required late in sex
muscle development. Therefore, we first tested whether
sel-12 expression from the well-characterised muscle-
specific myosin promoters unc-54 and myo-3 (Miller et al.,
1983) is sufficient to rescue the muscle defect. unc-54 and
myo-3 are expressed in all body wall muscles as well as in
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the vulva muscles (Miller et al., 1983). We generated five
independent transgenic lines for unc-54:sel-12 and for
myo-3::sel-12, respectively, but did not detect any rescuing
activity in transgenic animals (between 21 and 63 trans-
genic animals analysed per line, 386 animals total). The
functionality of these well characterised promoters had
been tested before using GFP. Since the fluorescence levels
of unc-54::gfp and myo-3::.gfp transgenes containing the
corresponding promoter elements are comparable or even
stronger than that of sel-12::gfp (data not shown), we
consider it unlikely that insufficient expression levels of
sel-12 are responsible for the lack of rescue.

In C. elegans, both unc-54 and myo-3 are expressed at a
rather late stage in sex muscle differentiation, starting at
the L4 stage (Liu and Fire, 2000). It is therefore possible that
sel-12 activity is needed at an earlier step during the
differentiation of the sex muscles. To test this hypothesis,
we expressed the sel-12 cDNA under the control of the
hlh-8 promoter. This promoter is specific for the M lineage
from which all postembryonic mesoderm is derived (Sul-
ston and Horvitz, 1977). The hlh-8 promoter is active at the
time the M mesoblast is born and remains active until the
vulval and uterine muscles are specified (Fig. 2). Its activity
is lost only when cells have differentiated into body wall or
sex muscles (Harfe et al., 1998b). Expression of the sel-12
cDNA from the hlh-8 promoter rescued the Egl defect of
85% of the weaker sel-12(ar131) animals, whereas it was
sufficient to rescue the Egl defect in 20% of the sel-
12(ar171) animals (Table 3). However, in no case was the
morphological defect leading to the Pvl phenotype rescued
by transgenic hlh-8::sel-12 expression (Table 3).

We suggest that the egg-laying defect in the majority of
sel-12(ar131) animals and a smaller portion of the sel-

FIG. 3. Vulva muscle defects in presenilin and lin-12/Notch
mutants visualised by egl-15::gfp (A-H) and NdE-box::gfp (I, K, M).
(A) Wild-type (N2) hermaphrodite: ventral view of egl-15::gfp
expression in the four vm1 vulva muscles. The vulva muscles are
attached to the vulva epithelium in an X-shaped arrangement.
(B-D) sel-12(ar171) animals (ventral view) exhibit disorganised and
malformed vm1 vulva muscles. Similar sex muscle defects are also
seen for the other sel-12 alleles tested (data not shown). (E, F)
1in-12(n676n930) mutant hermaphrodites grown at 23°C show the
same kind of vulva muscle defects as sel-12 mutant animals. The
1in-12(n676n930) strain also contained a linked unc-32(e189) mu-
tation which did not influence vulva muscle morphology. (G, H)
hop-1(1g1501); sel-12(arl71) animals. Shown here are the sex
muscle defects in two of the rare animals that did not display a
significant Pvl. (l) Wild-type hermaphrodite, ventral view, trans-
genic for the Nde-box::gfp that is expressed in both vm1 and vm2
(compare with A). (K) sel-12(ar171) animal with multiple vm1 and
vmz2 attachment defects. (L,M) Migration defect of sex muscles in
the tail of a sel-12(ar171) animal. Left side, Nomarski image. Wild
type and sel-12 mutant animals were raised at 20°C, whereas
1in-12(n676n930) mutant animals were raised at 23°C. Each scale
bar represents 10 pm.
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TABLE 3

Expression of the sel-12 cDNA in the M Lineage Can Rescue
the Egg-Laying Defect of sel-12 Mutant Animals

Phenotype
Progeny:
Pvl  Egl Bagged Mean
Genotype (%) (%) (%) + SEM n
N2 0 0 0 316 = 8 20
sel-12(ar131) 13 88 83 100 = 7 40

sel-12(ar131); byEx166? 9 16 16
sel-12(ar131); byEx167° 9 16 13
sel-12(arl171) 80 100 100
sel-12(ar171); byEx166* 77 80 77
sel-12(ar171); byEx167° 78 82 81

240 + 14 32
271+ 8 32
62+ 5 25
241+ 9° 128
212 +11° 129

Note. n, The number of animals counted.

* byEx166 and byEx167 are extrachromosomal arrays containing
the hlh-8::sel-12 rescue construct and the ttx-3::gfp as coinjections
marker.

® Note that these numbers contain only the non-Pvl animals. As
shown in the text, the Pvl phenotype precludes rescue by
hlh-8::sel-12.

12(arl71) animals is caused solely by a lack of sel-12
expression during muscle differentiation. This phenotype
can be rescued by expression of sel-12 from the hlh-8
promoter. The Egl rescue is very strong, since rescued
animals not only display wild type egg-laying behaviour,
but also have greatly increased brood sizes (241 = 9) in the
range of wild type (see Table 3). In addition, none of the
transgenic sel-12(ar171) animals that we scored as rescued
died of a bag-of-worms phenotype as compared with 100%
of their nontransgenic siblings. However, those animals
that cannot be rescued by hlh-8 promoter driven sel-12
expression had a pronounced Pvl phenotype. Only animals
that did not have a steric blockage due to a 7 cell defect, and
therefore do not develop a Pvl phenotype, could be rescued
using this transgene. In summary, we conclude that, in
addition to the defective vulva-uterine connection de-
scribed for the strong sel-12(ty11) and sel-12(ar171) alleles
(Cinar et al., 2001), reduction of sel-12 activity also causes
a developmental defect in the sex muscles that is highly
penetrant in all sel-12 mutants, including the weaker sel-
12(arl131) allele.

Since expression of sel-12 from the hlh-8 promoter did
not rescue egg-laying in Pvl animals, we suspected that the
protruding vulva is not the consequence of a defect occur-
ring in the sex muscles. We wanted to investigate whether
the = cell induction defect in the late L3 of sel-12 mutant
animals (Cinar et al., 2001) is the cause of the later Pvl
phenotype. Therefore, we scored the Pvl phenotype in two
sel-12(ar171) lines transgenic for cog-2::sel-12 (gift of A.
Newman, Houston), a construct previously shown to rescue
the = cell specification defect (Cinar et al., 2001). This
construct strongly rescued the Pvl defects, as only 3 and 5%
(n > 100) of transgenic sel-12(ar171) animals became Pvl
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compared with 80% of the nontransgenic control animals.
To confirm this link between 7 cell defect and appearance
of a Pvl, we scored how many of the sel-12(by125) animals
that showed the presence of a thick tissue separating the
vulval and uterine lumen at the L4 stage later developed a
protruding vulva (Pvl). All animals (n = 18) with a Pvl
defect also displayed a thick tissue. Furthermore, those
animals (n = 15) that showed a thin utse cell (no = cell
specification defect) never developed a Pvl.

We conclude that defective specification of the uterine =
cells in L3 can lead to a Pvl phenotype in adult animals.
This steric blockage of the vulva opening, in combination
with defective sex-muscles, is sufficient to cause the highly
penetrant egg-laying defect seen in sel-12 animals.

lin-12(n676n930) and sel-12 Mutants Display
Similar Vulva Muscle Defects

sel-12 mutants reduce, but do not eliminate, lin-12 sig-
nalling and, therefore, sel-12 animals have no obvious
defects in AC/VU decision and in VPC specification (Levi-
tan and Greenwald, 1995). Instead, sel-12 mutants have a
defect in the differentiation of the sex muscles, as shown
here, and an additional defect associated with the fate
specification of the = cells that control the uterus—vulva
connection (Cinar et al., 2001; Wen et al., 2000). lin-12 is
also expressed in cells of the M lineage (Wilkinson and
Greenwald, 1995), and in lin-12 null mutants, the SM
descendants of M are transformed to coelomocytes. As a
consequence, no sex muscles are formed (Greenwald et al.,
1983). In contrast, animals with the weaker loss-of-function
allele lin-12(n676n930) were shown to contain sex muscles
that were positioned correctly. lin-12(n676n930) animals
show wild type egg-laying at 15°C but become egg-laying
defective when these are shifted to 25°C before their
temperature-sensitive period (L3/L4) (Sundaram and Green-
wald, 1993). A cause for this “late defect” could not be
found (Sundaram and Greenwald, 1993). To see whether a
lin-12 loss-of-function mutant displays a similar sex muscle
patterning defect to sel-12 mutants, we examined the
morphology of sex muscles in 1lin-12(n676n930) at different
temperatures using the ayls2 (egl-15::gfp) marker. Ninety-
one percent of lin-12(n676n930) unc-32(e189) animals
raised at 25°C, but only 3% of the unc-32(e189) animals
raised at 25°C showed morphological abnormalities in the
vm1 muscles (Figs. 3E and 3F). Like in the sel-12 mutant
animals, we detected defects in the attachment of the vm1
muscles to the vulval epidermis, aberrant orientation with
respect to the vulva, and structural abnormalities. Similar
defects were also detected in a second hypomorphic lin-12
allele, lin-12(0z48) (data not shown). Like in sel-12 animals,
the differentiation of vm1 muscles does not seem to be
affected in lin-12(n676n930) mutants, since the late sex
muscle marker Nde-Box::gfp is expressed correctly (data not
shown). When raised at the permissive temperature of 15°C,
only 5% of the lin-12(n676n930) unc-32(e189) hermaphro-
dites exhibited abnormal vm1 muscles. The fact that lin-
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TABLE 4

The Male Tail Curling and Mating Efficiencies of sel-12 Mutants Are Reduced

Male mating

Cross progeny

Plates scored Male tail curling Animals tested

Genotype efficiency® (%) Mean = SEM (n) efficiency (%) (n)
sel-12 (+) 100 185 + 33 12 90 48
sel-12(ar131) 18 34 =11 12 nd nd
sel-12(arl171) 7 12+ 7 6 29 72
sel-12(ar171); byEx166" 33 60 = 26 5 80 96
sel-12(ar171); byEx167° 27 49 + 22 6 90 72

Note. All strains contain him-5(e1490). Similar results were obtained with sel-12;him-8(e1489) double mutants. See Materials and

Methods for the detailed experimental setup. nd, not determined.
® Determined in the presence of 20 mM serotonin.

® byEx166 and byEx167 are extrachromosomal arrays containing the hlh-8::sel-12 rescue construct and the ttx-3::gfp as coinjection

marker.

12(n676n930) animals show the same range of vulva
muscle defects as sel-12 mutant animals suggests that
sel-12 functions by affecting the lin-12 activity late during
sex muscle development. This activity is different from the
previously documented requirement of lin-12 during speci-
fication of the SM fate (Greenwald et al., 1983; Harfe et al.,
1998a). The SM/CC decision is executed correctly in both
sel-12 and lin-12 hypomorphic strains since they develop
sex muscles. This suggests a new mode of sel-12 mediated
lin-12 signalling late in development, possibly to control
cell morphology and attachment.

The Sex Muscle Defect Is Most Severe
in the Absence of Presenilin Activity

sel-12 is functionally redundant with hop-1, another
presenilin gene (Li and Greenwald, 1997; Westlund et al.,
1999). To test whether the activity of hop-1 could be
responsible for providing sufficient lin-12 signalling activ-
ity in sel-12 mutants to prevent an SM-to-CC cell fate
transformation as seen in lin-12 null mutants, we examined
hop-1;sel-12 double mutants. Since sel-12;hop-1 double
mutant animals lacking presenilin activity both maternally
and zygotically have an embryonic lethal phenotype, we
tested maternally rescued animals in which maternal con-
tribution of either sel-12 gene products (from sel-12/+;
hop-1 mothers) or hop-1 gene products (from sel-12;hop-1/+
mothers) allows the homozygous progeny to survive.

Surprisingly, 89% (91/102) of the sel-12;hop-1 double
mutant animals develop vulva muscle cells that express the
egl-15::gfp marker, regardless of whether the maternally
provided presenilin is sel-12 or hop-1. The GFP-positive
cells of the SM lineage migrate to their correct position at
the vulva, although their terminal position and structure
were highly aberrant in all GFP-positive animals (n = 91)
(Figs. 3G and 3H). This indicates that the SM/CC decision,
which occurs in the L2, is not affected in these animals, and
that maternal sel-12 or hop-1 is sufficient to provide enough
presenilin activity in the double mutant progeny to facili-
tate LIN-12 signalling at least until L2 (see Fig. 2).

Male-Specific sel-12 Defects in Fan and Sex Muscles
Result in Aberrant Male Mating Behaviour

Male mating behaviour requires the functional integrity
of several male-specific tissues, including neurons and sex
muscles. We found that, in sel-12 males, the efficiency of
mating is strongly impaired, as scored by their ability to
fertilise a defined number of sperm-deficient fem-1(hc17ts)
mutant virgins during a 12-h period (Table 4). Similar to the
egg-laying behaviour, the male mating efficiency of sel-
12(ar171) mutants was lower than that of sel-12(ar131)
mutants.

One possible cause of the reduced male mating efficiency
could be morphological defects in the male tail structures.
We therefore inspected the male tails by differential inter-
ference contrast (DIC) microscopy. A significant portion of
sel-12(ar171) animals displayed defects in the structural
components of the tail. In 31% of the animals, the fan was
strongly affected, being either reduced in size or completely
absent (Fig. 4), a phenotype that had also been reported for
lin-12(0) mutant males (Horvitz et al., 1983). A portion of
sel-12 animals also displayed a notched fan phenotype not
described before (as shown in Figs. 4C and 4D). In addition
to the malformation in the fan structures in some sel-12
mutant males, we also noted animals that had a variably
abnormal tail tip containing extra tissue (Figs. 4B and 4D).
As a consequence, the male tail appears enlarged and flat. In
males in which the fan was visible, the number and
position of the tail rays were not obviously affected (com-
pare Fig. 4).

Since the morphological defects in the tail structures of
sel-12 males would most likely be sufficient to strongly
impair mating success, we tried to directly assess the
functionality of the sex muscles in sel-12 males. A male-
specific behaviour that is dependent on functional sex
muscles is the ability of wild type males to curl their tail in
response to 20 mM serotonin (Loer and Kenyon, 1993). We
found that only 29% of the sel-12(ar171) males responded
to serotonin compared with 90% of the control males tested
(Table 4). This tail curling defect could be rescued by
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FIG. 4. Nomarski photomicrographs showing the morphological defects in the tails of sel-12 mutant males. (A) Wild type-like adult male
tail of him-5(e1490) mutant animals (ventral view). (B-D) sel-12(ar171);him-5(e1490) adult male tails exhibiting defects in the fan and tail
structures (side views). Arrows, Notched fan structures. Arrowheads, epithelial protrusions never seen in wild type animals. The scale bar

represents 20 pm.

expressing sel-12 specifically in the male sex muscles under
the control of the hlh-8 promoter. In 80% (90%) of the
sel-12 males transgenic for hlh-8::sel-12, male tail curling
was indistinguishable from him-5 animals, suggesting a
robust rescue of the defect (Table 4). To confirm these
results, we also tested the execution of yet another critical
step during the male mating behaviour that has also been
shown to require the function of the male sex muscles: the
turning step (Loer and Kenyon, 1993). The quality of the
male turning can be classified as either a good turn, a sloppy
turn, or a missed turn. A good turn occurs when the male
tail remains in contact with the hermaphrodite throughout
the turn. A turn is considered sloppy if the male tail briefly
looses contact but then makes contact again on the oppo-
site side of the hermaphrodite. Missed turns occur if the
male tail looses and does not regain contact with the
hermaphroditic cuticle. By these criteria, the sel-12 males
showed a significant increase in the number of missed and
sloppy turns for all sel-12 alleles tested (Fig. 5). Again, this
defect in the male turning behaviour could be rescued by
the hlh-8::sel-12 construct (Fig. 5), indicating that sel-12
activity is also needed in the male-specific M-lineage.

average % of turns

100%
80%
B60% -
40% -
20% -
0% . . . :

s6l-12 (+) sel-12(Ig1401)  sel-12(ar171)  sel12(ar171);  sel-12(ar171);
byExig6a byEX167 a

FIG. 5. The male turning ability is reduced in sel-12 mutant
males and can be rescued by expression of the sel-12 cDNA in the
male-specific M-lineage. The y-axis indicates the percentage of
turns we characterised as good (light grey), sloppy (dark grey), and
missed (white) according to the standards of Loer and Kenyon
(1993) (see Material and Methods). byEx166 and byEx167 are
extrachromosomal arrays containing the hlh-8::sel-12 rescuing
construct as well as the ttx-3::gfp coinjection marker. All males
used in this analysis also contain him-5(e1490).
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However, the overall efficiency of mating by sel-12 mutant
males was only slightly improved by the hlh-8:sel-12
construct (Table 4), suggesting that additional defects are
still present. Consistent with this, only the sex muscle-
specific defect could be rescued by the hlh-8::sel-12 con-
struct and not the aberrant tail structures (data not shown).
We conclude that the defects in the sex muscles can be
clearly separated from the morphological defects in the tail
structures in sel-12 males. This resembles the situation
found in sel-12 hermaphrodites, where the egg laying is
caused by independent defects in both the = cell specifica-
tion and in the sex muscles.

DISCUSSION

Different Defects Contribute to the sel-12
Egg-Laying Phenotype

We characterised the developmental defect resulting in
the failure of both hypomorphic and null alleles of sel-12 to
lay eggs. Cinar et al. (2001) have shown recently that 77%
of sel-12 null mutants display a defect in the lin-12-
dependent inductive signalling from the AC to the = cell
lineage. This signalling is necessary to generate a proper
connection between the vulva and uterus (Newman et al.,
1995). By expressing sel-12 in the 7 cell precursors, the Egl
defect of sel-12(0) animals could be partially rescued. Our
results suggest that a cell specification defect in the =
lineage is not the only cause of the Egl phenotype in sel-12
animals. First, both weak and strong sel-12 allelic animals
display morphological and functional defects in their sex
muscles. The absence of functional sex muscles has been
shown to be sufficient to cause a completely penetrant Egl
defect (Corsi et al., 2000). Second, between 21 and 34% of
the sel-12(0) animals have the thin process of the utse
typical of a correct = cell specification. These animals are
not Pvl, but display a fully penetrant Egl phenotype. Third,
although only a minority (20%) of the weaker sel-12(ar131)
animals display the thick tissue characteristic of a defective
vulva—uterine interface and only 13% are Pvl, 88% even-
tually become Egl. Moreover, most of the sel-12(ar131)
animals initially lay some eggs, which suggests that the
connection between the vulval and uterine lumen is not
blocked.

We can rescue the majority of the egg-laying defective
animals that do not display a Pvl phenotype by cell-
autonomous expression of sel-12 in the M lineage, from
which the sex muscles are derived. These animals lack
muscle patterning defects (data not shown) and have
strongly increased brood sizes within the range of wild type.
Efficient behavioural rescue was obtained for all animals
that did not display a a cell specification defect. For
example, the Egl defect was rescued in 82% of the sel-
12(ar131) animals, while in 20% of the animals, the steric
blockage that is the consequence of the = cell specification
defect prevented rescue. Sterical blockage of the vulva is
more penetrant in the presumptive sel-12(0) alleles, as

approximately 80% of the animals display these defects.
However, those sel-12(0) animals that did not show vulval
blockage were also efficiently rescued by sel-12 expression
in the differentiating sex muscles (Table 3). This suggests
that mutations in sel-12 result in defects in both the
vulval-uterine connection and in the sex muscles, and
together they cause the highly penetrant Egl phenotype.

In addition to the defects in = cell specification and sex
muscle function, sel-12 animals are also Pvl. We noticed
that neither the 7 cell specification defect nor the Pvl
phenotype could be rescued by expressing sel-12 from the
M-lineage-specific hlh-8 promoter. We also show that only
those animals in which the thick tissue separating the
vulva and uterine lumen (characteristic for a 7 lineage
defect) was observed in mid-L4 later developed a Pvl phe-
notype, whereas animals with a thin utse cell (characteris-
tic for wild type) never became Pvl. The progeny of the =
cells normally gives rise to two cell types, the utse and the
uvl cells. Both cell types are required for a proper connec-
tion between vulva and uterus, the utse cell also has to
attach to the seam to prevent vulva eversion (Newman et
al., 1996, 2000). The fact that we could rescue the Pvl defect
by expressing sel-12 from the cog-2 promoter, which is
active in 7 cell precursors (Hanna-Rose and Han, 1999),
suggests that the Pvl phenotype results from a defective
vulva—uterine connection.

Taken together, our data indicate that different levels of
sel-12 activity are required in the = cell lineage and the M
lineage to enable wild type egg-laying. The missense muta-
tion, sel-12(ar131), partially reduces sel-12 activity and
predominantly affects only the M lineage patterning with
only very weakly penetrant defects in the = cell lineage,
whereas the sel-12(0) mutations cause both highly pen-
etrant M lineage and 7 lineage defects.

Reduced sel-12 Activity Affects Male Tail Structures

Sex muscle function itself can be assessed more directly
in the male tail than in the hermaphrodite egg-laying
system. We show here that sel-12 males also display defects
in sex muscle function. Both mail tail curling in response to
exogenous serotonin and male turning behaviour during
mating depend on functional sex muscles and both are
impaired in sel-12 males. Consistently, the expression of a
sel-12 transgene in the male M lineage is sufficient to
completely rescue these defects. However, the reduced
mating efficiency of sel-12 males can only be rescued
partially by hlh-8::sel-12 expression. We suggest that the
failure to rescue the male mating defect completely is due
to additional defects in tail structures in sel-12 males. The
fan defects in mutant males may also reflect defects in
lin-12 signalling since males carrying lin-12(0) alleles have
been reported to have defective tail structures (Horvitz et
al., 1983). We conclude that sel-12 is required in males for
sex muscle function, but has additional roles in other
tissues of the male tail that may require lin-12 signalling
activity.
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sel-12 Affects LIN-12 Signalling in the Sex Muscles
Late in Their Development

The C. elegans Notch gene, lin-12, is expressed in the M
lineage that generates the vulva muscles (Wilkinson and
Greenwald, 1995). Null mutations in lin-12 prevent the
generation of the SM precursor cells and result in extra
coelomocytes (CC), a cell fate decision that occurs in the
early L2 larval stage (Greenwald et al., 1983; Harfe et al.,
1998a). Neither lin-12 expression has been reported in the
daughter cells of the SM/CC mothers nor have defects in
this lineage after the SM/CC decision that result from the
reduction of Notch activity. However, the vulva muscle
defects we observed in animals carrying the hypomorphic
allele 1in-12(n676n930) are strikingly similar to those we
have seen in sel-12 mutants. Interestingly, the temperature-
sensitive period of this lin-12 allele extends from the L2 to
the mid-L4 stage, long after the SM/CC decision was made
(Sundaram and Greenwald, 1993), indicating a late defect in
this allele. A late defect in this allele had already been
suspected before, but no cellular cause could be determined
(Sundaram and Greenwald, 1993). We show here that both
sel-12 and lin-12(n676n930) animals have morphologically
abnormal vulva muscles and that the attachment of the
vulval muscles to the surrounding epidermal tissue does
not occur properly.

When are sel-12 and lin-12 activities required in the
sex muscles and which program is affected by the mutants?
Sex muscle cells are generated in both sel-12 and lin-
12(n676n930), since most L4 larvae have hlh-8::gfp-expressing
SM descendants flanking the developing vulva (Corsi et al.,
2000; Harfe et al., 1998b). Therefore, it is unlikely that the
SM/CC cell fate decision is strongly affected in sel-12
and in lin-12(n676n930) mutants raised at 25°C. Based on
the expression of late sex muscle-specific markers, like
ceh-24::gfp, egl-15::gfp, as well as on the marker for termi-
nally differentiated muscles, myo-3::.gfp (GFP under the
control of the myosin promoter), the sex muscle specifica-
tion is also probably not affected. We therefore conclude
that sel-12-mediated lin-12 signalling is required for sex
muscle morphogenesis and attachment rather than for the
execution of sex muscle fate. However, sel-12 has to be
active prior to terminal differentiation in the sex muscles,
since unc-54::sel-12 and myo-3::sel-12 transgenes, which
are only expressed in terminally differentiated muscles,
were not able to rescue the egg-laying defect in sel-12
mutants. This is further corroborated by the fact that the
promoter we used for efficient rescue, hlh-8, is switched off
once the uterine and vulval muscles are differentiated
(Harfe et al., 1998b).

The lin-12 null mutant animals have fully penetrant cell
specification defects in the SM/CC and the AC/VU deci-
sion. sel-12 null mutants have been shown to reduce lin-12
signalling. It has been proposed that hop-1;sel-12 double
null mutants have two ACs, indicative of a defective
AC/VU decision. Maternal contribution of hop-1 is not
sufficient to rescue the AC/VU defect (Berry et al., 1997; Li
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lin-12 activity
needed

high
sex muscle function

nr-cell induction

VU/AC decision

SM/CC decision

low

FIG. 6. Distinct signalling events require different levels of lin-12
activity. Different developmental decisions discussed in the text
are ordered according to their sensitivity towards alterations (re-
ductions) in lin-12 activity. The criterion for the order given is the
penetrance of defects in lin-12, sel-12, and aph-2 (Levitan et al.,
2001) null alleles and in lin-12 and sel-12 hypomorphic alleles. VPC
specification is not included, since it is not affected in sel-12
mutants (Levitan and Greenwald, 1995), but probably requires
similar levels of lin-12 signalling as the AC/VU decision.

and Greenwald, 1997; Westlund et al., 1999). In contrast,
we show here that either maternally contributed hop-1 or
sel-12 is sufficient to generate SMs, indicated by the pres-
ence of the correct numbers of cells that express an
hlh-8::gfp marker gene. However, neither the sex muscle
patterning defects nor the 7 cell defects, that are both 100%
penetrant in the double mutants, can be rescued maternally.

We therefore suggest that there exist two types of LIN-12
signalling events that require different amounts of sel-12/
hop-1 presenilin and lin-12 activity. One type of LIN-12
signalling allows two initially equipotent cells to acquire
different fates, a well-understood function termed lateral
inhibition (Greenwald, 1998; Greenwald and Rubin, 1992).
This type of LIN-12 signalling requires initially a small
difference in LIN-12 activity in the opposing cells, which is
then magnified and stabilised through feedback loops. For
such feedback mechanisms, the initial total amount of
LIN-12 signalling in both cells involved should be less
important than the fact that a small difference can be
generated. Both the AC/VU and the SM/CC cell fate deci-
sions belong to this category of LIN-12 cell-cell signalling,
explaining why they are rather insensitive to an overall
reduction in lin-12 (and sel-12) activity (Fig. 6). The fact that
there is a higher amount of lin-12 (and sel-12) activity
required for proper = cell induction and sex muscle
morphology/attachment suggests that this mode of LIN-12
signalling, unlike the lateral inhibition required in AC and
VPC, is unidirectional and inductive (Newman et al., 1995).
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Based on the analysis of the sel-12 Egl defect, we conclude
that sex muscle morphology and attachment are the most
sensitive events that respond to changes in LIN-12 signal-
ling activity.

Many aspects of presenilin and Notch functions are
conserved in evolution, and evidence is accumulating that
presenilins may have a similar role in muscle development
in vertebrates. Both the presenilins and at least three
different Notch receptor genes are expressed in the vascular
smooth muscle cells (VSMC) (Krebs et al., 2000). Further-
more, Notch activity in these cells is most likely also
required postembryonically, since the receptors and some
of their downstream effector genes are constitutively ex-
pressed in adult VSMC (Wang et al., 2002). In addition, PS1
is involved in mesodermal patterning in vertebrates, and
PS1-deficient mice develop multiple hemorrhages (Shen et
al., 1997). Given the striking conservation of the Notch
pathways in nonvertebrates and vertebrates, we suggest
that C. elegans offers an animal model in which we can
study in detail both the genetics and the cellular conse-
guences on myogenesis of mutations in the Notch/
presenilin pathway.
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Presenilins are part of a protease complex that is
responsible for the intramembraneous cleavage of the
amyloid precursor protein involved in Alzheimer’s
disease and of Notch receptors. In Caenorhabditis ele-
gans, mutations in the presenilin sel-12 result in a
highly penetrant egg-laying defect. spr-5 was identified
as an extragenic suppressor of the sel-12 mutant
phenotype. The SPR-5 protein has similarity to the
human polyamine oxidase-like protein encoded by
KIAA0601 that is part of the HDAC-CoREST -co-
repressor complex. Suppression of sel-12 by spr-5
requires the activity of HOP-1, the second somatic
presenilin in C.elegans. spr-5 mutants derepress hop-1
expression 20- to 30-fold in the early larval stages
when hop-1 normally is almost undetectable. SPR-1, a
C.elegans homologue of CoREST, physically interacts
with SPR-5. Moreover, down-regulation of SPR-1 by
mutation or RNA interference also bypasses the need
for sel-12. These data strongly suggest that SPR-5 and
SPR-1 are part of a CoREST-like co-repressor com-
plex in C.elegans. This complex might be recruited
to the hop-1 locus controlling its expression during
development.

Keywords: Alzheimer’s disease/C.elegans/Notch/
presenilins/suppressor genetics

Introduction

Mutations in the presenilins PS1 and PS2 account for the
majority of early-onset familial Alzheimer’s disease
(Selkoe, 2001). These mutations lead to the aberrant
processing of the amyloid precursor protein (APP) and the
generation of increasing amounts of the highly amyloido-
genic form of AP, the amyloid B-peptide. AP is the
predominant component of the plaques found in the brains
of Alzheimer’s patients. Presenilins are polytopic trans-
membrane proteins that are part of the proteolytic -
secretase complex that liberates AP. Apart from their role
in APP processing, presenilins are also required for
proteolytic processing of the Notch receptors in their
transmembrane domain. Ligand-induced cleavage and
release of the intracellular domain of the Notch receptor
(NICD) are crucial for nuclear Notch signalling (Struhl

© European Molecular Biology Organization

and Adachi, 1998). In agreement with these results, in all
organisms tested so far, the loss of presenilin activity leads
to phenotypes that resemble that of Notch loss-of-function
mutants (Fortini, 2001).

Similarly to humans, Caenorhabditis elegans has two
somatically expressed presenilin genes, hop-1 and sel-12
(Levitan and Greenwald, 1995; Li and Greenwald, 1997).
hop-1 and sel-12, like PS1 and PS2, show redundant
activities since only double mutants display phenotypes
associated with a complete loss of Notch signalling in
C.elegans (Li and Greenwald, 1997; Westlund et al.,
1999). A sel-12 null mutant can be rescued by transgenic
expression of hop-1 (as well as either of the human PS1 or
PS2). sel-12 is expressed rather uniformly at all develop-
mental stages, while hop-1 expression is very weak and
could not be detected by reporter gene fusions (Westlund
et al., 1999). Probably as a consequence of these different
levels of expression, hop-I mutants are viable with no
obvious phenotype, whereas sel-12 mutants display, along
with other more subtle defects, an egg-laying (Egl) defect.
The sel-12 Egl phenotype is caused by reduced LIN-12/
Notch signalling, resulting in the failure to form a proper
vulva—uterine connection (Cinar et al., 2001) and in sex-
muscle patterning defects (Eimer et al., 2002).

One approach to identify new molecules involved in the
regulation of presenilin activity or molecules that are able
to bypass the need for presenilin activity is to perform
genetic screens for suppressors of the Egl defect of sel-12
mutant animals. Two sel-12 suppressors have been
described already. Mutations in the C.elegans gene
sel-10 directly influence LIN-12/Notch signalling by
enhancing the half-life of the intracellular signalling
domain of LIN-12 (Wu et al., 1998). The F-box/WD40
repeat protein SEL-10 is part of a ubiquitin ligase complex
that mediates the ubiquitylation and degradation of the
activated nuclear NICD (Lai, 2002). In contrast, the
suppressor mutant spr-2 does not influence LIN-12/Notch
signalling directly but requires HOP-1 activity in a manner
that has not been characterized (Wen et al., 2000) but
obviously does not affect the level of its transcription.
SPR-2 belongs to a family of nuclear assembly proteins
(NAPs) which have been implicated in chromatin
remodelling and cell cycle control. The different modes
of action of sel-10 and spr-2 function suggest that there
exist distinct mechanisms to suppress sel-12.

The functional conservation of presenilins suggests
that a third possible mechanism to suppress the sel-12
mutant phenotype could involve transcriptional up-regu-
lation of the expression of the second presenilin, in this
case hop-1. Therefore, second site suppressors of sel-12
could include mutations in transcriptional activators that
render them hyperactive, or mutations in repressors or
repressor complexes that eliminate the down-regulation of
hop-1.
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Fig. 1. Physical map of the spr-5 region on LGI. The location and the
extension of the fosmids H1404, H37019 and H18N7 relative to the
Y40BI1B locus, as well as their rescuing activity, are indicated. The
scale bar below represents base pairs.

It is becoming increasingly obvious that histone
deacetylase (HDAC)-containing repressor complexes are
required for both transient and persistent transcriptional
silencing of selected genes. Notably, HDAC complexes
play an important role in the Notch-mediated transcrip-
tional silencing of downstream genes (reviewed in Mumm
and Kopan, 2000). HDACs associate with several distinct
complexes, including the Sin-associated protein (SAP)
complex and the nucleosome remodelling and histone
deacetylation (NURD) complex, which exhibits ATP-
dependent chromatin-remodelling activity (Jepsen and
Rosenfeld, 2002). Recently, yet another HDAC complex
was identified containing the transcriptional co-repressor
CoREST and protein KIAA0601, which is a putative
flavin—adenine dinucleotide (FAD)-dependent enzyme of
still unknown function.

We report here the identification of two new suppressors
of the Egl defect of sel-12 mutant C.elegans animals, spr-5
and spr-1. The analysis of spr-5 revealed that it acts by de-
repession of hop-1 expression in developmental stages
where hop-1 normally is not expressed. Therefore, sel-12
presenilin activity is replaced by hop-1 activity. SPR-5
exhibits homology to the human polyamine oxidase
(PAO)-like protein KIAAO0601, which is an integral
component of the CoREST co-repressor complex. Our
screens also identified byl33, an spr-1 allele that, like
RNA interference (RNAi) inhibition of a C.elegans
homologue of CoREST, phenocopies the spr-5 suppressor
function. Furthermore, we show that D1014.8/SPR-1
forms a complex with SPR-5. We suggest that a
CoREST-like co-repressor complex also exists in
C.elegans and participates in the transcriptional repression
of the presenilin hop-1 during development.

Results

spr-5 suppresses the sel-12 Egl phenotype in a
non-allele-specific way

In a screen using the mutator strain sel-12(arl71) unc-
1(e538); mut-7(pk204), we recovered a mutation on
chromosome I, byl0I, that suppressed the Egl defect of
sel-12(arl71) hermaphrodites. Genetic mapping of the
mutant loci placed the suppressor in the interval between

Table 1. spr-5 bypasses the need for sel-12 in a non-allele-specific

way

Genotype Pvl (%) Egl (%) Broodsize n
Wild-type N2 0 0 316 £ 8 20
sel-12(arl71) 80 100 62 7 25
sel-12(arl71); spr-5(byl13) 0 5 188 = 15 20
sel-12(ar171); spr-5(by128) 10 15 230 = 20 20
sel-12(arl71); spr-5(byl134) 10 10 219 £ 12 20
sel-12(ar171); spr-5(by101) 5 10 208 £ 15 40
sel-12(1g1401); spr-5(by101) 0 5 214 = 12 19
sel-12(ar131); spr-5(by101) 0 5 231 = 17 20
spr-5(byl01) 0 0 276 = 12 27

unc-101 and unc-59 close to unc-59 (Figure 1; for details
see Materials and methods). As it complements the
previously mapped but not yet cloned presenilin suppres-
sor spr-4(ar208) on LGI (Wen et al., 2000), the mutant
locus we found corresponds to a new gene, which we
will refer to as spr-5. Subsequently, we identified five
additional alleles of spr-5 in similar screens using
chemical mutagens (details of the experimental pro-
cedures will be published elsewhere; B.Lakowski and
R.Baumeister, unpublished data).

All spr-5 mutants result in a very strong suppression of
all aspects of the sel-12 Egl defect. Eighty-five to 95% of
all spr-5; sel-12 animals are non-Pvl and non-Egl (Table I).
Furthermore, the brood size of these animals is much
larger than that of sel-12 and is in the range of that of the
wild type (Table I). spr-5 mutations suppress all sel-12
alleles tested (Table I): arl71, a truncation after the fifth
transmembrane domain (W225stop); ari31, a C60S
missense mutation (Levitan and Greenwald, 1995); and
1g1401, a deletion of sel-12 and part of the promoter that is
a clear null allele (Eimer et al., 2002; Table I). This
indicates that the mechanism of suppression is not allele
specific and does not depend on the presence of SEL-12
protein.

In addition, as opposed to sel-12 animals, spr-5; sel-12
hermaphrodites also lay eggs in response to the drugs
serotonin and imipramine, suggesting that they have a
functional egg-laying system that can be stimulated
pharmacologically (Trent et al., 1983). spr-5 mutations
also restore male mating that is defective in sel-12 males
(Eimer et al., 2002). Therefore, spr-5 rescues not only the
structural defects of the egg-laying system of sel-12
animals, but also the functional defects.

When genetically separated from sel-12 alleles, spr-5
mutants alone display no obvious phenotype, suggesting
that spr-5 is a specific suppressor of sel-12. Neither egg-
laying, egg motility nor other behaviours were different
from those of wild-type animals under the conditions
tested (data not shown). In addition, the brood size of all
spr-5 alleles is in the range of wild type (Table I).

spr-5 mutants do not enhance LIN-12/Notch
signalling directly

In order to determine the mechanism of suppression, we
first tested whether lin-12 is the prime target of spr-5
genetic interactions. Since sel-12 mutations reduce LIN-12
signalling, spr-5 mutations might act by increasing LIN-12
expression or activity. From other experiments not
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Table II. Genetic interactions of spr-5 with lin-12 and hop-1

sel-12 suppression by spr-5 is dependent on hop-1

Genotype
sel-12(arl71); hop-1(1g1501 )*
sel-12(arl71); hop-1(ig1501) spr-5(byl101)*

sel-12(ar171); hop-1(lg1501)°
sel-12(ar171); hop-1(1g1501) spr-5(by101)°

No. of sterile/total (%)
36/36 (100%)

43/43 (100%)

No. of Egl/total (%)
50/50 (100%)

48/49 (98%)°

No effect on the 0 AC defect caused by elevating lin-12 activity

Genotype
lin-12(n302)/ unc-32(el89)
lin-12(n302)/ unc-32(el89); spr-5(by101)

No. of Egl/total (%)
40/79 (51%)
771141 (55%)

No enhancement of a /in-12 hypomorphic mutation

Relevant genotype
lin-12(n676n930)
lin-12(n676n930)3; spr-5(byl01)

No. of Egl/total (%) at 25°C
50/50 (100%)
50/50 (100%)

aThese animals segregated from sel-12(arl71); hop-1(I1g1501)/unc-73(e936) or sel-12(arl71); hop-1(ig1501) spr-5(by101)/unc-73(e936) spr-5(by101)

mothers. The genotype is therefore: sel-12 m~ z~; hop-1 m* z~.

"These animals segregated from sel-12(arl71) unc-1(e538)/++; hop-1(lg1501) or sel-12(arl71) unc-1(e538)/++; hop-1(1g1501) spr-5(by101) mothers.

The genotype is therefore: sel-12 m* z=; hop-1 m™ z~.
“One animal was sterile.

dThis strain also carries an unc-32(el89) mutation that is linked to lin-12. The Egl phenotype was scored with animals raised at 25°C.

reported here, we had concluded that mRNA levels
expressed from both C.elegans Notch genes, lin-12 and
glp-1, did not differ between wild type and the spr mutants
we had recovered in our screens (B.Lakowski and
R.Baumeister, unpublished data). Therefore, it is unlikely
that spr-5 mutants act by transcriptional up-regulation of
Notch expression. The [lin-12(n676n930) reduction of
function allele displays a temperature-sensitive Egl defect
(Sundaram and Greenwald, 1993), which is similar to the
sel-12 Egl phenotype (Eimer et al., 2002). Therefore, we
wondered whether spr-5 might suppress the Egl defect of
lin-12(n676n930) at 25°C. However, spr-5 did not rescue
any aspect of the lin-12(n676n930) Egl defect (Table II).
We also tested whether spr-5 is able to enhance another
well-characterized process that is defective in [lin-12
mutants, the AC/VU decision (Greenwald et al., 1983).
In the AC/VU decision, two initially equipotent cells of the
somatic gonad adopt different cell fates through a LIN-
12-dependent process called lateral inhibition. The
lin-12(n302) gain-of-function allele is vulva-less and
therefore Egl, because it develops two VU cells at the
expense of an AC (Greenwald et al., 1983). As the
lin-12(n302) mutation is semi-dominant, 50% of the hetero-
zygote animals are Egl. spr-5 mutants show no increase in
the 0 AC phenotype in heterozygotes, indicating that the
LIN-12-dependent lateral inhibition is also not affected in
spr-5 mutants (Table II). From these results, we conclude
that spr-5 does not directly influence any of the character-
ized modes of LIN-12 signalling. Therefore, we consider
it unlikely that spr-5 suppresses sel-12 by directly up-
regulating LIN-12 signalling.

The suppressor activity of spr-5 requires functional
HOP-1 presenilin

To determine whether spr-5 bypasses the need for
functional presenilins in LIN-12 signalling or may act

through modulating the activity of the second presenilin
hop-1, we constructed hop-1 spr-5; sel-12 triple mutants.
Both sel-12 and hop-1 have partial maternal effects, so the
phenotype of hop-1; sel-12 double mutants depends on
how they are constructed. Double mutant animals that
have maternally supplied hop-1 are sterile, whereas, if
sel-12 is provided maternally, hop-1; sel-12 mutants
become Egl, with embryos that do not hatch (Westlund
et al., 1999). hop-1 spr-5; sel-12 triple mutants, with
maternally supplied sel-12, are also Egl (Table II) and only
produce dead embryos. Furthermore, triple mutants with
maternally supplied hop-1 are sterile like the similarly
constructed sel-12; hop-1 double mutants (Table II). We
therefore conclude that spr-5 mutants require hop-1
activity for sel-12 suppression.

Molecular cloning of spr-5
Initially, spr-5 was mapped near unc-59 on the right arm of
chromosome I (Figure 1). A Tc3 transposon was found to
co-segregate with the suppression phenotype in
spr-5(byl101) (for details see Materials and methods).
Sequencing of the genomic DNA flanking the transposon
revealed that the Tc3 had inserted into the seventh exon in
codon 606 of the predicted reading frame Y40B1B.6
(Figure 1). When injected into sel-12; spr-5 animals,
fosmids H1404 (four out of four transgenic lines) and
H37019 (five out of six transgenic lines) that contain the
entire coding region of Y40B1B.6 rescued the spr-5
mutant phenotype, and restored a sel-12 phenotype (Egl).
In contrast, fosmid H18N7 that terminates after the sixth
exon of Y40B1B.6 was not able to rescue the suppression
by spr-5 (none out of three transgenic lines), suggesting
that Y40B1B.6 indeed corresponds to spr-5 (Figure 1).
Further analysis of the genomic organization of the open
reading frames (ORFs) on Y40B1B indicated that the
genes Y40B1B.§8, Y40B1B.5 and Y40B1B.6/spr-5 belong
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C. elegans S';1 by119 by101
o a2 by134|by113 (3 by139 by128
Y40B1B.8 Y40B1B.5 spr-5
C. briggsae
Identity 86% 70% 63% 2000bp
similarity 92% 78% 77%

Fig. 2. Exon—intron structure of the spr-5 operon on LGI. The specific
splice leader and the locations of the mutations in the different spr-5 al-
leles are shown. In addition, the organization of the homologous operon
in C.briggsae is included, along with the identity and similarity scores
of the C.elegans and C.briggsae proteins.

to an operon consisting of three genes (Figure 2). In
operons, the downstream genes are frans-spliced to a 22
nucleotide splice leader SL2 (Spieth et al., 1993), whereas
the most upstream gene is trans-spliced to an SL1 splice
leader. We used RT-PCR with SL1 and SL2 primers to
determine the 5" ends of all three putative ORFs. We found
that Y40B1B.8 is spliced exclusively to SL1, Y40B1B.5 is
trans-spliced to a mixture of SL1 and SL2, and Y40B1B.6/
spr-5 is spliced primarily to SL2 (Figure 2). The existence
of a three-gene operon containing spr-5 is supported
further by DNA array data (Blumenthal er al., 2002).
Based both on their orientation and their encoded amino
acid sequence, these three genes are highly conserved in
the related nematode Caenorhabditis briggsae, consistent
with being in an operon. However, the exon—intron
structure of the C.elegans and C.briggsae genes differs
to some extent (Figure 2). Although the genes are highly
conserved on a protein level, Y40B1B.8 contains seven
exons in C.elegans compared with nine in C.briggsae, and
the fourth exon of Y40B1B.6/spr-5 is represented by two
exons in C.briggsae (Figure 2).

We examined in all spr-5 alleles the expression of the
two downstream reading frames of the operon. On a mixed
stage northern blot, most spr-5 alleles show clear
alterations in either the size and/or the intensity of bands
detected with an Y40B1B.6 probe, and no obvious
differences in the transcript of Y40B1B.5 (Figure 3). To
support this notion further, we performed RNAi experi-
ments against each of the three genes in this operon by
bacterial feeding of double-stranded RNA (dsRNA)
(Timmons and Fire, 1998; Timmons et al., 2001).
Although it has been reported that RNAi may also target
the pre-mRNA (Bosher et al., 1999), only the dsRNAi
against spr-5/Y40B1B.6 led to suppression of the Egl
defect of sel-12 animals that is typical for the different
spr-5 alleles (Table III). dsRNAi against any of the
upstream genes was not able to suppress the Egl defect of
sel-12 (Table III). Therefore, we conclude that spr-5 is
Y40B1B.6. Subsequently, we confirmed the genomic
structure predicted in Wormbase by sequencing.
Y40B1B.6/spr-5 encodes a protein of 770 amino acids
(Figure 4A). The positions of all mutations and alterations
found in the various spr-5 alleles are shown in Figures 2
and 4A.
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Fig. 3. Northern blot of mixed staged total RNA from the different
alleles probed with spr-5, YA0B1B.5, and ama-1 as a loading control.

spr-5 is homologous to amine oxidases found in
transcriptional repressor complexes

SPR-5 exhibits strong similarity to a large class of FAD-
dependent amine oxidases. SPR-5 is most similar to the
class of FAD-dependent PAOs (Figure 4). The PAOs are
found in all organisms from bacteria to mammals and
plants, and catalyse the oxidation of secondary amine
groups of straight chain aminoalkanes (Sebela et al.,
2001). Despite the differences in the site of action on the
secondary amine group between plants and mammals,
PAOs are monomeric soluble enzymes with non-cova-
lently bound FAD cofactor (Seiler, 1995). All PAOs have
a two-domain organization, with one domain binding the
FAD cofactor while the other binds the substrate (Binda
et al., 1999, 2001). Even though they only share 20-30%
identity, the maize PAO has the same three-dimensional
structure as the vertebrate monoamine oxidase, known to
act on primary amines (Binda et al., 2002). SPR-5 and the
maize PAO share the same FAD-binding signature motif
(Dailey and Dailey, 1998), and the residues known to bind
the FAD cofactor in maize PAO are conserved (Binda
et al., 1999), while those residues that recognize the
substrate are not conserved (Binda et al., 2001). Therefore,
we conclude that it is likely that SPR-5 binds FAD as a
cofactor while the substrate specificity may have
diverged.

SPR-5 defines a subfamily of the PAOs along with a
second C.elegans protein TO8D10.2, the Drosophila
melanogaster protein encoded by expressed sequence tag
(EST) CG17149 and the human protein encoded by EST
KIAA0601 (Nagase et al., 1998). Members of this
subfamily of proteins are more similar to each other than
to the maize PAO (Figure 4A and B). SPR-5 has 27%
amino acid identity (45% similarity) to hKIAA0601 and
Dm CG17149, whereas it has 44% identity (62% similar-
ity) to the C.elegans paralogue. The protein that corres-
ponds to KIAA0601 was co-purified as an integral
component of the human CoREST-HDAC complex
(Tong et al., 1998; Humphrey et al., 2001; You et al.,
2001). The CoREST complex was shown to be a
functional co-repressor that is required for REST-medi-
ated repression of neuronal genes in non-neuronal cells
(Andres et al., 1999, Ballas et al., 2001; Griffith et al.,
2001). Additional components of the human CoREST
complex are HDACs 1 and 2 and the SANT domain
protein CoREST (Humphrey et al., 2001; You et al.,
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Table III. Summary of dsRNAi feeding experiments

RNAIi RNAI phenotype in strains
construct

Wild type sel-12(arl71) sel-12(arl31)
- wt (15/15) Egl (10/10) Egl (10/10)
spr-5 wt (10/10) Non-Egl (39/40)? Non-Egl (20/20)
Y40B1B.5 wt (10/10) Egl (20/20) Egl (20/20)
Y40B1B.8 wt (10/10)° Egl (20/20)° Egl (20/20)°
T08D10.2 wt (11/11) Egl (20/20) Egl (20/20)
D1014.8 wt (10/10) Non-Egl (30/30) ND
Y74C9A.4 wt (10/10) Egl (30/30) ND

20ne animal was sterile.
"There were sick worms on the plates at a low penetrance.

2001), which binds to the zinc finger factor REST (Andres
et al., 1999; Ballas et al., 2001). REST recruits the
CoREST complex to specific DNA sites, suggesting that
the complex may regulate individual genes.

Loss of spr-5 leads to derepression of hop-1
expression

Due to the sequence similarity of SPR-5 to a member of a
complex involved in transcriptional repression, it is
possible that SPR-5 may have a similar function in
C.elegans. Thus, we searched for candidate target genes in
the Notch signalling pathway that may be regulated by
spr-5. The suppression of sel-12 by spr-5 was shown not to
up-regulate LIN-12/Notch signalling but was dependent
on hop-1 activity. Since hop-1 and sel-12 are functionally
redundant, hop-1 was an attractive candidate for spr-5-
mediated transcriptional regulation. Therefore, we ana-
lysed the stage-specific transcriptional regulation of hop-1
by northern blot analysis. sel-12 is ubiquitously expressed
at high levels throughout all developmental stages
(Baumeister et al., 1997). In contrast, hop-1 expression
dramatically changes throughout development. hop-1 is
almost undetectable in the L1 and L2 larvae and its
expression gradually increases throughout further devel-
opment and reaches a maximum at the adult stage
(B.Lakowski and R.Baumeister, unpublished data). As a
consequence of the high expression levels in the adult
stage, probably a high level of hop-1 mRNA is supplied to
the embryo maternally. In sel-12 mutant animals, hop-1
expression levels are indistinguishable from wild-type
levels, suggesting that sel-12 does not control hop-1
expression at the transcriptional level. Next, we investi-
gated hop-1 expression in spr-3; sel-12 suppressor strains.
hop-1 expression was detectable already in the L1 stage,
while it is almost absent in wild-type L1 animals
(Figure 6). The up-regulation of hop-1 expression was
between 20- and 30-fold depending on the spr-5 allele
tested and independent of the presence of sel-12 (data not
shown). spr-5 is expressed in all stages at nearly the same
level, indicating that it may act as a general co-repressor
(Figure 5).

These data suggest that spr-5 is required to repress
hop-1 expression in the first larval stages and that loss of
spr-5 leads to a derepression of hop-1 in these stages.
Derepression of hop-1 expression is sufficient to replace
the lack of sel-12 activity and, therefore, suppresses the
Egl phenotype of the sel-12 mutants.

Presenilin suppressors

A CoREST-like complex might be involved in
transcriptional repression of hop-1

If SPR-5 functions in a HDAC-CoREST complex of
transcriptional regulation, then one might assume that
manipulating the expression of other members of this
complex should result in a phenotype similar to that of
spr-5 mutants. We identified two predicted open reading
frames, D1014.8 and Y74C9A.4, encoding proteins with
similarity to CoREST. dsRNAi experiments were per-
formed for both genes in a sel-/2 mutant background
(Table IIT). RNAi against Y74C9A.4 did not reveal any
novel phenotype in a sel-12 background. Strikingly,
however, dsRNAi against D1014.8 suppressed the sel-12
Egl defect as strongly as spr-5 (Table III). D1014.8 maps
to a genomic region on LGV where another sel-12
suppressor, spr-1, was mapped previously (Wen et al.,
2000), suggesting that D1014.8 corresponds to spr-1.

In our screens for sel-12 suppressors, we had identified a
mutant with properties similar to spr-5 alleles. We had
mapped this suppressor allele, byl33, close to D1014.8,
suggesting that it might encode an allele of spr-1. To
determine if byl/33 is an allele of spr-1, we performed
rescue experiments with the cosmid D1014 using an
spr-1(byl33); sel-12(arl71) strain. Seven of seven trans-
genic F, lines clearly and profoundly rescued the
spr-1(byl33)-mediated suppression of sel-12.
Subsequently, we sequenced the coding region of the
byl133 mRNA and found that it contains a T—A mutation
at position 4905, converting a TTA (leucine) to TAA
(stop). This mutation truncates the protein at amino acid
301 after the first SANT domain, but before the second
SANT domain. Thus, mutations in two members of the
CoREST complex suppress the presenilin defect in
C.elegans.

RNAI against the three C.elegans class I HDACs hda-1,
hda-2 and hda-3, alone or in combination, resulted in a
pleiotropic phenotype that was difficult to interpret. This
result was not unexpected since it had been shown before
that these HDAC:s in C.elegans are involved in a variety of
different functions in different cell types (Dufourcq et al.,
2002). Interestingly, RNAi against hda-1/gon-10 resulted
in multiple defects affecting the egg-laying system, but
also in sterility, which prevented the monitoring of sel-12
suppression.

Complex formation is one prerequisite of the concerted
activity of PAO and CoREST in human cells. Although
our genetic data already strongly suggest a similar function
for C.elegans SPR-1/CoREST and SPR-5/PAO, we tested
whether both proteins are able to interact physically. A
GST-MYC-SPR-5 protein fusion was used to probe
protein interaction with SPR-1/CoREST by co-immuno-
precipitation experiments. For this purpose, GST-SPR-5
expressed in Sf9 insect cells, immobilized on
glutathione—Sepharose and incubated with 3°S-labelled
SPR-1 was in vitro translated in a reticulocyte lysate
system. Protein binding was analysed by SDS-PAGE and
western blots (Figure 7). Our results demonstrate that
SPR-5/PAO binds specifically to SPR-1/CoREST, corrob-
orating previous results (obtained with the human factors)
that both proteins are components of the same protein
complex. Interaction was subsequently confirmed by yeast
two-hybrid experiments (S.Eimer, data not shown).
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Discussion

From a screen for extragenic suppressors of the Egl defect
of sel-12 mutant animals, we identified spr-5. The quality
of suppression by spr-5 is remarkably high and is
dependent on the activity of the second C.elegans
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presenilin gene, hop-1. However, spr-5 shows no genetic
interaction with /in-12/Notch. It is therefore unlikely that
spr-5 mutations act by up-regulating the /in-12/Notch
pathway as was demonstrated for sel-10. Interestingly, the
quality of suppression by spr-5 mutants is significantly
higher than that of se/-/0 mutants. It has been shown that
the inability of sel-12 mutant animals to lay eggs is caused
by two separate defects in the egg-laying apparatus. sel-12
mutants do not form a proper vulva—uterine connection
(Cinar et al., 2001) and have impaired sex-muscles (Eimer
et al., 2002). Therefore, the action of a suppressor is
required in two unrelated tissues at different time points in
development. We suggest that full suppression of the
sel-12 presenilin defect would be rather difficult to
accomplish by adjusting the different levels of LIN-12/
Notch signalling in both tissues. However, the same effect
can be accomplished if the defective presenilin is replaced
with the (functionally equivalent) hop-1 by increasing the
expression of the latter. Therefore, suppressor screens like
we and others have performed are more likely to reveal
hop-1-dependent suppressor mutants.

We demonstrate that spr-5 acts by derepressing hop-1
expression. hop-1 expression normally is repressed in the
first two larval stages and then gradually is expressed more
strongly until adulthood, where expression is strongest

B ___ apro N
B PAO1 FAD cont.
—|:Zm PAO polyamine
B PAOZ oxidases
hs PAO2 -
Ce spr-5 7]
—: Ce T08D10.2
Dm CG17149 KIAADGOT
related
hs KIAA0601
CpMAOA 7
hs MAO A
RnMAOA monoamine
CpMAOB oxidases
hs MAO B
Rn MAO B
Ce B0019.1
Sc FMS1
Ce C24G6.6 C. elegans
Em F25C8.2 FAD cont.
Ce F55C5.6 amine oxidase like
Ce R13G10.2

Fig. 4. (A) Alignment of SPR-5 with the human KIAA0601 (DDBJ/
EMBL/GenBank accession No. BAA25527), Drosophila melanogaster
CG17149 (accession No. AAF49051), C.elegans TO8D10.2 and Zea
mays PAO (accession No. CAA05249). Identical residues are shaded in
black, whereas similar residues are shaded in grey. Asterisks indicate
the residues contacting the FAD cofactor (Binda et al., 1999), and open
circles the residues contacting the substrate (Binda et al., 2001) in the
maize PAO. Underlined is the signature motif characteristic for the
flavoprotein family (Dailey and Dailey, 1998). The positions of the
spr-5 mutations are indicated by black triangles above the sequence.
(B) ClustalW-aligned tree of the different protein families showing
homologies to PAOs. SPR-5 defines a distinct subgroup including
KIAA0601, DmCG17149 and TO8D10.2. For details on nomenclature,
see Supplementary data available at The EMBO Journal Online.
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(B.Lakowski and R.Baumeister, unpublished data). In
contrast, sel-12 is ubiquitously expressed at all stages.
Most of the known LIN-12/Notch signalling events take
place during the L2 to late L3 stage, including the AC/VU
specification, the m-cell specification for a proper vulva—
uterine connection, and sex-muscle morphogenesis (Li and
Chalfie, 1990; Newman et al., 1995; Greenwald, 1998;
Sharma-Kishore et al., 1999). Therefore, loss of sel-12
activity during L2 and L3 is most critical and is the cause
of the Egl phenotype. Why do sel-12 mutants not show a
lin-12 null phenotype, including a defective AC/VU
decision? This is probably because different thresholds
for the amount of LIN-12/Notch signalling are required for
each developmental decision (Eimer et al., 2002). The AC/
VU cell fate decision most probably needs less LIN-12/
Notch activity than m-cell induction and sex-muscle
morphogenesis and, therefore, the low hop-I expression
levels during larval stages, or the maternally supplied
hop-1, are sufficient to maintain LIN-12 activity.

As shown here, loss of spr-5 function leads to a 20- to
30-fold increase in hop-1 expression in the first larval
stages (Figure 6) most probably due to a removal of a
repression of hop-1 expression in those stages. Therefore,
hop-1 derepression occurs at precisely those stages at
which lack of sel-12 presenilin activity would be most
critical. We do not know why derepression is most
significant in L1-L3, although spr-5 obviously is ex-
pressed at all developmental stages. Probably the timing of
spr-5 dependent derepression is regulated by other, not yet
identified factors.

The mechanism of the derepression is not clear, but
might affect chromatin structure and remodelling. Another
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Fig. 5. Stage-specific northern blot of wild-type total RNA probed with
spr-5, and ama-1 as a loading control.

Fig. 6. Northern blot of L1-specific total RNA N2, sel-12(ar171) and
different sel-12(al71); spr-5 double mutants probed with hop-I- and
ama-1-specific probes. *Every spr-5 allele was in a sel-12(arl71)
mutant background.

Presenilin suppressors

known suppressor of the sel-12 Egl defect, spr-2, encodes
a protein with similarity to the Set/TAF-IB oncoprotein
found in the INHAT (inhibitor of acetyltransferase)
complex which is able to inhibit histone acetyltransferase
(HAT) activities by p300/CBP and PCAF through histone
masking (Seo et al., 2001). Genetically, spr-2 behaves
similarly to spr-5 and was also shown to be dependent on
hop-1 activity (Wen et al., 2000). However, in spr-2
mutants, hop-1 transcription does not increase, suggesting
that spr-2 and spr-5 function through separate mechan-
isms. Interestingly, both proteins might be associated with
chromatin complexes.

The proteins that are most similar to SPR-5, except for
T08D10.2, a C.elegans paralogue, are the human KIAA0601/
pl10b and a predicted protein from D.melanogaster
encoded by CG17149. All those proteins share regions of
similarity with FAD-dependent PAOs. The mutation in
spr-5(byl13) results in an exchange of a conserved glycine
residue to arginine at position 423. This allele is
phenotypically indistinguishable from the deletion alleles,
suggesting that the G423R point mutation interferes with
an essential function of the protein. Interestingly, in the
maize PAO crystal structure, this position is located in the
FAD-binding domain, close to the FAD-binding pocket
(Binda et al., 1999). The human KIAA0601 protein was
found to be an integral component of the CoREST co-
repressor complex (Tong et al., 1998; Humphrey et al.,
2001; You et al., 2001). This may indicate that the
mutation interferes with an enzymatic function of SPR-5
required for the repressor activity of such a complex.

In addition to the PAO, other HDAC—-CoREST complex
components are HDAC1, HDAC2 and the SANT domain
protein COREST (Humphrey et al., 2001; You et al., 2001;
Figure 8). CoREST, together with REST/NRSF (RE1
silencing transcription factor/neural-restrictive silencing
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r 1= 1 F W r 1 e
1 2 3 458 & 7 12 3 45 & 7 4 8 & 7
kD kD kD
190— —190 -190
120=— —— |20 -—I?j
85— = = —B5 B -5
— a0 - =0
fl— - p
—50 =50
50— e
§ —d0 —40
- o
-25 t =25
UGS OGPy anft G5 anfi myc

Fig. 7. SPR-5 and DI014.8/SPR-1 interact in  vitro.
(A) Autoradiography of 10% SDS-PAGE. Lanes 1-3 are input controls
of 33S-labelled in vitro translation reactions: empty vector (lane 1), luci-
ferase (lane 2; 61 kDa), D1014.8/SPR-1 (lane 3; 68 kDa). 3°S-labelled
luciferase and SPR-1 were incubated with GST (lanes 4 and 5), or with
GST-SPR-5 (lanes 6 and 7), respectively and analysed for binding by
SDS-PAGE and autoradiography as described in Materials and meth-
ods. Lanes 1-3 represent 12% of the input, and lanes 4 and 5, and
lanes 6 and 7 represent 25%, each, of the binding reaction.
(B) Detection of GST proteins on a western blot. The lanes are as de-
scribed in (A). The blot was probed with an anti-GST antibody. Note
that excess GST protein (100 pg; lanes 4 and 5) was used for the bind-
ing reaction compared with GST-SPR-5 (4 pg; lanes 6 and 7).
(C) Detection of GST-SPR-5 fusion protein on a western blot. Since
the GST-SPR-5 (115 kDa) fusion protein also contains a myc epitope
tag, the blot was probed in addition with an anti-myc tag antibody. The
lanes are as described in (A).
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Fig. 8. Schematic representation of the human CoREST complexes as
proposed (Humphrey et al., 2001). The components that are overlap-
ping in both purifications are highlighted in grey. The molecular iden-
tities of the different proteins and the homologues found in C.elegans
are indicated. The C.elegans proteins involved in sel-12 suppression are
highlighted in bold. SPR-3 and SPR-4 will be described elsewhere.

factor), acts to repress neuronally expressed genes in non-
neuronal cells (Andres et al., 1999; Ballas et al., 2001).
However, REST can act through multiple deacetylase
complexes, only one of them being CoREST (Griffith
et al., 2001). The existence of a CoREST complex in
C.elegans is corroborated further by the fact that our
screens also identified a mutant of spr-1/CoREST. The
similar phenotypes of spr-5 and spr-1 suggest a similar
function of both encoded proteins in the repression of early
hop-1 transcription. Our co-immunoprecipitation experi-
ments also strongly indicate that SPR-1 and SPR-5
proteins interact in C.elegans, as was shown previously
for their human homologues. Furthermore, in additional
screens not reported here, we have identified two other
sel-12 suppressors, spr-3 and spr-4, whose closest human
homologue is REST (B.Lakowski and R.Baumeister,
unpublished data). Therefore, mutations in at least four
proteins similar to components of the CoOREST-HDAC
complex are able to suppress sel-12 by up-regulating the
activity of the second presenilin, hop-1.

The fact that there exist two reading frames encoding
proteins with obvious homology to KIAA0601 (SPR-5 and
T08D10.2) and CoREST protein (D1014.8 and
Y74C9A.4), respectively, indicates that at least two
independent CoREST complexes might exist in
C.elegans that have different roles. Only one of them is
involved in the regulation of hop-1.

What is the mechanism of hop-1 de-repression by

spr-5?

The FAD-binding motif of SPR-5 is well conserved and
places SPR-5 into the superfamily of FAD-dependent
oxidases (Dailey and Dailey, 1998). It is probably inactive
in the spr-5(byl13) mutant (see above). The amino acid
sequence identities between different members of this
superfamily are normally quite low and range between 20
and 30% (Binda et al., 1999). In contrast to the FAD
domain, the substrate recognition domain is not conserved
among various members of this family and, therefore,
different oxidative reactions are catalysed by individual
amine oxidases. Although different substrates are bound,

the overall three-dimensional structures of the substrate
recognition domains of PAOs are strikingly similar to
those of monoamine oxidases (Binda et al., 1999, 2002). It
is possible, therefore, that despite its divergent substrate
recognition domain, SPR-5 might have retained a com-
parable enzymatic activity. However, in the absence of
functional data, one can only speculate about a function for
this class of PAO.

A number of different proteins with enzymatic activities
have been identified recently in HDAC complexes regu-
lating transcriptional repression. For example, both HAT
and HDAC complexes are involved in controlling tran-
scriptional regulation mediated by the Notch intracellular
domain (reviewed in Mumm and Kopan, 2000). However,
our data clearly show that SPR-1 and SPR-5 do not
regulate [in-12/Notch signalling directly. A recently
discovered family of co-repressor proteins, the
C-terminal binding proteins (CtBPs), exhibits similarity
to dehydrogenase enzymes (Chinnadurai, 2002). CtBP
adopts different conformations dependent on the cofactor
bound (NAD* or NADH), modulating its affinity for
partner proteins and, thus, the level of repression (Zhang
et al., 2002). It is possible that, upon FAD binding, a
similar mechanism is induced in the SPR-5/PAO in the
CoREST complexes. It has been suggested that KIAA0601
could, in principle, have an enzymatic activity that
involves the oxidation of amines or amino groups, such
as for example the methylation of lysine or arginine side
chains on modified histone tails (Chinenov, 2002). The
methylation of lysine residues in the histone tails has been
shown to modulate the interaction of repressor complexes
with specific regulatory sequences tails (Zegerman ef al.,
2002).

In summary, our data strongly indicate that spr-5
encodes a PAO-like factor that is part of a transcriptional
repressor complex similar to the human CoREST com-
plex. We describe for the first time a target gene that is
controlled genetically by a CoREST-associated PAO.
Caenorhabditis elegans SPR-5, most probably in a com-
plex with CoREST/SPR-1, regulates the repression of
hop-1 presenilin at early developmental stages. The
presence of two homologous proteins of each component
of the CoREST complex in C.elegans indicates that there
may exist more co-repressor complexes of this type in the
nematode, only one of them being involved in hop-I
regulation. Based on the dsSRNAi experiment, it is possible
that additional CoREST complexes might function in
other regulatory processes not related to hop-1.

Materials and methods

Strains, plasmids and molecular techniques
All strains and mutants were maintained at 20°C according to standard
procedures, if not stated otherwise. LGX, sel-12(arl71), sel-12(ar131),
sel-12(1g1401); LGI, hop-1(I1g1501), unc-73(e936), gip-4(bn2ts); LGII,
unc-4(el20); LG, mut-7(pk204) (Ketting et al., 1999),
lin-12(n676n930) unc-32(el89), unc-32(el89), lin-12(n302); LGIV,
fem-1(hcl7ts); LGVI, him-5(e1489).

Sequences of oligonucleotides and details on plasmid constructions are
listed in the Supplementary data available at The EMBO Journal Online.

Screens for extragenic suppressors of the sel-12(ar171) Egl
phenotype

A sel-12(arl71) unc-1(e538); mut-7(pk204) strain was constructed and
was maintained at 15°C and for mutagenesis shifted to 20-23°C. The
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strain was tested for the appearance of an Egl and Him phenotype and
sterility at 25°C, as described previously (Ketting ez al., 1999). During the
mutagenesis, single worms were transferred to 3.5 cm plates and kept at
20°C for two generations. The F, progeny were transferred to 9 cm plates
and screened for the appearance of eggs on the plate. The eggs or their
non-Egl, Unc mothers were picked to new plates and tested for the
inheritance of the non-Egl phenotype. Two independent mutations were
discovered in a screen corresponding to ~9600 haploid genomes.
spr-3(by110) X will be described elsewhere (B.Lakowski and
R.Baumeister, unpublished data); spr-5(byl01)I was outcrossed with
N2 and subsequently was analysed.

Transposon display and cloning of spr-5

The spontaneous mutants that showed a heritable suppression of the
sel-12 Egl defect were outcrossed with N2 six times. The remaining
transposons with their flanking sequences were displayed by PCR as
described previously (Wicks et al., 2000). Genomic DNA from the
sel-12(ar171) and sel-12(arl71); spr-5(byl01) strains was prepared and
digested with Sau3A. The digested DNA was ligated to an adaptor, and
transposons were displayed following the Transposon Insertion Display
protocol (http://genomics.niob.knaw.nl/) and identified Y40B1B.6 as the
insertion locus of the transposon. To isolate a fosmid including
Y40B1B.6, we hybridized a fosmid filter grid (kindly provided by Alan
Coulson, Cambridge) with Y40B1B.6-specific radioactively labelled
PCR products. Three positive fosmids were found that contain the
identical genomic region except for differences around Y40BIB.6.
Hl1404 and H37019 contain the whole coding region of Y40BI1B.6
(DDBJ/EMBL/GenBank accession No. AY152852), whereas H18N7
terminates after the sixth exon of Y40B1B.6 (Figure 1).

Transgenic lines and rescue

As there was only one yeast artificial chromosome, Y40B1, available
containing the genomic region of spr-5, we screened a C.elegans fosmid
filter grid kindly provided by Alan Coulson for fosmids including spr-5.
For that purpose, the filter grid was probed with two PCR products
corresponding to the 5" (RB927/RB928) and 3’ end (RB828/RB944) of
the spr-5 ¢cDNA. Two fosmids, Hl404 and H37019, were found to
hybridize to both probes, whereas HI8N7 was only positive for the 5'-
specific probe. To determine whether the spr-5-containing fosmids are
able to revert the Egl suppression by sel-1(arl71); spr-5(by101) double
mutants, they were injected individually at 10 ng/ul along with the rol-
6(d) co-injection marker pRF4, at 100 ng/ul, using standard transform-
ation techniques (Mello et al., 1991).

Identification of spr-1

Genetic mapping confirmed that by/33 is an allele of spr-1 (Wen et al.,
2000; S.Jarriault and I.Greenwald, personal communication) . To rescue
spr-1, we injected a spr-1(by133); sel-12(arl71) strain with the cosmid
D1014 at 20 ng/ul with 100 ng/pul pRF4 as a co-transformation marker.
We screened the transgenic progeny for appearance of Egl-defective
animals indicating solid rescue of the spr-/-mediated Egl suppression.

Northern blotting

RNA was isolated from mixed stage plates or staged plates, and prepared
with an RNAeasy kit (Qiagen) according to the manufacturer’s
instructions. For most northern blots, 5 pug of total RNA per lane was
denatured at 65°C for 5 min and then loaded onto a 0.8% agarose RNA
gel. The gel was run overnight to separate fragments and blotted onto
Hybond N+ membranes according to the protocol of Sambrook et al.
(1989). For the L1 northern blots, 20 g of total RNA was used per lane.
Probes were labelled with [0-3?P]dCTP using a Megaprime labelling kit
according to the manufacturer’s instructions (Amersham, Freiburg,
Germany). Blots were hybridized and washed according to the procedure
of Church and Gilbert (1984) at 65°C. As a loading control, all northern
blots were probed with an ama-1-specific probe using the PCR primers
RB1186/RB1187 (Johnstone and Barry, 1996).

dsRNAi by feeding

Genes were transiently inactivated by RNAIi through feeding of the
Escherichia coli strain HT115(DE3) expressing dsRNA of the gene of
interest (Timmons and Fire, 1998; Timmons et al., 2001). The dsRNA
expression was induced as described previously (Kamath e al., 2000) and
the worms were transferred as L4 larvae onto seeded plates containing
50 pg/ml ampicillin and 1 mM isopropyl-B-D-thiogalactopyranoside
(IPTG), and kept at 20°C. The progeny were scored for the ability to lay
eggs. A plate was scored as non-Egl if the majority of the progeny showed

Presenilin suppressors

no protruding vulva (Pvl), solid egg-laying over 3 days and did not die
with a bag of worm phenotype.

GST purification of the GST-SPR-5 fusion protein

Sf9 lysates from GST- and GST-SPR-5-expressing cells, respectively,
were incubated with glutathione—Sepharose beads (Pharmacia, Freiburg)
for 2 h at room temperature and washed with IP buffer (25 mM HEPES
pH 7.6, 100 mM NaCl, 1 mM MgCl,, 0,1% NP-40, 10% glycerol, 1 mM
dithiothreitol, 0.5 mM EDTA, 30 uM FAD) twice. Incubation with 3S -
labelled SPR-1 produced in vitro using the TNT Coupled Reticulocyte
Lysate System (Promega, Mannheim) was carried out for 2 h at room
temperature. Subsequently, GST beads were collected by centrifugation
and washed three times with 1 ml of IP buffer, resuspended in 40 pl of
Laemmli sample buffer, and analysed by SDS-PAGE, western blotting
and autoradiography.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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Summary

Mutations in presenilin genes are associated with Familial Alzheimer’s Disease in humans
and affect LIN-12/Notch signaling in all organisms tested so far. Loss of sel-12 presenilin
activity in Caenorhabditis elegans results in a completely penetrant egg-laying defect. In
screens for extragenic suppressors of the sel-12 egg-laying defect, we have isolated mutations
in at least five genes. We report here the cloning and characterization of spr-3 and spr-4 that
encode large basic C,H; zinc finger proteins. Suppression of sel-12 by spr-3 and spr-4
requires the activity of the second presenilin gene, hop-1. Mutations in both spr-3 and spr-4
de-repress hop-1 transcription in the early larval stages when hop-1 expression is normally
nearly undetectable. Since sel-12 and hop-1 are functionally redundant, this suggests that
mutations in spr-3 and spr-4 bypass the need for one presenilin by stage-specifically de-
repressing the transcription of the other. Both spr-3 and spr-4 code for proteins similar to the
human REST/NRSF (Rel silencing transcription factor/neural-restrictive silencing factor)
transcriptional repressors. As other spr genes encode proteins homologous to components of
the CoREST co-repressor complex that interacts with REST, and the INHAT (inhibitor of
acetylfransferase) co-repressor complex, our data suggest that all spr genes may function

through the same mechanism that involves transcriptional repression of the hop-1 locus.
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Introduction

Presenilins are a class of polytopic proteins found throughout the plant and animal
kingdoms. They are part of high molecular weight complexes containing additional
components, including APH-2/Nicastrin, APH-1 and PEN-2 (Capell et al., 1998; Francis et
al., 2002; Li et al., 2000; Thinakaran et al., 1998; Yu et al., 1998). This complex assembles
and maturates in the ER and Golgi and is subsequently transported to the cell membrane
where it is required for the intra-membranous proteolytic cleavage of certain type I
transmembrane proteins. These include the amyloid precursor protein APP and Notch-type
receptors (De Strooper et al., 1999; De Strooper et al., 1998; Fortini, 2001). It has been
proposed that presenilins themselves provide aspartyl protease activity and are responsible for
the y-secretase cleavage involved in generating B-amyloid fragments from the amyloid
precursor protein (APP) (Steiner et al., 2000; Wolfe et al., 1999).

Mutations in either of the human presenilin genes, PS1 and PS2, are dominant and
cause early onset Alzheimer’s disease. They result in an increase in the ratio of the 42 amino
acid variant to the 40 amino acid variant of B—amyloid, but do not alter the total amount of
presenilin-dependent y-secretase cleavage (reviewed in (Selkoe, 2001)). The 42 amino acid
variant of B—amyloid is highly insoluble and tends to aggregate, nucleating the senile plaques
found in brains of Alzheimer’s disease patients (reviewed in (Sisodia and St George-Hyslop,
2002).

Presenilin activity is also required for the S3 cleavage of Notch receptors after ligand
binding (Struhl and Adachi, 1998). Like the y-secretase cleavage of APP, this cleavage occurs
within the transmembrane domain and releases the Notch intracellular domain (NICD). The
release of the NICD is essential for Notch signaling, because the liberated NICD fragment
enters the nucleus where it interacts with the transcription factor CSL [CBP, suppressor of
hairless, lag-1] (De Strooper et al., 1999; Song et al., 1999) and additional co-activators such
as sel-8/lag-3 or mastermind (Doyle et al., 2000; Freyer et al., 2002; Petcherski and Kimble,
2000).

The C. elegans genome encodes three presenilin genes, sel-12, hop-1, and spe-4 that
are homologous to human PS1 and PS2. spe-4 is the most divergent member of the presenilin
family and appears to have a specific role in spermatogenesis (Arduengo et al., 1998;
L'Hernault and Arduengo, 1992). The two other presenilins are much more similar to the

human homologues and are absolutely essential for signaling through the two C. elegans
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Notch-type receptors, LIN-12 and GLP-1 (Levitan and Greenwald, 1995; Li and Greenwald,
1997; Westlund et al., 1999). The absence of both se/-12 and hop-1 genes leads to a
completely penetrant lethal phenotype that resembles either a complete loss of GLP-1 or a
complete loss of LIN-12 signaling [the exact phenotype depends on how the double mutants
are constructed as both sel-12 and hop-1 have partial maternal effects, (Westlund et al.,
1999)]. On their own, mutations in #op-/ have no obvious phenotype, while mutations in se/-
12 lead to an egg-laying defect (Egl) (Levitan and Greenwald, 1995; Westlund et al., 1999).
sel-12 and hop-1 seem to have largely overlapping roles, since hop-1 can rescue the sel-12
Egl defect when expressed from a sel-12 promoter (Li and Greenwald, 1997; Westlund et al.,
1999). Not only the sequence, but also the function of presenilins is evolutionarily conserved,
as both human presenilins PS1 and PS2 can also rescue the sel-72 Egl defect when expressed
under the control of appropriate promoters (Baumeister et al., 1997; Levitan et al., 1996).

In order to understand more about the biological role of presenilins, we have been
studying the sel-12 gene in C. elegans. Mutations in sel-12 were first identified for their
ability to suppress a /in-12 gain-of-function mutation (Levitan and Greenwald, 1995). This
suggests that sel-/2 mutations reduce /in-12 signaling and that the SEL-12 protein normally
facilitates /in-12 signaling (Levitan and Greenwald, 1995). However, mutations in se/-/2 do
not completely eliminate /in-12 signaling, presumably due to residual presenilin activity
supplied by hop-1 (Li and Greenwald, 1997; Westlund et al., 1999). Different levels of LIN-
12 activity are required to control at least five post-embryonic signaling events (Eimer et al.,
2002a). In sel-12 null mutants only two of these are affected to a varying degree (Eimer et al.,
2002a)(Cinar et al., 2001). This indicates that the presenilin activity supplied by hop-1 is
sufficient for most /in-12 signaling events and that some /in-12 signaling events appear to be
more sensitive to presenilin dosage than others (Eimer et al., 2002a).

To further elucidate the function of the sel-12 gene, one can study mutations that
bypass the need for sel-12. Mutations in four genes, sel-10, spr-1, spr-2, and spr-5, have
already been shown to suppress the sel-12 egg-laying defect. Mutations in sel-10 were first
found in a screen for genes that suppresses a weak /in-12 loss of function mutant (Hubbard et
al., 1997). sel-10 is similar to the yeast gene CDC4, and acts as an E3 ubiquitin ligase that
targets the intra-cellular domains of LIN-12 and GLP-1 proteins for degradation (Gupta-Rossi
et al., 2001; Hubbard et al., 1997). sel-10 mutations also weakly suppress mutations in sel-12,
but do completely bypass the need for sel-12. In a screen similar to the one reported here,
Wen et al. have identified four genes that strongly suppress the Egl defect of sel-12

(suppressors of presenilin) and have described the cloning and characterization of one of
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them, spr-2 (Wen et al., 2000). Mutations in spr-2 almost completely bypass the need for sel-
12. The biochemical role of SPR-2 is presently unclear, but it may affect chromatin structure
and/or transcription (Wen et al., 2000).

In this paper, we report the results of several screens for strong suppressors of sel-12
and the isolation of 25 independent mutations. These mutations lie in several of the same
complementation groups identified by Wen et al. as well as in some additional genes,
indicating that neither screen has reached saturation. We also report the cloning and
characterization of two suppressor genes, spr-3 and spr-4, that code for C,H; zinc finger
proteins similar to the transcriptional repressors REST/NRSF. spr-3 and spr-4 mutants bypass
the need for sel-12 by up-regulating the transcription of the other presenilin, #op-1. Since two
other presenilin suppressors that were also identified in this screen, spr-1 and spr-3, encode
proteins of the COREST/HDAC complex (Eimer et al., 2002b; Jarriault and Greenwald, 2002)
that interacts with REST, we propose that the spr proteins assemble into one or more
repressor complexes that normally repress the hop-1 locus in the early larval stages.
Mutations in components of these complexes remove a repressor activity leading to a higher

basal level of hop-1 presenilin activity.

Materials and Methods

General handling and mutations used. Worms were handled according to standard
procedures (Sulston and Hodgkin, 1988) and grown at 20°C unless otherwise stated. The
following mutations were used:

LG I: hop-1(Ig1501), dpy-5(e61), ego-1(om71), unc-55(el170), spr-4(ar208), daf-8(el1393),
unc-75(€950), unc-101(ml), unc-59(e261)

LG V: dpy-11(e224), unc-76(e911)

LG X: sel-12(arl71, ari31, byl25, Ig1401), dpy-23(e830), spr-3(ar209), lon-2(e678), mnDp31,
mnDp32.

All mutations were obtained from the Caenorhabditis Genetics Center except sel-12(arl31)
sel-12(arl71), spr-3(ar209) and spr-4(ar208) (kindly provided by Iva Greenwald), hop-
1(lg1501) [described in Wittenburg et al., 2000], sel-12(by125) and sel-12(lg1401) [described
in Eimer et al., 2002b].
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Isolation of mutants. Ethylmethanesulfonate (EMS) and Ultra Violet
light/tetramethylpsoralen (UV/TMP) mutagenesis were done according to published
procedures (Anderson, 1995; Sulston and Hodgkin, 1988). The mutator screen is presented in
another paper (Eimer et al., 2002b). We looked in one EMS (16 000 haploid genomes) and
one UV/TMP screen (8 000 haploid genomes) for dominant suppressor mutations but did not
identify any. We screened for recessive suppressor mutations in a similar manner to (Wen et
al., 2000). Mutants were retained when the spr; sel-12(ar171) double mutants displayed
essentially wild-type egg-laying behavior and the vast majority of their progeny (>90%) did
not become Egl. All mutations were out-crossed five times before further phenotypic analysis.
For each type of screen, below are listed the mutagens used, the number of haploid genomes
screened and the mutations identified:

EMS: 24 300; by105, by107, by108, by109, byl12, byll13, byli4, byl16, byl17, byll9.
UV/TMP: 41 600; byl18, byl28, by129, by130, byl31, byl32, byl33, byl34, byl35, byl36,
by137, byl139, byl40.

Mutator generated mutations: 9 600; by101, by110.

Complementation tests. Complementation tests were done according to standard procedures
(Sulston and Hodgkin, 1988). Assignment of complementation groups:

spr-1: byl33.

spr-3: ar209, by108, by109, by110, by131(byDf1), by135, by136, byl37.

spr-4: ar208, by105, by107, byl 12, byl 14, by129, byl30, byl32.

spr-5: byl01, byl13, byl19, byl28, byl34, by139.

Uncharacterized: by116, byl17, byl18, byl40.

Genetic mapping. Suppressor mutations were genetically mapped using standard techniques
(Sulston and Hodgkin, 1988) maintaining, where possible, the spr mutation in a homozygous
sel-12(ar171) background. The position of spr-4 was refined further by single nucleotide
polymorphism (SNP) mapping done essentially as described (Jakubowski and Kornfeld,
1999).
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Transgenic rescue of spr-3 and spr-4. We injected into the strain sel-12(ar171) spr-
3(by108) to rescue spr-3 and into the strain spr-4(by105); sel-12(ar171) to rescue spr-4 and
then looked for anti-suppressor activity of injection mixes (i.e. restoration of a sel-12
phenotype). All test clones and PCR products were injected at 20 ng/ul with 100ng/ul pRF4
(rol-6) and 20ng/ul pBY218 (ttx-3::GFP, (Hobert et al., 1997)) as co-injection markers.

Gene structure of spr-3 and spr-4. We sequenced two spr-3 cDNAs, yk64e9 and yk247c5,
kindly provided by Yuji Kohara. We found that the two cDNAs have a very similar structure,
yet yk247¢5 has an additional intron in the largest exon of the gene. However, on staged
Northern blots (see Figures 2, 4A) and by RT-PCR on each developmental stage, only a
single transcript, similar in length to yk64e9, could be detected (data not shown). In the
process of sequencing the cDNAs we also discovered a sequencing error in the genomic
sequence from the cosmids F46H6 and C07A12 near the 5° end of spr-3, which put the first
ATG out of frame (data not shown). This error was communicated to the C. elegans
sequencing consortium and the genomic sequence has been updated. To determine the 5° end
of the spr-3 transcript we performed PCR on a random primed cDNA library, kindly provided
by Bob Barstead, using SL.1 and SL2 forward primers (Spieth et al., 1993) and gene specific
reverse primers (RB1080 CATACTTGACGGCATCATCGG; RB1079
CATCTGCTTCTCGCTCGAGAATCG). We found that spr-3 is trans-spliced to SL1 but not
to SL2. The SL1 specific product was sequenced and was found to start just 5’ to the 5’ends
of the two sequenced cDNAs at a predicted splice acceptor site.

To determine the structure of spr-4 we sequenced the nearly-full length cDNA, yk646c¢12, in
its entirety and found that it matched the predicted gene CO9H6.1 (Z81466) except that
yk646¢12 lacks the first five nucleotides of the ORF and the last exon starts six nucleotides
more 3’ than in the annotated CO9H6.1. As the cDNA, yk1178d11, uses a weak acceptor for
this last exon, as annotated in Wormbase [http://www.wormbase.org/], spr-4 appears to be
alternatively spliced. The two transcripts encode identical proteins except for a difference of

two amino acids in the region between the 17" and 18" zinc fingers (Figure 5C).

Comparisons with predicted Caenorhabditis briggsae genes. Access to the unpublished
draft genomic sequence of Caenorhabditis briggsae is available from the Welcome Trust
Sanger Institute (http://www.sanger.ac.uk/Projects/C_briggsae/) or from the Genome

Sequencing Center at Washington University, St. Louis
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(http://genome.wustl.edu/projects/cbriggsae/). The local synteny between C. elegans and C.

briggsae and a preliminary prediction for C. briggsae spr genes can be checked there.

The C. briggsae spr-3 gene. We identified a possible spr-3 homologue in C. briggsae on the
contig c010301474. We purified total C. briggsae mixed stage RNA with a Qiagen RNAeasy
kit according to the manufacturer’s instructions (Qiagen, Hilden). To determine its gene
structure, we performed RT-PCR with various combinations of primers. We amplified a PCR
product using the primers RB1627 TACTTGCCACTTGTGTCCAAG and RB1629
TGGTGAACTTTTCACCAGCG from reverse transcribed first strand cDNAs generated with
the primer RB1629. This PCR product was sequenced and found to contain the central and 3’
portions of the C. briggsae spr-3 gene.

Expression constructs: An spr-3::EGFP promoter fusion was made by cloning EGFP at the
spr-3 ATG behind 4kb of spr-3 promoter sequence. This construct also contained the spr-3
3’UTR. Translational fusion constructs were made by inserting EGFP into a rescuing
genomic construct either at the ATG (N-terminal fusion) or before the TAA stop codon (C-
terminal fusion), but transgenic lines generated with these constructs did not rescue spr-3 and
did not have detectable GFP fluorescence. The Baculovirus expression construct was made by
inserting the spr-3 cDNA into the transfer vector pBY 1296 (Eimer et al., 2002b) fusing a
GST-myc-tag N-terminally to spr-3. The resulting construct was co-transformed along with
linearized BaculoGold DNA (Becton-Dickinson/Pharmingen) into Sf9 cells to generate

recombinant viruses.

RNAI by feeding. We subcloned a 2.7kb HindIIl/ Xhol fragment from the cDNA yk356a2
[kindly provided by Y. Kohara] into L4440 [pPD129.36, kindly provided by A. Fire] cut
HindIll /Xhol to generate a C28G1.4 RNAI feeding vector. A full-length hop-1 cDNA was
amplified by PCR and cloned as a Smal/Notl fragment into L4440 creating pBY 1575. Genes
were transiently inactivated by RNAi through feeding of the E. coli strain HT115(DE3)
expressing double stranded RNA of the gene of interest (Timmons et al., 2001; Timmons and
Fire, 1998). The dsRNA expression was induced as described (Kamath et al., 2001) and the
worms were transferred as L4 larvae onto seeded plates containing 50pg/ml ampicillin and
ImM IPTG. After 24h the parental worm was transferred to a new plate also containing
ampicillin and IPTG. The progeny on the second RNA1 plate were then scored for the relevant

phenotypes. In the case of sel-12(ar171) animals, the parental worms were kept on the first
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RNAI plate until they died with a bag of worm phenotype and only the last progeny were
scored for the RNAi phenotype.

Northern blots. RNA was isolated from mixed stage plates or staged plates and prepared
with an RNAeasy kit according to the manufacturer’s instructions (Qiagen, Hilden). For most
Northern blots, Spug of total RNA per lane was denatured at 65 °C for Smin and then loaded
onto a 0.8% agarose RNA gel. The gel was run overnight to separate fragments and blotted
onto Hybond N+ membranes according to (Sambrook, 1989). For the L1 Northern blots, 20ug
of total RNA was used per lane. Probes were labeled with a’”P dCTP using a Megaprime
labeling kit according to the manufacturer’s instructions (Amersham, Freiburg, Germany).
Blots were hybridized and washed according to the procedure of (Church and Gilbert, 1984)
at 65 °C. All Northern blots were probed with an ama-1 specific probe (Johnstone and Barry,
1996) as a loading control. For each blot we first made a blot with Sug per lane of total RNA
and probed it with ama-1. We then used the results of this probing to adjust the amount of
RNA loaded to get equal amounts of mRNA per blot. For the quantification of relative
transcript levels, blots were placed on a storage phosphor screen (Molecular Dynamics) for
several days and were read with a Storm 860 scanner (Molecular Dynamics). The intensity of
bands was determined using ImageQuant version 4.2 (Molecular Dynamics) using the User
Method of Volume Quantitation. Volumes were adjusted for background intensity.

For staged Northern blots, worms were synchronized at the L1 stage by alkaline
hypochlorite treatment (Sulston and Hodgkin, 1988). Then synchronized L1 larvae were
spotted onto 9cm plates seeded with OP50 and allowed to grow for six hours, 18 hours, 30
hours, 42 hours and 54 hours for L1, L2, L3, L4, and young adult stages, respectively. Worms

were inspected visually before harvesting to confirm that the worms were at the correct stage.
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Results

The sel-12 suppressor screen. To isolate mutations that bypass the need for sel-12, we
performed several screens for suppressors of the egg-laying defect of se/-12(arl71) mutants,
using chemical (EMS, UV/TMP) and genetic (Eimer et al., 2002b) mutagenesis protocols.
The different screens were chosen to induce a range of types of mutations and to get some
alleles with Restriction Fragment Length Polymorphisms (RFLPs). We recovered no
dominant suppressor but did isolate 25 strong recessive suppressor mutations. Twenty of the
25 mutations fall into only three complementation groups, defined by the alleles by108, by 105
and by101. byl101 was mapped to the right arm of chromosome I between unc-101 and unc-
59 very near to unc-59, by105 was mapped genetically to the cluster on LGI between daf-8
and unc-55, while by108 was mapped to LGX between dpy-23 and lon-2 (see supplemental
data).

Subsequently, Wen ef al. identified four suppressors of presenilin (spr genes) in a
similar screen and described the cloning and characterization of one of them, spr-2 (Wen et
al., 2000). Wen et al mapped spr-1, spr-2, spr-3 and spr-4 to chromosomes V, IV, X and I,
respectively. By complementation analysis with spr-3(ar209) and spr-4(ar208) (kindly
provided by I. Greenwald, New York), we determined that by/08 and byl05 are alleles of spr-
3 and spr-4 (Eimer et al., 2002b), respectively. Consequently, we defined a new gene, spr-5,
with the reference allele by/01 (Eimer et al., 2002b). We examined the remaining five
suppressor mutations found in our screens to see if they could be spr-1 or spr-2 alleles. None
of the remaining five alleles have a mutation in the coding region of spr-2. However, by133
shows close linkage to dpy-11 on chromosome V and maps to a similar region as spr-1 (see
supplemental data). spr-I has recently been cloned (Jarriault and Greenwald, 2002) and we
have found that by/33 contains a mutation in this gene (Eimer et al., 2002b). The remaining
four suppressor mutations have not been pursued in detail, but by complementation tests
define three additional genes (data not shown). The fact that we found no spr-2 alleles and
that we have found mutations in genes not identified by (Wen et al., 2000) indicates that
saturation was not reached in either screen. The rest of this paper will report the cloning and

characterization of two of the major complementation groups, spr-3 and spr-4.

spr-3 and spr-4 potently and specifically suppress sel-12. Roughly % of all sel-12(arl71)
adult animals display a protruding vulva (Pvl, Figure 1), a defect that is strongly correlated
with, and presumably caused by, the misspecification of the n lineage (Eimer et al., 2002a).

Almost all sel-12 animals retain too many eggs in the uterus (an egg-laying defective or Egl
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phenotype) and these eggs hatch and develop within the mother, leading to a terminal ‘bag of
worms’ (Bag) phenotype (Table 1).

The Egl defect severely limits the number of progeny generated (Table 1). Mutations in spr-3
completely suppress all aspects of the sel-12 egg-laying defect (Figure 1). sel-12(arl71) spr-
3 double mutants also display a nearly wild type brood size (Table 1) indicating that spr-3

mutations restore normal egg-laying behavior and normal fertility.
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Figure 1: Mutations in spr-3 and spr-4 potently suppress the egg-laying defect of sel-/2 mutants. The
percentage of animals that exhibit a protruding vulva (Pvl=black), an egglaying defect (Egl=grey) and that die of
internal hatching (Bag=white) are shown for the wild type (N2), sel-12, and three separate alleles each of spr-3
and spr-4 in a sel-12(ar171) background. The number of animals examined were: N2, 100; arl71, 95; by108,
97; by109, 99; by110, 99; by105, 92; by130, 95; by132, 87.

They also respond to neurotransmitters that stimulate egg-laying (data not shown). spr-4
mutations, on the other hand, lead to a less completely penetrant suppression of the se/-12
phenotype and in all alleles, roughly 5% of spr-4; sel-12(ar171) animals still become Egl
(Figure 1). This Egl phenotype is similar to se/-12(ar171) except that no Pvl animals are seen.
This suggests that in these remaining Egl animals at least part of the se/-12 phenotype was
rescued. However, those spr-4, sel-12(ar171) double mutant animals that do lay eggs display
a nearly wild type brood size (Table 1). Mutations in spr-3 and spr-4 also suppress all other
sel-12 alleles tested (arl31, byl25, Igi401 for spr-3, and arl31 for spr-4; Table 1 and data
not shown). On their own, mutations in spr-3 and spr-4 have no obvious phenotype, except
perhaps a slightly reduced brood size (Table 1 and data not shown).

For spr-3 we examined a clear null mutation (by/31 aka byDfT) in more detail. Surprisingly
even this mutation, a 31kb deletion that deletes five genes including spr-3 and both its
upstream and downstream neighbor (Figure 2b), has no obvious phenotype (Table 1 and data

not shown) indicating that none of the deleted genes is essential. Taken together these results
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show that spr-3 and spr-4 are potent and specific suppressors of sel-12 that are able to

suppress all aspects of the sel-12 phenotype.

Table 1: The brood size of spr-3 and spr-4 mutants

Genotype Broods Progeny
N2 20 314 +26
sel-12(ar131) 20 126 £ 61
sel-12(arl71) 20 6116
sel-12(ar131) spr-3(by108)* 20 226 £33
sel-12(ar171) spr-3(by108)" 20 283 +27
sel-12(ar171) spr-3(by108); byEx134" 20 53 +£26
byDfI* 20 230 +25
sel-12(ar171) byDfI* 19 205 + 63
spr-4(by130); sel-12(arl 71)8 20 239 £33

* Similar results were obtained with the alleles by109 and by110 (data not shown)

"hyEx143 is an extra-chromosomal array containing a 9.3 kb BamHI fragment from F46H6 (see Figure 2B),
pBY218 and pRF4. Twenty rollers were picked as L4s and their brood size was determined.

*Similar results were obtained with the spr-3 allele by/35 (data not shown).

“Similar results were obtained with the spr-4 alleles by105 and by132 (data not shown).

SPR-3 is a C2H2 zinc finger protein. Genetic mapping placed spr-3 on chromosome X
between dpy-23(e840) and lon-2(e678), very close to dpy-23 (Figure 2A). dpy-23(e840) is a
roughly 100kb deletion with left and right breakpoints in the cosmids C15H3 and FO2ES,
respectively (Gian Garriga, personal communication). We started sequentially injecting the
sequenced cosmids from FO2ES to the right. spr-3 was completely rescued by the cosmid
F46H6 but not by the partially overlapping cosmid C07A12 (Figure 2B). We then injected a
series of purified restriction fragments, sub-clones and PCR products from F46H6 (Figure
2B). All injected products containing the entirety of the predicted gene CO7A12.5 gave
complete rescue of spr-3 (Figure 2B, Table 1 and data not shown). The minimal rescuing
fragment was narrowed down to 4.1kb containing CO7A12.5 as the only predicted open

reading frame.
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Figure 2: The positional cloning of spr-3. A) By three factor mapping spr-3 was mapped to the interval between
dpy-23(e840) and lon-2, outside of the duplication mnDp32 (see supplemental data) Note that spr-3 was
previously mapped between dpy-3 and unc-2, close to unc-2 (Wen et al., 2000). B) Rescue of spr-3. spr-3 was
rescued by the cosmid F46H6 but not the partially overlapping cosmid C07A12, both shown in thick bars. The
cosmid CO7A12 extends further to the right. ORFs on F46H6 are named and indicated by lines with arrows.
Two spr-3 alleles generated by UV/TMP mutagensis are large rearrangements. byDf1 deletes 31kb of the cosmid
F46H6, while by136 is a complex rearrangement that affects the promoter of C07A12.5. By injecting a series of
restriction fragments, subclones and PCR products (see thick bars below F46H6) the minimal rescuing region
was narrowed down to a 4.1 kb fragment (using RB950 CAGTATACAACTACGCTCTCC and RB951
ATCCAACACTCCTAAGTCCQG), which only contains the C07A12.5 open reading frame. The number of lines
that rescued is indicated on the right for each construct. C) Northern blot with RNA from N2, sel-12(ar171) and
7 spr-3 alleles in a sel-12(ar171) background probed with a spr-3 cDNA. No message is detectable in strains
harboring either of the two large rearrangements, byDfI and spr-3(by136).
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spr-3 encodes a novel, basic protein (predicted pI=9.1) of 684 amino acids. The only
recognizable domains in SPR-3 are seven putative C;H; zinc finger and several regions that
may act as nuclear localization signals (Figure 3A, B). The spr-3 alleles ar209, by108, by110,
and by137 mutations are all amino acid to stop codon mutations at various positions in the
protein (Figure 3B). The by/35 mutation is a single base pair deletion, which shifts frame after
amino acid 183 and truncates the protein at 210 amino acids. The by/09 mutation is a C596Y
transition in the second cysteine of the sixth zinc finger, indicating that this finger is essential
for SPR-3 function. byl31 is a deletion of 31 069 bases from position 3052 of F46H6 to
position 6698 of C07A12 with a single A base pair insertion. This mutation deletes
FA46H6.2/dgk-2, FA6H6.4, FA6H6.1/rhi-1, C0TA12.5/spr-3, and part of C07A12.7 and is clearly
null for spr-3 function (Figure 2B). Since by/31 deletes several genes we have renamed it
byDf1. By a combination of PCR, Southern blotting and sequencing, we determined that there
are no alterations in the coding sequence of by/36. However, by136 has a complex promoter
rearrangement in C07A12.5 (data not shown). By Northern analysis a single transcript is
detectable in by 108, by109, byl10, byl35 and by137 lanes at nearly wild type levels while no
transcript is detectable for byDfI and by 136 (Figure 2C) indicating that by136 is also null for
spr-3 function.

SPR-3 is broadly expressed and nuclearly localized. The spr-3 transcript is expressed in all
stages but at different levels. The message is present in high amounts in eggs, L2, and adult
stages, but more weakly expressed in the L1, L3 and L4 stages (Figure 4A). To determine the
expression pattern of spr-3, we made a promoter fusion to EGFP. This construct is very
broadly expressed in the embryo, larval stages and in the adult (Figure 4B, C). When
expressed in SfY insect cells using a Baculovirus expression system, SPR-3 is localized in the
nucleus (Figure 4D, E). Attempts to purify SPR-3 from insect cells failed. SPR-3 remained in
the nuclear fraction even after DNase treatment and high salt extraction (data not shown). It is

therefore likely that SPR-3 is present in a nuclear sub-compartment or attached to the nuclear

periphery.
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Figure 3: The structure of SPR-3 from C. elegans and C.briggsae. A) The determined structure of C. elegans
SPR-3 and the 3’ end of the C. briggsae homologue. In black boxes are indicated the location of the predicted
C,H, zinc fingers and in grey are the locations of sequences that might act as nuclear localization signals. In the
region confirmed, the structure of the C. elegans and C. briggsae transcripts are very similar. B) An alignment of
the C. elegans and partial C. briggsae sequences of SPR-3. Also shown is a region 5’ of the determined
sequence of the C. briggsae SPR-3 that is similar to the zinc fingers 1 and 2 of the C.elegans spr-3 gene and is
predicted to be part of the C. briggsae spr-3 gene. Identical amino acids are highlighted in black and similar
amino acids are indicated in grey. Predicted zinc fingers are underlined and regions containing sequences that
could act as nuclear localization signals are boxed. The positions of point mutations are shown with an asterisk.
C) Alignment of the zinc fingers regions of SPR-3 with REST (Homo sapiens). ldentical amino acids are
highlighted in black and similar in grey. Gaps in the alignment are indicated by hyphens and gaps between
segments of SPR-3 are indicated by blank spaces.
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Figure 4: The expression pattern of spr-3. A) The stage specific expression of the spr-3 transcript with ama-1
shown as a control; E=eggs, L.1-L4= first —fourth larval stages, A=adult. B,C) An spr-3::EGFP promoter fusion
is expressed broadly throughout the animal. spr-3 is expressed uniformly in eggs (B) and very broadly in the
adult (C) with strong expression in the pharynx. D, E Expression of a GST-myc tagged spr-3 Baculovirus
construct expressed in insect Sf9 cells and detected with a fluoresceine-isothiocyanate coupled goat-anti-mouse
secondary antibody. D) Fluorescence and E) propidium iodide staining of the same cells.

The spr-3 gene has evolved rapidly. We were unable to identify any clear homologues of
SPR-3 in the sequence databases. To understand better what regions of the protein could be
important for its function, we tried to identify homologues in Caenorhabditis briggsae, C.
elegans’ closest known relative (Blaxter et al., 1998). By RT-PCR, we have isolated a large
fragment of this transcript and determined that it has a similar exon/intron structure to spr-3 in
C. elegans (see Figure 3 A,B). However, the C. briggsae gene is only 22% identical and 45%
similar to C. elegans spr-3 (see Figure 3B), with most of the similarity confined to the zinc
finger regions. The predicted 5’ end of the C. briggsae spr-3 gene is significantly diverged
from the C. elegans spr-3. However, in the predicted 5° region of C. briggsae SPR-3, there is
a region similar to zinc fingers 1 and 2 of C. elegans SPR-3 (Figure 3B).

SPR-3 is similar to transcriptional repressors. The fact that SPR-3 is only weakly
conserved in C. briggsae, with similarity largely confined to the zinc finger domains, suggests
that the regions between the zinc fingers are under little selective pressure and that the zinc
fingers and nuclear localization signals may be the only functional domains of the protein. If
this were the case, then we would expect that most mutations that result in amino acid

substitutions would have no phenotypic consequences. Consistent with this, only one of eight
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spr-3 alleles is a missense mutation, and this mutation affects a conserved cysteine of one of
the zinc fingers. SPR-3 contains three pairs of adjacent zinc fingers and one lone zinc finger
separated by non-conserved linkers. Therefore, to analyze the zinc finger regions of the
protein, we concatenated the sequences of just the zinc fingers, along with the short linkers
between tandem fingers, and searched the databases for similarity. This sequence is similar to
many C,H, zinc finger proteins and is most similar to members of the REST family of
transcriptional repressors (Figure 3C). This suggests that SPR-3 may also function as a

transcriptional repressor.

SPR-4 belongs to a family of C,H; proteins related to transcriptional repressors. spr-4
was mapped between unc-55 and daf-8 on LGI; close to, but to the right of, the single
nucleotide polymorphism (SNP) vi20all.s1@186 on cosmid F18C12 ( Figure 5A, B). Near
this point is the gene CO9HG6.1, the gene with the greatest similarity in C. elegans to
CO07A12.5 (Figure 5B). By probing spr-4 alleles on a Southern blot with yk18b7, a CO9H6.1
cDNA, we could identify clear polymorphisms in two UV/TMP generated spr-4 alleles,
by130 and byl32 (data not shown). Injection of either of two cosmids that overlap CO9H6,
F34G10 and C48B11, gave partial rescue of spr-4 (data not shown). Both of these cosmids
contain a 12kb Pvull fragment which contains the entire coding region of CO9H6.1, 2 kb of 3°
sequence as well as 4.5 kb of 5° sequence extending almost to the next gene upstream (Figure
5B). We subcloned the Pvull fragment from F34G10 into pBSIISK- cut with Pvull and found
that this rescues spr-4 as well as the original cosmids (data not shown).

spr-4 codes for a large protein with 1309 amino acids (Figure 5C) containing 18 C;H;
zinc finger domains. One of the zinc fingers, labeled ZNF7, is below threshold by Pfam
(http://www.cgr.ki.se/Pfam/) but this region is highly conserved in C. briggsae (data not
shown) indicating that it may represent a functional domain. A possible splice variant has also
been suggested based on the sequence of the yk1178d11 cDNA (see Materials and Methods).
SPR-4 is also predicted to be nuclearly localized and contains several nuclear localization
signals (NLS), including a bipartite NLS. We have identified the mutations in three spr-4
alleles (Figure 5C). byI30 contains a 64bp deletion and 8bp insertion at position 1165 of the
message. This deletion shifts frame at amino acid 389 and truncates the predicted protein at
position 404 (Figure 5C). The by112 allele is a Q97stop mutation (Figure 5C). By Southern
analysis, by132 contains a ~500 bp deletion near the 3’ end of the gene (data not shown).

SPR-4 has clear homologues in C. briggsae (data not shown), and in the more distantly

related nematodes Pristionchus pacificus (A1989188) and Parastrongyloides tricosuri
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(BM513702) (Jim McCarter, personal communication). SPR-4 also has strong similarity
(e=3x10") to C28G1.4 in C. elegans (NM 077098.1). Twenty-one of the first 34 amino acids
are identical between SPR-4 and C28G1.4. This region is followed in both proteins by a highly
acidic stretch suggesting that this region forms a functional domain (Figure 5C). The central
portion of C28G1.4 does not resemble any other protein but C28G1.4 is 34% identical to SPR-4
in the N-terminal section from ZNF13 to the end of the protein and contains all zinc fingers in
this region except ZNF15, suggesting that SPR-4 and C28G1.4 may have a related function
(Figure 5C). However, RNA interference by feeding (Kamath et al., 2001) of C28G1.4 has no
obvious effects on the wild type strain N2 nor does it influence the Egl defect of sel-12(arl171)
and sel-12(arl131) (data not shown). dsRNAi against C28G1.4 also does not produce any
synthetic effect in either a spr-4(by105), sel-12(ar171) or a spr-4(by105) background (data not
shown). These results may suggest that an RNAI effect was not induced by the bacterial
feeding approach, however, RNAI by injection of purified double stranded RNA from yk356a2,
a C28G1.4 cDNA, also induced no phenotype (Maeda et al., 2001). Interestingly, there is no
C28G1.4 homologue present in the draft C. briggsae assembly, suggesting that C28G1.4 may
have recently diverged from an ancestral spr-4 like gene or that this gene is under very low
selective pressure or can be lost without phenotypic effects.

SPR-4 also has similarity to a large number of zinc finger proteins from other
metazoans. SPR-4 is most similar to members of the REST family of transcriptional repressors
(Figure 5D) but it also has weaker similarity to other known transcriptional repressors, such as
members of the CTCF/CCCTC binding factor, suggesting that SPR-4, like SPR-3, may also

function as a transcriptional repressor.

hop-1 transcription is regulated by spr-3 and spr-4. Since both SPR-3 and SPR-4 encode
C,H; zinc finger proteins that are probably nuclearly localized and might act as transcription
factors, we looked for possible targets regulated by spr-3 and spr-4. Therefore, we probed
Northern blots prepared with mixed stage, or staged RNA, from spr-3 and spr-4 mutants with
several genes involved in /in-12 or glp-1 signaling. No significant differences in transcript
levels were seen between any of the strains when we probed with /in-12, glp-1, lag-1, apx-1
or sup-17 (data not shown). Although we did not probe exhaustively, this suggested that spr-3
and spr-4 might not have obvious effects on the transcription of genes involved in the /in-12

and glp-1 pathways.
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Figure 5: The cloning of spr-4. A) The genetic position of spr-4 (also see supplemental data). B) Physical map
near CO9H6.1. spr-4 was mapped close to but to the right of byP7 (SNP v120al1.s1@186). The extent of the 12kb
Pvull rescuing fragment is shown. C) The predicted SPR-4 protein aligned with the 5’ end of C28G1.4 and the 3’
end of G28G4.4. Identical amino acids are highlighted in black while similar amino acids are highlighted in grey.

The 18 putative C2H2 zinc fingers of SPR-4 are underlined and regions that could act as nuclear localization

signals are boxed. The two amino acids present only in the alternatively spliced form of SPR-4 are overlined and

labeled AT. Mutations are indicated with an asterisk. D) Alignment of SPR-4 with REST (Homo sapiens).

Highlighting is as for part C.
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We then investigated whether spr-3 and spr-4 might bypass the need for sel-12 by up-
regulating one of the other presenilin genes, spe-4 or hop-1. Results from mixed stage blots
suggested that hop-1 and spe-4 may be differentially expressed (data not shown). Therefore,
we then probed staged Northern blots. Transcript levels of the three C. elegans presenilin
genes in the various developmental stages have not been reported previously. We find,
consistent with its only known role in spermatogenesis, that spe-4 is only expressed in the L4
larval stage when hermaphrodites produce sperm (Figure 6 A,C).

sel-12 is expressed strongly and uniformly throughout development (Figure 6B and
6C), consistent with the strong and ubiquitous expression of a se/-12::EGFP promoter fusion
(Baumeister et al., 1997). Surprisingly, #op-1 has a very dynamic expression. It is most
strongly expressed in the adult stage, more weakly in the embryo and is almost undetectable
in the L1 stage (Figure 6A,C). hop-1 expression slowly increases through the remaining
larval stages.

In spr-3 and spr-4 mutants, we found no differences in the temporal pattern of
expression of sel-12 or spe-4, but we did see an increase in hop-1 expression in the L1, L2
and L3 larval stages, those stages, in which sop-1 expression is lowest (data not shown).
Since the egg-laying defect in sel-12 animals is due to developmental defects occurring in the
mid-larval stages, the suppression of sel-12 by spr genes could be explained by stage specific
alterations in gene expression. To confirm this result, and to directly compare different
strains, we prepared a Northern blot with L1 RNA from N2, se/-12(ar171) and several spr
strains and probed it with Aop-1.

Since the expression of sop-1 is lowest in the L1 stage, we reasoned that increased
expression in this stage might be easiest to detect. We increased the amount of total RNA
used from Spg/lane to 20pg/lane because the expression of 4op-1 in wild type worms is near
the detection level. We tested L1 RNA prepared from N2, sel-12(ari171), four spr-5 alleles,
one spr-4 allele and three spr-3 alleles (Figure 7). In all spr strains tested, hop-1 is
upregulated. This suggests that all spr genes may use the same mechanism to bypass the
requirement for sel-12. spr-4 up-regulates hop-1 expression 11 fold while spr-3 alleles
upregulate hop-1 between four and 12 fold (Figure 7). These data were confirmed by a
separate experiment, for which we looked at hop-1 expression in the L1 stage in all seven spr-
3 alleles isolated in our screens. In all spr-3 alleles hop-1 was more strongly expressed than

the controls (see supplemental information).
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Figure 6: The stage specific expression of sel-12, spe-4 and hop-1 transcripts. Stages are as for Figure 4A. A)
The stage specific expression of hop-1 and spe-4 from the same blot, with ama-1 as an equal loading control. B)
The stage specific expression of spr-3 and sel-12 from probing the same blot with ama-1 expression as a loading

control. C) The relative expression of the various presenilin genes from parts A and B above, after correction for
equal loading.

NN AN AN N
AT S P S
& O O A ON NN
s & & L
\Q\«@q@«@«@s’?\‘o\‘o
S FFLLEE
U R 2 A T

hop-1 ........

ama-l gy W o o M e
foldexp. 1.0 1.3 11.0 19.7 27.6 20.3 11.211.9 7.6 4.1

Figure 7: Mutations in spr-3 and spr-4 de-repress the expression of the op-/ message in the L1 stage.
Expression of the sop-1 message with ama-1 loading control in the L1 stage for N2 (wild type), sel-12(ar171),
four spr-5 alleles (by101, by119, by128, byl39), one spr-4 allele (byl30) and three spr-3 alleles (by108, byl35,
by136). All spr mutants are in a sel-12(ar171) background. Below the bands are listed the fold expression of
hop-1 compared to N2, after correction for equal loading. The first six lanes have also been published as Figure
6 in (Eimer et al., 2002b). Preliminary experiments with Spg/lane RNA gave qualitatively similar results. Also
see a supplemental figure for additional spr-3 alleles (see supplemental information).
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spr-3 and spr-4 do not suppress the synthetic lethality of hop-1; sel-12 double mutants. If
the spr genes bypass the need for se/-12 by upregulating the expression of 4op-1, then spr-3
and spr-4 mutations should not suppress the synthetic lethal phenotype induced by reducing
both hop-1 and sel-12 activity. This is exactly what we find. RNAi by feeding of the /op-1
gene in a sel-12(arl71) spr-3(byl108) strain or a spr-4(by105), sel-12(arl71) strain induces
the same range of phenotypes as seen when one induces RNAi of hop-1 in sel-12(arl71)
[Table 2, (Li and Greenwald, 1997)]. Most animals display a lethal phenotype (Emb, Lag,
Ste) consistent with a strong reduction of /in-12 and/or glp-1 signaling, but those few animals
that do produce progeny are Egl. This indicates that spr-3 and spr-4 mutations do not bypass
the need for presenilins per se, but only for se/-12 and that this effect is dependent on the
activity of hop-1. We confirmed this result by constructing hop-1, sel-12 spr-3 triple mutant
strains (Table 3). Similar experiments with spr-4 have not been done due to the genetic
proximity of spr-4 and hop-1.

We find that spr-3 does not affect the phenotype of hop-1; sel-12 double mutants as has also
been shown for spr-1, spr-2 and spr-5 (Eimer et al., 2002b; Jarriault and Greenwald, 2002;
Wen et al., 2000). Furthermore, 43% of all hop-1(Ig1501)/dpy-5(e61) I; sel-12(ar171) spr-
3(by108) animals with only one remaining copy of hop-1 and no functional sel-12 gene
display an Egl phenotype (Table 3). As sel-12(arl171) spr-3(byl108) animals are never Egl (see
Figure 1) this indicates that in a sel-12 spr-3 background hop-1 is haploinsufficient. In sel-12
spr-3 mutants, presenilin activity is very near the threshold necessary for correct egg-laying
and reducing hop-1 activity by half brings the worms below this threshold. Taken together, all

of these results are consistent with spr-3 and spr-4 suppressing sel-12 by up-regulating hop-1.

117



Suppressors of presenilin defects

Table 2: hop-1 activity is required for spr-3 and spr-4 mediated suppression of the sel-12 egg-laying defect.

Genotype Phenotype hop-1 RNAi n*
without RNAi* phenotypes’

N2 WT WT (30/30)

sel-12(arl71) Egl Egl; Ste; Emb; Lag  (30/30)

sel-12(ar171) spr-3(by108) WT Egl; Ste; Emb; Lag ~ (48/50)°

sel-12(arl171); spr-4(by105) wT? Egl; Ste; Emb; Lag  (50/50)

* RNAIi with the empty vector resulted in the same phenotypes as seen without RNAI.

T Phenotypes obtained by RNA interference against hop-1 through bacterial feeding of dsSRNA of hop-1.
Phenotypes as described in Li and Greenwald (1997): Egl egg-laying defective; Ste sterile; Emb embryonic
lethal; Lag /in-12 and gip-1.

* The number in brackets corresponds to the number of parental L4 worms who's progeny show the annotated
phenotypes.

¥ Two lines showed a Gro phenotype and did not develop.

Y Approximately 5% of the animals showed an Egl phenotype (see Figure 1).

Table 3: hop-1 is haploinsufficent in a sel-12 spr-3 background.

Progeny of hop-1(Ig1501)/dpy-5(e61) I; sel-12(ar171) spr-3(by108) hermaphrodites

Phenotype* Genotypet Numberii Percent
Dpy dpy-5; sel-12 spr-3 50/197 25.4
Pvl Ste hop-1; sel-12 spr-3 56/197 28.4
WT dpy-5/hop-1; sel-12 spr-3 51/197 25.9
Egl§ dpy-5/hop-1; sel-12 spr-3 38/197 19.3

* Phenotypes are: Dpy=Dumpy, Pvl= protruding vulva, Ste= sterile; WT= wild type, and Egl= egg-laying
defective. The Pvl Ste animals had a phenotype very similar to hop-1; sel-12 double mutants and strong lin-12
loss-of-function mutants.

" All worms are the progeny of hop-1(lgl1501)/dpy-5(e61) I; sel-12(arl71) spr-3(byl08) hermaphrodites. The
genotypes were inferred from the phenotypes. We verified for several animals that the Egl animals had the
genotype noted. In a separate cross, 20/20 Egl progeny of a +/hop-1(Igi501); sel-12(arl171) spr-3(by108) strain
were heterozygous for hop-1.

* The broods of three Egl animals were scored.

¥ Forty three percent of all animals heterozygous for hop-1 displayed an Egl phenotype.
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Discussion

The difference in expression patterns may explain the phenotypes of sel-12 and hop-1.
Although sel-12 and hop-1 have very similar biochemical functions and are interchangeable
in transgenic experiments, mutations in se/-/2 and hop-1 result in different phenotypes. This
suggests that although these genes may encode functionally equivalent proteins, the genes are
not redundant. The different phenotypes may be explained by their different expression
patterns. sel-12 is strongly and uniformly expressed while sop-1 expression is dynamic and
very low throughout most of the larval stages. Thus, in the absence of hop-1 expression, there
is still enough of (sel-12) presenilin activity at all times of development and consequently,
hop-1 mutants have only a very mild phenotype. However, in the absence of sel-12
expression, there are probably insufficient copies of the hop-1 transcript in the early larval
stages to completely compensate for the loss of sel-12 expression. Therefore, sel-12 mutants

only display post-embryonic defects.

All spr genes may function through the same mechanism. Here we provide evidence that
the mechanism by which mutants of spr-3 and spr-4 suppress sel-12 loss-of-function alleles
involves de-repression of hop-1 transcription in those stages in which hop-1 expression alone
does not suffice. Similarly, we have shown recently that SPR-1 and SPR-5 proteins interact,
and that spr-5 up-regulates hop-1 expression at the same developmental stages as mutations in
spr-3 and spr-4 (Eimer et al., 2002b). This suggests that spr-1, spr-3, spr-4 and spr-5 all
suppress sel-12 by up-regulating hop-1, replacing one presenilin by another. Similarly,
mutations in spr-2 genetically bypass the need for sel-12, but do not bypass the need for both
sel-12 and hop-1 (Wen et al., 2000). Although hop-1 activity is required for the suppression
mechanism, Wen et al. did not find evidence for hop-1 transcriptional de-repression (Wen et
al., 2000). However, the stage specific de-repression of sop-1 transcription we have seen
would not be detectable on a mixed stage Northern blot. Thus, we propose that spr-2 may also

bypass the need for sel-12 by the same mechanism as spr-3, spr-4 and spr-5.

Up-regulation of hop-1 transcription in the early larval stages can explain the
suppression of sel-12 by spr-3 and spr-4. Mutations in spr-3 and spr-4 clearly de-repress the

transcription of sop-1 in the early larval stages. However, even in the suppressor strains, the
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absolute hop-1 transcript levels in the early larval stages are still much lower than in the adult
stage. We believe that the stage-specific increase in hop-1 expression is sufficient to explain
why spr-3 and spr-4 suppress sel-12. Even in a strong, putative null se/-/2 mutant, there is
sufficient hop-1 protein in the larval stages to enable most /in-12-dependent developmental
decisions to occur correctly. In sel-12 mutants the ventral uterine /anchor cell decision, lateral
inhibition in the vulval precursors and the sex myoblast/coelomocyte decision are not affected
(Levitan and Greenwald, 1995), indicating that there is sufficient presenilin activity, provided
by HOP-1, present in many cell types. In sel-12(ar131) even the & cell fate is executed
correctly in the vast majority of animals and in sel-12(ar171) it is executed correctly in some
animals, while in a se/-12 hop-1 double mutants 100% of animals have a defective vulval
uterine connection (Cinar et al., 2001; Eimer et al., 2002a). This indicates that in sel-12
mutants the expression of hop-1 is almost sufficient for wild-type « cell induction. Therefore,
it is likely that small increases in hop-1 expression could be sufficient to completely
compensate for the loss of se/-12 in all developmental decisions.

There are also reasons to believe that small amounts of presenilin message may be
sufficient to provide adequate levels of presenilin activity. Presenilins are normally found as
part of a high molecular weight complex (Capell et al., 1998; Li et al., 2000; Thinakaran et al.,
1998; Yu et al., 1998). This complex is assembled in the ER and Golgi, and proteins that are
not incorporated into this complex are not targeted to the cell membrane and are rapidly
degraded (Ratovitski et al., 1997). Presenilins may be required in small amounts because the
amount of other components of the complex are limiting for assembly (Edbauer et al., 2002).
Consequently, it has been found that, in cell culture, presenilins cannot be over-produced
(Thinakaran et al., 1996). Furthermore, as the presenilin complex is thought to have
enzymatic activity, the levels of the complex necessary for its biochemical function may
normally be in vast excess of what is required. Thus, even if the amount of the complex
present at the cell membrane in spr;, sel-12 double mutants should be slightly lower than the
wild type levels, the wild type phenotype of the double mutants indicates that it suffices to
ensure sufficient levels of /in-12 signaling.

Is the increased expression of 4op-1 in the early larval stages seen in spr-3 and spr-4
mutants sufficient to rescue the later larval defects seen in se/-12 mutants? We have several
reasons to believe this is the case. Firstly, the cell signaling events that lead to the & cell
induction and the correct alignment of the sex muscles, occur prior to the developmental
changes (Cinar et al., 2001; Eimer et al., 2002a) and presenilin activity is presumably required

at the time of signaling. Secondly, our initial experiments suggested that the relative
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expression of hop-1 is increased in the L1, L2 and L3 stages in both spr-3 and spr-4 mutants.
We chose to pursue this further in the L1 stage because we thought the up-regulation of op-1
expression might be most obvious at this stage. Furthermore, it has been demonstrated in cell
culture that, once assembled, the high molecular weight presenilin complex is very stable over
a long time period (Edbauer et al., 2002; Ratovitski et al., 1997). Finally, we have indications
that the presenilin complex is necessary in small amounts and can persist for up to 24 hours in
C. elegans because we see rescue of sex myoblast/coelomocyte cell fate decision in hop-1;sel-
12 double mutants with maternally provided hop-1 (Eimer et al., 2002a). Thus, presenilin
protein produced in the embryo is sufficiently stable and produced in sufficient amounts for a

cell fate decision occurring in the L2 stage.

Do spr-3 and spr-4 perform a conserved function? Although SPR-3 and SPR-4 do not
have clear mammalian homologues, they may be performing a similar function to known
transcriptional repressors. Both SPR-3 and SPR-4 resemble known transcriptional repressors,
especially REST/NRSF (Rel silencing transcription factor/neural-restrictive silencing factor)
in different vertebrates. The C,H; zinc finger factor REST mediates repression of neuronal
genes in non-neuronal cells, by recruiting the co-repressor complexes Sin3 and CoREST
(Humphrey et al., 2001). Both of these co-repressor complexes contain multiple proteins
including histone deacetylases, and presumably repress transcription in part by removing
activating acetyl groups from histones H3 and H4 at the target locus. It is possible that SPR-3
and SPR-4 may also function by recruiting conserved co-repressor complexes to the hop-1
locus. Three other spr genes, spr-1, spr-2 and spr-5, encode proteins similar to components of
known co-repressor sel-12 (Eimer et al., 2002b; Jarriault and Greenwald, 2002; Wen et al.,
2000). SPR-2 is a member of the Nucleosome Assembly Protein (NAP) family and is most
similar to the human oncogene SET (Wen et al., 2000). Human SET was purified as part of
the INHAT (inhibitor of acetylfransferases) co-repressor complex, which helps to repress
transcription by binding to histones and masking them from being acetyltransferase substrates
for p300/CBP and PCAF (Seo et al., 2001). Recently it has been shown that up-regulation of
SET also inhibits demethylation of methylated DNA and may integrate the epigenetic states
of DNA and associated histones (Cervoni et al., 2002). In another paper, we have reported the
identification and characterization of SPR-5 that encodes a polyamine oxidase-like protein
most similar to a known component of the CoOREST co-repressor complex (Eimer et al.,
2002b). The core CoREST complex contains only six proteins (Hakimi et al., 2002). spr-1
encodes a homologue of the MYB domain containing protein CoREST (Eimer et al., 2002b;
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Jarriault and Greenwald, 2002), an additional component of the CoOREST co-repressor
complex. We have shown that SPR-1 and SPR-5 interact biochemically in vitro and in vivo
(Eimer et al., 2002b). This suggests that a similar complex is present in C. elegans and
functions to repress hop-1 transcription. Interestingly, COREST has been found to associate
with at least two large, basic C,H; zinc finger protein, ZNF217 and REST (You et al., 2001)
and may be a general co-repressor complex that is recruited to different loci in different cell
types by binding to a different C,H, zinc finger proteins. Recent work also suggests that
CoREST may interact with components of the SWI-SNF complex (Battaglioli et al., 2002)

and may be involved in silencing of chromosomal regions (Lunyak et al., 2002).

The proteins encoded by the spr genes may form one or more transcriptional repressor
complexes. Thus, SPR-3 and SPR-4 may recruit one or more conserved co-repressor
complexes, including one similar to the COREST co-repressor complex, to target loci. We
propose the following model for how the spr genes are functioning. The fact that loss of
function mutations in either spr-3 or spr-4 suppress sel-12 and de-repress hop-1 transcription,
suggest that both SPR-3 and SPR-4 are normally recruited to the #op-1 locus. There they
associate with co-repressor proteins similar to members of the INHAT and CoREST
corepressor complexes. It is unclear if the two zinc finger proteins co-operatively bind the co-
repressor proteins, or if each zinc finger protein associates with a different complex. The
assembled complex (or complexes), probably acts as a basal repressor of hop-1 transcription
that is overridden in later developmental stages.

The mammalian INHAT and CoREST complexes were purified and studied by
biochemical approaches. However, as yet little is known about their biological function. The
data now available on spr gene function suggest that INHAT and CoREST complexes can be
studied both genetically and biochemically in C. elegans. We suggest that through C. elegans
genetics we may identify additional genes that interact with these complexes and we may help

to elucidate their biological function.
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Lakowski et al., supplemental data

Table 1. The fine' genetic mapping of spr-1, spr-3, spr-4 and spr-5.

Cross picked result

spr-1(by133)

dpy-11 unc-76/spr-1, sel-12 Dpy non Unc and dpy-11 9 spr-1 36 unc-76
Unc non Dpy

spr-3(by108)

dpy-23 lon-2/spr-3 Lon non Dpy dpy-23 8 spr-3 41 lon-2

sel-12 spr-3 lon-1; mnDp32 mnDp32 does not contain spr-3

spr-4(by105)

unc-13 spr-4 daf-8 unc-29/ego-1 Unc-13 non Daf  unc-13 4 ego-1 1 spr-4 6 daf-8
unc-29; sel-12

dpy-5 spr-4/unc-55; sel-12 Spr non Dpy dpy-5 52 unc-55 4 spr-4

dpy-5unc-55 spr-4/+°; sel-12 Spr non Dpy dpy-5 60 unc-550 byP4 3 byP5 0
byP7 1 byP8 0 spr-4

spr-5(by101)
unc-75 spr-5 /; sel-12 all Egl 153, Unc 81, WT 7
uncl01 unc-59/ spr-5; sel-12 Spr-5° unc-101 17 spr-5 1 unc-59

1) Additional mapping data will be submitted to Wormbase. 2) SNP mapping done with the Hawaiian strain
outcrossed twice with unc-13 lin-11 to remove many unlinked polymorphisms. byP4 = vr77h09.s1@284
(position 7673 on Cosmid F55D12), byP5 = yw19d07.s1@263 (6926 on H05L14), byP7 = v120all.s1@186
(23323 on F18C12) and byP8 = yy40e07.s1@715 (18265 on TO2E1). The presence of byP4 was determined by
Kpn/ restriction digest and all other polymorphisms were detected by sequencing. 3) Of approximately 200 spr
worms, 17 were herozygous for unc-101 and 1 was heterozygous for unc-59.
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Suppressors of presenilin defects
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Supplemental figure 1: Mutations in the spr-3 gene de-repress the expression of the hop-1 gene in the L1 stage.
A) hop-1 mRNA concentration, with ama-1 control, in the L1 stage from N2, sel-12(ar171) and most sel-
12(ar171) spr-3 strains. B) The relative expression of sop- I for the bands shown in A, after adjusting for equal
loading.
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Supplemental figure 2: Mutations in spr-3 and spr-5 de-repress the expression of the sop-1 gene in the L1 stage
in a sel-12(+) background. hop-1 mRNA with ama-1 loading control in the L1 stage for N2 (wild type), spr-
5(by101), spr-3(by136) and spr-5(by135). All spr strains are in a sel-12(+) background. Below the bands are
listed the fold expression of hop-1 compared to N2, after correction for equal loading. Experimental methods are
the same as for the Figure 7 in the paper.
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CHAPTER VIII

SPE-4, the third presenilin homolog in C. elegans, is a

non functional presenilin

prepared for publication as:

Yamasaki A., Eimer S., Baumeister R., Haass C. and Steiner H.

Expression of the C. elegans presenilin spe-4 in human cells: functional implications
for y-secretase assembly and activity.
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Introduction

Mutations in the human genes that code for the presenilins PS1 and PS2 lead to an autosomal
dominant form of early onset Alzheimer's disease (Selkoe, 2001).

Presenilins have also been shown to be required for proteolysis and subsequent signaling of
several type I transmembrane receptors like the amyloid precursor protein (APP) and the
Notch receptors (De Strooper et al., 1999; De Strooper et al., 1998; Steiner and Haass, 2001).
Although presenilins are widely distributed in nature, they seem to be restricted to
multicellular organisms, since no presenilins have been identified in yeast or bacteria (Czech
et al., 2000). However, presenilins share regions of similarity with a novel type of bacterial
aspartyl proteases that are polytopic transmembrane proteins. Furthermore, these conserved
motifs have been shown to be required for presenilin activity in C. elegans (Steiner et al.,
2000). It is likely that presenilins exhibit proteolytic activity and are the long elusive y-
secretase. Furthermore, the notion that presenilins might belong to novel family of
intramembraneous proteases is supported by the recent finding that the signal peptide protease
(SPP) family of transmembrane proteases contain the same signature motif, which is required
for SPP activity (Weihofen et al., 2002). SPPs catalyze the intramembrane proteolysis of
some signal peptides after they have been cleaved off from the preprotein (Lemberg and
Martoglio, 2002).

Phylogenetic analysis of the presenilin family suggests that presenilins have emanated
from a common ancestor and that a duplication took place in those organisms that have two
presenilin paralogs (Martinez-Mir et al., 2001).

In contrast to all organisms tested so far, the C. elegans genome codes for three
presenilin genes sel-12, hop-1, and spe-4. The somatically expressed sel-12 and hop-1 have
been shown to be required for signaling through the C. elegans Notch type receptors lin-12
and glp-1 (Levitan and Greenwald, 1995; Westlund et al., 1999). In C. elegans, sel-12 is
expressed during all developmental stages in probably all tissues (Baumeister et al., 1997). In
contrast, spe-4 is expressed only during spermatogenesis in the larval stage L4 (B. Lakowski,
S. Eimer and R. Baumeister, submitted) (L'Hernault and Arduengo, 1992). spe-4 expression is
thereby restricted to the spermatheca (Arduengo et al., 1998). Therefore, it seems that spe-4
has acquired a specialized role restricted to sperm development in C. elegans. SPE-4 is also
more divergent in its degree of sequence conservation compared to the other C. elegans

presenilins and to human PS1 (Table 1).
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Nevertheless, SPE-4 contains several of the determinants that are considered to be
required for presenilin function (Figure 1):

(1) SPE-4 has been predicted to adopt the same transmembrane topology as has been

shown for the other presenilins (Li and Greenwald, 1996; Li and Greenwald, 1998).

(i1) SPE-4 contains the two aspartate residues in the transmembrane regions 6 and 7

which are critical for presenilin activity (Steiner et al., 2000).

(ii1) The PALP motif that is present in all presenilin family members is also conserved

in SPE-4 (Tomita et al., 2001).

Therefore, SPE-4 contains all the residues and the topology that has been shown to be
crucial for presenilin function although its sequence identity with the other presenilins is low
(Table 1). However, there are still some differences. Compared to SEL-12 and the human
presenilins, SPE-4, like HOP-1, contains only a short N-terminus. However, HOP-1 has been
shown to be fully capable of replacing SEI-12 function in C. elegans (Li and Greenwald,
1997). Furthermore, the cytoplasmic loop between the transmembrane regions 6 and 7 is
much larger than that of the other presenilins (Figure 1). However, this loop is largely variable
among the presenilin family members and has been shown to be dispensable for presenilin
function in human cells (Saura et al., 2000). Furthermore, even endoproteolysis of the
presenilins seems not to be always required for function since the FAD variant PS1delta
exon9, lacking the conserved cleavage site, is able to facilitate LIN-12/Notch-signaling in C.
elegans (Baumeister et al., 1997). However, one region where SPE-4 is clearly different from
any other presenilin cloned so far is its shorter C-terminus. All other presenilins have the
same length of the C-terminus (Figure 1) (Czech et al., 2000).

It has been shown for 4op-1 and the human presenilins PS1 and PS2 that they are able
to replace sel-12 in C. elegans when expressed under the control of the sel-12 promoter.
(Baumeister et al., 1997; Levitan et al., 1996; Li and Greenwald, 1997). Hence, proteins that
provide presenilin activity able to rescue the egg-laying defect (Egl) caused by loss of
function mutations in se/-/2 (Levitan and Greenwald, 1995). We therefore wondered whether
spe-4 might also be able to replace sel-12 when expressed under the control of the sel-12
promoter. On the other hand, if spe-4 is not able to rescue the sel-12 Egl defect than one can
consider SPE-4 as a non functional presenilin. In this respect it might be possible to substitute
parts of SPE-4 with corresponding parts of the human presenilins or se/-12 in order to re-gain
rescuing activity. By this it should be possible to find new determinants of the presenilin

function through defined local replacements.
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Figure 1: Sequence alignments of the C. elegans presenilin homologs SEL-12 (accession number AF171064),
HOP-1 (AF021905) and SPE-4 (NM059694) with the human PS1 (AH004968). Similar residues are highlighted
in grey, conserved residues that are identical in 75% of the aligned sequences are highlighted in black boxes with
white letters. Positions that are invariant in all aligned sequences are represented by black boxes with red letters.
The predicted transmembrane spanning segments (TM) are surrounded by yellow boxes. The position of the
presumptive active site aspartate residues in TM6 and TM7 are indicated by red triangles ('¥). The location of
the presenilin cleavage site in human PS1 is marked by scissors and the location of the conserved PALP motive
by asterisks (*).
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Table 1: Sequence conservation of the C. elegans presenilins.

identity/similarity [%] *
human PS1 SEL-12 HOP-1 SPE-4
human PS1 100 51/69 30/50 23/42
Ce SEL-12 100 30/49 22/42
Ce HOP-1 100 23/42
Ce SPE-4 100

* The Blast2 program available at the NCBI site was used to calculate the percentage of amino acid identity and
similarity.

Results

Phylogenetic analysis of the presenilins in C. elegans

The whole genomes of the closely related nematodes Caenorhabditis elegans and
Caenorhabditis briggsae have been sequenced (Guiliano et al., 2002; Kent and Zahler, 2000;
The C. elegans Sequencing Consortium, 1998). Both species are estimated to have separated
approximately 100 million years ago (Coghlan and Wolfe, 2002). Sequences that are not
subjected to selective pressure should have diverged between C. elegans and C. briggsae,
since nematodes evolve faster than other organisms (Coghlan and Wolfe, 2002). Therefore, if
the similarities between SPE-4 and the somatic presenilins SEL-12 and HOP-1 are just
accidental, they should have further diverged when compared to C. briggsae. Blast searches
using the C. briggsae Blast server revealed that C. briggsae, like C. elegans, contains three
presenilins, Cb SEL-12, Cb HOP-1, and Cb SPE-4, which correspond to C. elegans Ce SEL-
12, Ce HOP-1, and Ce SPE-4, respectively (Figure 2). Cb SEL-12, Cb HOP-1, and Cb SPE-4
exhibit the same degree of homology to the human PS1 as their C. elegans counterparts

(Figure 2).
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Figure 2: Comparison of the sequence conservation between the C. elegans and C. briggsae presenilin
homologs for (A) SEL-12, (B) HOP-1 and (C) SPE-4 relative to human presenilin PS1. The C. briggsae
presenilin homologs were assembled by Blast search using the C. briggsae whole genome shot gun assembly as
described in Material and Methods. The numbers above the arrows correspond to first the percentage of
sequence identity and second the similarity between two sequences aligned. (D) Partial alignments between the
C. elegans and C. briggsae SPE-4 proteins are shown comprising the conserved regions in TM6 and TM7 and
the PALP motive. The site that corresponds to the autocatalytic cleavage site in the human presenilins is marked
by scissors, although no processing for SPE-4 has been demonstrated, yet. Note the differences in the C-terminal
extensions between C. elegans and C. briggsae SPE-4 (last two rows).

Although there is no complete sequence of Cb SEL-12 available in the database, the portion
available reveals the highest similarity to the human PS1 (Figure 2A). As in the case of C.
elegans, the Cb HOP-1 is more divergent than the SEL-12 presenilins, but still shows 32%
sequence identity and 53% similarity to human PS1 (Figure 2B). Surprisingly, the Cb SPE-4
homolog shows the same degree of sequence conservation on the protein level than the other
presenilins between C. elegans and C. briggsae, suggesting that there is a selective pressure to
conserve the protein sequence of all the presenilin homologs (Figure 2). A comparison of the
protein sequences of Cb and Ce SPE-4 revealed that all of the known regions necessary for
presenilin function are also conserved (Figure 2D). C. briggsae SPE-4 also contains both
presumptive active site aspartates located in the transmembrane domains TM6 and TM7
(Figure 2D).

Furthermore, the GXGD motive surrounding the aspartate in TM7 which has also been
shown to be present in the bacterial (Steiner et al., 2000) and the SPP proteases (Weihofen et
al., 2002) is conserved in C. briggsae (Figure 2D). In addition, the PALP motive following
TMS which is present in all presenilin family members is also conserved between Ce and Cb
SPE-4 (Figure 2D). A strong indication that this motif is also critical for SPE-4 function

during spermatogenesis in the C. elegans are animals that carry a mutation in the first proline
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of the PALP motif in SPE-4, which display the same sterility like complete loss-of-function
mutants (Arduengo et al., 1998). This suggests that there is a selective pressure to conserve
those sequences known to be required for presenilin function also within the SPE-4 protein.
However, in contrast to SEL-12 and HOP-1, the length of the C-terminus in SPE-4 is
not conserved (Figure 2). Both the Ce and Cb SPE-4 molecules have shorter C-termini
compared to the other presenilins (Czech et al., 2000) and, moreover, the length of the C-
terminus is also divergent between C. elegans and C. briggsae SPE-4 (Figure 2D). The
conservation of the known presenilin determinants between the C. elegans and C. briggsae
SPE-4 makes it likely that it may also function as a presenilin. Furthermore, the data suggest
that, so far, nematodes are the only organism to have three presenilin orthologs encoded in

their genome.

Is SPE-4, a functional presenilin?

The second somatic presenilin in C. elegans HOP-1 is already very divergent from SEL-12
(Figure 1). However, hop-1 is able to fully rescue the egg laying (Egl) defect caused by
mutations in se/-/2 when expressed under the control of the se/-12 promoter (Table 2) (Li and
Greenwald, 1997). Since the similarities between HOP-1 and SEL-12 are in the same range as
those of SPE-4 and SEL-12 (Table 1), it might be possible that SPE-4 provides some
presenilin function. In this case it should be able to replace sel-12 like hop-1 or the human
PS1 when expressed in se/-12 mutant animals (Baumeister et al., 1997; Levitan et al., 1996;

Li and Greenwald, 1997).
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Figure 3: Graphical representation of the different SPE-4 molecules used to rescue experiments the sel-12 Egl
defect. (A) SPE-4 wild type sequence, (B) SPE-4/hPS1 C-terminus fusion protein (with the fusion site after the
conserved PALP motive) contains the C-terminus from the human PS1. (C) Wild type human PS1 sequence. All
constructs were expressed in C. elegans sel-12 mutant animals under the control of the se/-12 promoter.

Table 2: Rescuing activity of the sel-12 Egl defect for the different presenilins expressed in C. elegans.

Strain Transgene Genotype egg-laying behaviour’
+++ ++ + -
N2 - wild type 50 0 0 0
BR1129 - sel-12(arl71) 0 0 0 50
BR1964 PS1 wt sel-12(arl71) 45 3 1 0
BR2002 sel-12 sel-12(arl71) 48 2 0 0
BR2993 hop-1 sel-12(arl71) 50 0 0 1
Linel spe-4 sel-12(arl71) 0 0 0 34
Line2 spe-4 sel-12(arl71) 0 0 0 27
Line3 spe-4 sel-12(arl71) 0 0 0 16
Line4 spe-4/PS1 sel-12(arl71) 0 0 0 42
C-term
Line5 spe-4/PS1 sel-12(arl71) 0 0 0 38
C-term

For each transgenic animal the number of eggs laid were counted and were grouped into the following
categories: +++, over 50 eggs progeny laid by an individual animal; ++, 15-50 eggs laid; +, 5-15 eggs
laid; -, 0-5 eggs laid.
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In order to test the ability of SPE-4 to act as a presenilin, we expressed spe-4 under the
control of the sel-12 promoter in sel-12(arl71) mutant hermaphrodites and scored the Egl
defect in the transgenic animals. The sel-12(ar171) mutation leads to a completely penetrant
Egl defect and animals carrying this mutation never lay eggs (Baumeister et al., 1997; Eimer
et al., 2002a; Levitan and Greenwald, 1995). Instead, se/-12 mutants accumulate the fertilized
eggs in the uterus and die consequently with a "bag of worms" phenotype (Levitan and
Greenwald, 1995) as the progeny hatches inside the mother. Unlike 4op-1 and human PS1,
spe-4 is not able to rescue the sel-12 Egl defect when expressed under the sel-72 promoter
(Table2). sel-12 mutant hermaphrodites carrying a sel-12::spe-4 array never lay any eggs like
the sel-12 mutants alone (Figure 2), suggesting that C. elegans SPE-4 is unable to replace
SEL-12 function.

However, as reported before, one of the differences between SPE-4 and the other
presenilins is its shorter C-terminus. Therefore, it is likely that presenilins require a unique C-
terminal elongation. In order to test this hypothesis, the C. elegans spe-4 cDNA was fused to
the human PS1 3' end after the conserved PALP motive as shown in Figure 3. This engineered
spe-4/hPS1 C-term cDNA is able to replace the endogenous PS1 and PS2 when overexpressed
in human cells (Aya Yamasaki and Harald Steiner, personal communication). Unlike the wild
type C. elegans SPE-4, it is now able to enter the presenilin complex and replaces the
endogenous presenilins. However, SPE-4/hPS1 C-term act as dominant negative presenilin,
blocking beta amyloid peptide production and Notch signaling (Aya Yamasaki and Harald
Steiner, personal communication). In this respect SPE-4/hPS1 C-term acts like a PS1 or PS2
protein carrying a mutation in one of the aspartates required for function.

In order to test whether SPE-4/hPS1 C-term would be functional as a presenilin in C.
elegans, we expressed spe-4/hPS1 C-term under the control of the se/-/2 promoter and scored
the rescue of se/-12 Egl defect. Like wild type SPE-4, SPE-4/hPS1 C-term is not able to
replace sel-12 in C. elegans and transgenic sel-12::spe-4/hPS1 C-term sel-12(arl71)
hermaphrodites remain Egl (Table 2). However, the majority of the transgenic sel-12(ar171)
animals expressing either spe-4 wild type or spe-4/hPS1 C-term are sterile, (65/77) and
(67/80) respectively, and produce only unfertilized oocytes (Figure 4). The oocytes that left
the gonad often develop into giant oocytes that contain large vacuoles (Figure 4).
Furthermore, the sterile animals show a stacked oocytes (Sto) phenotype that is indicative of
defective sperm, fewer sperm than normal, or no sperm (Eckmann et al., 2002). In some

animals the gonad is even torn apart from the uterus at the position of the spermatheca and the
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posterior
— .l

Figure 4: Midbody region of (A) a wild type hermaphrodite and (B-E) sel-12(arl71) animals carrying
extrachromosomal arrays expressing the spe-4 wild type cDNA under the control of the sel-12 promoter. The
distal (Dis) and proximal (Pro) parts of the gonad, oocytes in the proximal half of the gonad (asterisks),
spermatheca (Spt), and vulva (V) are indicated. White triangles mark the giant oocytes in animals expressing sel-
12::spe-4. (D-E) the proximal part of the gonad is torn apart from the uterus at the position of the spermatheca.
Note that in (D) the gonad is pushed into the posterior of the body cavity.[ Picture (A) was taken from Dufourcq
et al, 2002.]
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disconnected gonad arm is pushed into the posterior of the animal (Figure 4). This
neomorphic phenotypes have not been observed with any of the other presenilins or mutants
thereof, when being expressed in C. elegans. Therefore, we conclude that SPE-4 is not able to
function as a presenilin in C. elegans although it contains some of the motives present in
presenilins.

Discussion

Genetic and biochemical studies have shown that presenilins are not only able to lead
to familial forms of Alzheimer's disease by aberrantly processing the amyloid beta peptid
when mutated, but are also essential for Notch signaling (Kopan and Goate, 2000; Levitan
and Greenwald, 1995; Sastre et al., 2001; Selkoe, 2001). Presenilins have been shown to be an
integral component of high molecular weight complexes (Capell et al., 1998; Edbauer et al.,
2002; Li et al., 2000; Seeger et al., 1997; Yu et al., 1998). The other complex components
known so far are conserved throughout evolution (Francis et al., 2002; Goutte et al., 2002;
Kopan and Goate, 2002; Lai, 2002; Steiner et al., 2002). It has been demonstrated that the cell
surface display of this proteolytically active complex is tightly regulated and it needs all
components for assembly and trafficking (Chung and Struhl, 2001; Edbauer et al., 2002;
Goutte et al., 2002; Steiner et al., 2002). However, the precise role of presenilins in the
process of complex formation and the interactions required for complex assembly are not well
understood. In order to shed light on the hierarchical processes that govern complex assembly
and maturation, it is important to know the contributions of each component in this process,
especially since in the case of the presenilins the molecules are only stabilized when
incorporated into the complexes (Tomita et al., 2001). The presence of three presenilin
homologs in C. elegans, which are highly divergent in their protein sequence (Table 1), offers
a unique possibility to detect the structural components and motives that are indispensable for
presenilin function. Therefore, it might be possible to dissect the interactions required for
complex assembly.

Although the sequence identity between the C. elegans presenilin SEL-12 and HOP-1
is only 30%, they have been shown to be functionally interchangeable (Eimer et al., 2002b; Li
and Greenwald, 1997). Since most of the motives that are conserved between SEL-12 and
HOP-1 are also found in SPE-4, it was likely that SPE-4 might also be able to function as a
presenilin in C. elegans. However, SPE-4 has no detectable presenilin activity when
expressed in sel-12 mutant animals. This is still true even when the shorter C-terminus is

exchanged with the corresponding part of the human PS1 (Figure 3). This draws the attention
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to the motives that are missing in SPE-4 relative to the other presenilins (Figure 1). The
biggest differences can be found in the loop region which is almost twice the size in SPE-4 as
compared to the other presenilins. However, the entire large cytoplasmic loop has been shown
to be dispensable for function of the human PS1 (Saura et al., 2000). Another major
difference is found in the N- terminal sequences between the transmembrane segments TM 1
and TMS. It will be very interesting to see whether introduction of N-terminal sequences from
PS1 into SPE-4 will be able to render SPE-4 active as presenilin. However, in mammalian cell
culture the exchange of the C-terminus in SPE-4 already leads to its association with nicastrin
and its incorporation into the presenilin complex, since it is able to replace the endogenous
PS1 and PS2 (Aya Yamasaki and Harald Steiner, personal communication). This suggests that
part of the interaction domain with nicastrin/APH-2 might be located at the C-terminus.
However, there are still additional components missing since the incorporated SPE-4/hPS1 C-
term behaves as a dominant negative presenilin in cell culture (Aya Yamasaki and Harald
Steiner, personal communication). In this respect it acts like a presenilin in which the active
site aspartates have been mutated (Yu et al., 2000).

In C. elegans however, expression of either of the forms of SPE-4 also leads to the
appearance of a novel phenotype (Figure 4). The degree of gonad destruction is reminiscent of
that seen in the C. elegans gon-10, a mutant defective in the histone deacteylase HDA-1,
which also affects gonad morphogenesis (Dufourcq et al., 2002).This phenotype was not
detected during expression of any other presenilin in C. elegans nor during expression of
mutant forms thereof (Baumeister et al., 1997; Levitan et al., 1996). Therefore, this might
reflect a novel property of the SPE-4 protein. The expression of spe-4 is normally restricted to
the spermatheca and is required for sperm maturation (Arduengo et al., 1998; L'Hernault and
Arduengo, 1992). But the exact role of SPE-4 during spermatogenesis is still unclear.
Furthermore, it is also unclear whether SPE-4 is involved in proteolytic signaling and what
the possible substrates might be. Maybe the ectopic expression of spe-4 offers a way to

deduce the processes it is involved in.
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Material and Methods

Plasmid constructions and injections

All standard molecular methods were done according to Current Protocols. The se/-12 cDNA
was obtained by PCR from a C. elegans mixed stage cDNA library (kindly provided by Bob
Barstead, Oklahoma) using the primers RB541/ RB542 and confirmed by sequencing. This
sel-12 cDNA (Genbank accession number AF171064) differs at its 3' end from the previously
published sequence (Levitan and Greenwald, 1995). This sel-712 cDNA was cloned as a
Smal/Notl fragment under the control of a 2.8-kilobase (kb) sel-12 promoter fragment starting
at the translational start ATG of sel-12 to generate pBY 895 (Wittenburg et al., 2000). The
cDNAs of spe-4 wt and spe-4/hPS1 C-terminus and human PS1 were PCR amplified (Aya
Yamasaki and Harald Steiner unpublished) using pfu DNA polymerase (Stratagene) according
to the manufacturers protocol. For the amplification of spe-4 wt, spe-4/PS1 C-terminus and
hPS1 the primers RB1370 / RB1372, RB1370 / RB1371 and RB968 / RB1371 were used,
respectively. The PCR products were each subcloned into pBY 895 as a Smal/Notl fragment
replacing the sel-12 cDNA. Therefore the spe-4 wt cDNA, spe-4/hPS1 C-term, and hPS1
were placed under the control of the sel-12 promoter yielding the C. elegans expression
vectors pPBY 1587, pBY 1588, and pBY 1100, respectively. The sel-12::hop-1 rescue construct
was created by amplification of the ~op-1 cDNA from a C. elegans cDNA library (kindly
provided by Bob Barstead, Oklahoma) using the primers RB925 / RB926 and subcloning the
PCR product into pBY895 as a Smal/Notl fragment resulting in pBY1218. All constructs
were confirmed by sequencing. To determine if the presenilin constructs are able to rescue
sel-12 mutant hermaphrodites, all constructs were each injected into sel-12(arl71) mutant
hermaphrodites at a concentration of 20ng/ul together with pBY 1153 (sel-12::gfp) at 20ng/ul

as a coinjection marker.

Scoring of the sel-12 Egl rescue

After germline injection, GFP positive animals were isolated that stable inherit the array to

their progeny thereby creating an independent line. To score the ability of the arrays to rescue

the Egl defect of sel-12(arl71) animals, GFP positive worms that showed a broad and
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uniform gfp expression were singled as L4 to new plates and their egg-laying behaviour was

scored at 20°C .

Comparison of C. elegans and C. briggsae presenilins

The C. elegans presenilin protein sequences were compared with the C. briggsae whole
genome shot gun sequences using the TBlastN search algorithm. The preliminary C. briggsae
genome sequence is accessible via the C. briggsae Blast server at:

http://www.sanger.ac.uk/Projects/C_briggsae/blast server.shtml.
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Supplementary information

Oligo table:

Primer Target Sequence 5' - 3'

RB541 sel-12 GAG GTA CCC GGG CAA AAA ATG CCT TCC ACA
AGG AGA CAACAGG

RB542 sel-12 GTG AAT TCG CGG CCG CTT AAT ATA ATA AAC ACT
TTT GAG AGA CTT GTG

RB968 hPS1 ATT CGG ATC CCC GGG CAA AAA ATG ACA GAGTTA
CCT GCA CCG

RB925 hop-1 GAC CAT GGT ACC CGG GCA AAA AAT GCC AAG
AAC AAA AAG AGT GTAC

RB926 hop-1 CGA GAG CTC GCG GCC GCA TCT TTA GAA CAA CCC
GGT CAC

RB1370 spe-4 GGG CAA AAA ATG GAC ACC CTT CGA TCG ATT

RB1371 hPS1 CAC CTC GAG CGG CCG CTA GAT ATA AAATTG ATG
GAA TGC

RB1372 spe-4 CAC CTC GAG CGG CCG CTC ATC CGT AAA GTT GCT
CCCA
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aa

AB

AC

AD
aph
APP
BLAST
bp

C. briggsae
C. elegans
CC
cDNA
cM
DNA
dsRNA
DTC
E. coli
Egl
FAD
FAD
GFP
Glp
HDAC
GST
IPTG
lin
mMRNA
Muv
NLS

nt
ORF
PAGE
PAO

amino acid

beta amyloid peptide
anchor cell

Alzheimer's Disease
anterior pharynx missing
amyloid precursor protein
basic local alignment search tool
base pair

Caenorhabditis briggsae
Caenorhabditis elegans
coelomocyte
complementary DNA

centi Morgan
deoxyribonucleic acid
double stranded RNA

distal tip cell

Escherichia coli

egg-laying defective
familial Alzheimer's disease
flavin adenine dinucleotide cofactor
green fluorescent protein
germline poliferation
histone deacetylase
glutathione S-transferase
isopropyl-thio-galactoside
lineage defective
messenger RNA

multi vulva phenotype
nuclear localisation signal
nucleotide

open reading frame
polyacrylamide gel electrophoresis

polyamine oxidase
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PS
Pvl
RNA
RNAI
RT

S. cerev.

SDS
sel
SL
SM
spr
Sto
Unc
utse
VPC
VU

polymerase chain reaction
presenilin enhancer
presenilin

protruding vulva

ribonucleic acid

double stranded RNA mediated interference
reverse transcriptase
Saccharomyces cerevisiae
sodium dodecyl sulfate
suppressor enhancer of lin-12
splice leader

sex myoblast

suppressor of presenilin
stacked oocytes
uncoordinated

uterine seam cell

vulva precursor cell

ventral uterine cell
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