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ABSTRACT. The presenilin proteins (PS1 and PS2) with their partners (NCT, Aphl, and Pen2) are the
major components of the high molecular weigkgecretase complex which facilitates the intramembraneous
cleavage of various type 1 transmembrane proteins, including the anfy/[meleursor protein (APP) and

the Notch receptor. Additiongt-secretase complex components may be involved in regulation of its
activity and specificity. A recent investigation indicated that the Crumbs protein is a negative regulator
of Notch signaling and may act by repressijrg-secretase activity iDrosophila[Herranz, H., Stamataki,

E., Feiguin, F., and Milan, M. (200@MBO Rep. 7297—302]. To address this question, we investigated
potential functional interactions between the human Crumbs homologues (CRB1, CRB2, and CRB3) and
presenilin complexes which mediagté-secretase cleavage of APP and Notch. We found no evidence for
direct interaction between CRB1, CRB2, or CRB3 and presenilin complex components. Furthermore,
overexpression of human CRB1 and related isoforms, CRB2 and CRB3, had no effect on the levels of
presenilin complex components, on NCT maturation or on PS endoproteolysis, and did nofs it A

or NICD production. These results suggest that, in mammalian cells at least, Crumbs is unlikely to be a
significant direct modulator of presenilin-dependerft-secretase activity.

yle-Secretase belongs to a unique class of enzymes tha{APP) and the Notch receptor have been describegeas
cleave their substrates within their hydrophobic transmem- secretase substratey.(Several lines of evidence have shown
brane domains, a process termed regulated intramembranghat y/e-secretase activity requires a multimeric membrane
proteolysis (RIP) (1). At least 15 different type 1 trans-  protein complex, the presenilin complex, which is composed
membrane proteins including the amylgigsrecursor protein  of at least four components: presenilin (PS1 or PS2),
nicastrin (NCT), Aph-1 (Aph-1aL, Aph-1aS, or Aph-1b), and
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The functional importance of the PS-dependesecretase = HEK?293 stable cell line overexpressingAfiNotch were
activity has been primarily focused on the processing of APP prepared as described previousBi,(36). mAENotch is a
and Notch. The/-secretase cleavage of APP is involved in  membrane-tethered constitutive active form of Notch which
the pathogenesis of Alzheimer’s disease by releasing the 4contains the transmembrane and intracellular domains of
kDa amyloid g-protein (A8), which accumulates and ag- Notch. Transient transfections were performed in HEK293
gregates in the brain of patients with Alzheimer’s disease cells by using Lipofectamine 2000 (Invitrogen) according
(22, 23). Notch signaling is involved in a variety of important  to the manufacturer’s instructions.
cell fate decisions during both embryogenesis and adulthood. Membrane Fraction Preparation and Coimmunoprecipi-
Notch undergoes a first cleavage (S1 cleavage) in the Golgitation. HEK293 cells were harvested and homogenized in
during its passage through the secretory pathway, generatindouffer A (5 mM HEPES pH 7.4, 1 mM EDTA, 0.25 M
two fragments which remain associated at the cell surface.sucrose, protease inhibitor cocktail from Roche). The ho-
Ligand binding to the Notch receptor triggers the ectodomain mogenate was clarified by centrifugation at 1§®6r 5 min
shedding (S2 cleavage) followed by the intramembranous at 4 °C, the supernatant was centrifuged at 10@pfe® 1h
e-secretase cleavage of the remaining membrane-boundat 4 °C, and the membrane pellets were homogenized in
C-terminal stub (S3 cleavage). The soluble cytoplasmic buffer B (25 mM HEPES pH 7.4, 150 mM NaCl, 2 mM
C-terminal cleavage product, Notch intracellular domain EDTA, 1% CHAPSO, protease inhibitor cocktail). Isolates
(NICD), is then released from the membrane and is trans- of the membrane fraction (5Q0 to 2 mg) were diluted in
located to the nucleus where it controls transcription of genesbuffer B to a final concentration of 0.5% CHAPSO. Fresh
involved in embryonic development and adult neuronal postmortem human retinal tissue was obtained and used
plasticity @4). Similar transcriptional roles have been under the ethics guidelines of the University of Toronto
proposed for the intracellular domain of APP (AICD) in Health Network. The human tissue was homogenized in
the regulation of some genes such as KAI1(25, 26), GEK3 buffer B and centrifuged at 50§0for 10 min, and then 2
(26, 27), NEP @8, 29), p53(30), Tip60 APP, or BACE2E). mg of proteins was diluted in buffer B to a final concentration

During embryonic development of tHerosophilawing of 0.5% CHAPSO. After preclearing with protein G-
imaginal disc, Notch signaling is selectively activated in sepharose 4 fast flow (GE Healthcare Bio-sciences Inc.) for
the boundary between dorsal and ventral compartments.1 h at 4°C, lysates from human tissue or HEK293 cells
This highly specific localization of Notch activity is crucial ~Were subjected to immunoprecipitation with the appropriate
for the formation of the dorso-ventral boundary and requires Primary antibody. Immunoprecipitants were recovered by
repression of Notch activity in cells immediately adjacent Overnightincubation at 4C with protein G-sepharose 4 fast
to the boundary_ Recenﬂy tk@rosoph”a[ransmembrane flow (GE Healthcare Bio-sciences |nC.). Beads were washed
protein Crumbs has been reported as a negative regulator ofhree times with buffer B (0.5% CHAPSO) and once with
Notch signaling during this event. Genetic evidence sug- PBS.
gested thaDrosophilaCrumbs might act by repressing the ~~ SDS/PAGE and Western Blot Analysésole cell lysates
y-secretase activityd(). In humans, the Crumbs homologue (total protein 5@g), membrane lysates (protein&j, and
1 (CRB1) has an important role in retinal morphogenesis, immunoprecipitated proteins were dissolved in SDS sample
and mutations in the human CRB1 gene cause recessiveéduffer, separated on Tris Tricine gels 16% or FrGlycine
retinal dystrophies32). However, it is unknown whether  gels 8% or 4-20% (Invitrogen), and transferred to nitrocel-

CRBL1 or related isoforms, CRB2 and CRB3, might also be lulose membranes. Target proteins were visualized by
a modulator of vertebratg/e-secretase activity. enhanced chemiluminescence (ECL Amersham Biosciences)

In the current investigation, we have examined the possible With the following antibodies: monoclonal anti-myc (Invit-
role of human Crumbs homologues (CRB1, CRB2, and rogen), anti-flag (Sigma) anti-tubulin (Zymed) antibodies,

CRB3) iny/e-secretase activity. First, we report that CRB1-, Polyclonal anti-myc (Santa Cruz Biotechnology), anti flag
CRB2-, or CRB3-overexpression in human embryonic kidney (Slgma) antibodies, mouse ponquna] anti-CRB1 (Abnovq),
cells (HEK293) has no effect on the expression level of aPbit polyclonal anti-CRB1 antibodies, monoclonal anti-
endogenous presenilin complex components such as PSl',DSZ N-terminal antibody, rat monoclonal anti-PS1 (Chemi-

PS2, NCT, and Aphl. Second, we found no evidence for a €0N). mouse monoclonal anti-PSINTL (provided by Dr.
physical interaction between presenilin-complex components P2ul Mathews), rabbit polyclonal anti PALS1 (Santa Cruz

and either endogenous CRBL1 protein or overexpressedbiotéchnology) anti-PS1, anti-NCT, anti-Aphlal (O2C2)

exogenous CRB1, CRB2, or CRB3 proteins. Finally, we 2nt-APP CTF antibodies. ,
show that overexpression of CRB1 or the other Crumbs Metabolic Labeling Following mAENotch transfection,

isoforms (CRB2, CRB3) in HEK293 cells does not modulate HEK293 cells were preincubatel h inmethionine-free and
NICD, AICD (e-secretase), or A (y-secretase) produc- ;:E}/steme-_free Dulbecco’s m_odlfled Eagle’s medium. Trans
tion. S-labeling reagent (300Ci/mL) was added for 20 min.

The media were replaced with unlabeled conditioned medium
EXPERIMENTAL PROCEDURES for 0, 30 min, 1 h, or 2h at 37C. Cells were rinsed in PBS,
collected in PBS EDTA (5 mM EDTA), and then lysed in
Transfection of cDNA ConstructExpression constructs  RIPA buffer (150 mM NaCl, 50 mM Tris pH 7.4, 1% Triton,
for human myc-tagged CRB1, human myc-tagged CRB3, 0.5% DOC, 0.1% SDS, 1 mM EDTA) in ice for 30 min.
and human flag-tagged CRB2 are cloned in pSecTag2B andLysates were spun at 13000 rpm for 10 min, and the
pFlagCMV2 vector respectively and obtained from Jane supernatant was retained. Samples were diluted in RIPA
McGlade and Ben Margolis3@—35). Expression construct  buffer, subjected to immunoprecipitation with polyclonal
for myc-tagged mMENotch cloned in pCS2 vector and anti-myc antibody (Santa Cruz Biotechnology), and analyzed
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by 8% Tris-glycine SDS-polyacrylamide gel electrophoresis.

P oA o) o
: ; ) NV @\ @ &
The gels were dried and exposed to Kodak Biomax film. KDa & T T
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AB40 ELISA AssaysAp40 levels were measured by . < CRB1
ELISA assays using conditioned medium collected from
control HEK293 cells and from HEK293 cells overexpressing - —~
CRB1, CRB2, or CRB3. The enzyme-linked immunosorbent 98 o = < crez
assay (ELISA) was performed according to the manufactur- 30 - . < CRB3
er’s instructions (Biosource International).

Cell Free y-Secretase Assayollowing CRBlor CRB2 98- .‘! ! “NCT
transfection in HEK293 cells, membrane fractions were -
prepared and subjected to anvitro y-secretase assay as 50PS1 FL
described previoush2(l) using exogenous recombinant APP-
C100-flag peptide as substrate. Briefly, membrane fractions 37 -~ - - (< PST N
were incubated with APP-C100-flag substr& h at 37°C
or 4 °C as negative control. The-secretase inhibitor, 36— " e o | <PS2Nt
Compound E, was also used as negative control. The product, :
AICD-flag, was detected by Western-blotting with anti-APP 30 = " - -~ - < Aph
CTF antibody.

Immunofluorescencélouse embryonic Fibroblasts (MEF) P = AP
were cultured on poly-lysine-coated glass coverslips and 98

transfected with CRB1 cDNA. Forty eight hours after 50< Tubulin

transfection, cells were fixed for 15 min with 10% buffered _ )
formalin phosphate (Fisher Scientific) and permeabilized for FIGURE 1: CRB1, CRB2, or CRB3 overexpression has no effect

. . . . on the expression of endogenous presenilin complex components
30 min with 0.1% Triton X-100. After three washes with and APP. HEK293 cells were transiently transfected with empty

PBS, cells were incubated overnight &Clwith the primary vector (pcDNA3) or myc-tagged-CRB1 (CRB1), flag-tagged CRB2
antibodies (mouse monoclonal anti-myc and rabbit polyclonal (CRB2) or myc-tagged CRB3 (CRB3) cDNA. Immunablotting for

anti-PS1 or anti-PALS1 antibodies) diluted in the antibody NCT, PS1, PS2, Aph-1, and APP from total cell lysates indicated
diluting buffer from Dako. Cells were then washed three no significant change in levels of these proteins following CRB1,
. . . ) . CRB2 or CRB3 overexpression. Tubulin immunoreactivity was used
times with 0.1% Triton X-100 and incubated 2 h atroom as a loading control.

temperature with both Alexa488-labeled goat anti rabbit

(green) and Alexa594-labeled goat anti mouse (red) antibod-presenilin complex components are highly expressed in these
ies (Invitrogen). Coverslips were washed and mounted with ¢g|i5.

Dakocytomation fluorescent mounting medium from Dako  cpg1 CRB2, or CRB3 Are Not Physically Associated with
and images were collected using the Radiance2000 (Bio-prggenilin ComplexesTo determine whether the human
Rad) confocal microscope. Crumbs homologues could directly interact with presenilin
complexes, we performed co-immunoprecipitations under
different conditions. Membrane fractions of cells transiently
CRB1, CRB2, or CRB3 @rexpression Does Not Alter transfected with myc-tagged CRB1, flag-tagged CRB2, myc-
Presenilin Complex Stabilitylo investigate the role of the ~ t@gged CRB3, or empty vector were solubilized in 1%
human Crumbs homologues ie-secretase activity, we =~ CHAPSO buffer (which we and others have shown supports
transiently transfected human embryonic kidney cells isolation of complete presenilin complexes with functional
(HEK293) with myc-tagged CRB1, flag-tagged CRB2, or yle-secretase activityl@)) and subjected to precipitation
myc-tagged CRB3. Immunoblotting of whole cell lysates using monoclonal anti-myc or anti-flag-antibodies. This
indicated that there was no change in the levels of endog-xperiment revealed robust precipitation of the exogenous
enous presenilin complex components. Immunoreactivities CRB1, CRB3, or CRB2 (Figure 2AC, top panels). Endog-
of NCT, PS1, PS2, and Aph-1 were similar in cells €nous PALS1/MPP5 protein known to interact with the
overexpressing human Crumbs homologues as compared tduman Crumbs homologue84 35) is well pulled down
cells transfected with empty vector (Figure 1). In addition, With CRB1, CRB2, or CRB3 but no coprecipitation of the
CRB1, CRB2, or CRB3 overexpression had no effect on endogenous NCT or PS1 proteins is observed (Figure 2A
NCT-maturation or PS1 and PS2 endoproteolysis. TheseC. middle and bottom panels).
results indicate that the assembly and stability of presenilin  The reverse immunoprecipitation experiment using a
complexes are not disturbed in cells in which stoichiometry number of different PS1-antibodies revealed that these anti-
of CRB1, CRB2, or CRB3 relative to presenilin complexes PS1 antibodies were all able to coprecipitate the N-terminal
has been altered by overexpressing human Crumbs homofragment of PS1 and the mature form of NCT (Figure 2D,E,
logues. The levels of APP holoprotein were also unaltered middle and bottom panels). However, the exogenous myc-
by CRB1, CRB2, or CRB3 overexpression (Figure 1). In tagged CRB1, flag-tagged CRB2, or myc-tagged CRB3 did
our hands, endogenous level of CRB1 in HEK293 cells is not coprecipitate (Figure 2D,E, top panels), suggesting that
not detectable in Western Blot using two different CRB1 presenilin complexes and the human Crumbs homologues
antibodies (a rabbit polyclonal anti CRB1(33) and a mouse do not interact even when they are overexpressed.
polyclonal anti CRB1 from Abnova), suggesting an absence To rule out the possibility that the myc-tag may have
or a very low level of CRB1-expression while endogenous disrupted a putative interaction with PS1 (e.g., by causing

RESULTS
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Ficure 2: Neither exogenous CRB1, CRB2, CRB3 nor endogenous CRBL1 is co-immunoprecipitated with endogenous presenilin-1 and
nicastrin. Cells were transiently transfected with empty vector (pcDNA3) or myc-tagged-CRB1 (CRB1), flag-tagged CRB2 (CRB2) or
myc-tagged CRB3 (CRB3) cDNA. Immunopreciptation of CHAPSO-solubilized membrane fractions was performed for myc-tagged CRB1
(A), flag-tagged CRB2 (B), myc-tagged CRB3 (C) or endogenous PS1 (D-E) using anti-myc, anti-flag or anti-PS1 antibodies. 3 different
anti-PS1 antibodies (our rabbit polyclonal anti-PS1Nt, a rat monoclonal anti-PS1 from Chemicon or a mouse monoclonat-&ftPS1
provided by Dr. Paul Mathews) were used and provided same results. Post mortem human retinal tissue was used to examine the co-
immunoprecipitation of endogenous PS1 and CRB1. The rat monoclonal anti-PS1 from Chemicon was used to pull down the PS compex
(F). A maximum of 5% of membrane proteins used for immunoprecipitation has been load in control lysate lane. PALS1/MPP5, NCT, PS1,
CRB1, CRB2 and CRB3 immunoreactivities were analyzed by Western blots of membrane lysates and IP samples using anti-PALS1/
MPPS5, anti-NCT, anti-PS1, anti-myc, anti-flag or a rabbit polyclonal CRB1 antibody. Serum was used as a negative immuno-precipitation
control. Independent co-immunoprecipitations were done 3 to 5 times in HEK293 cells and twice in human retina tissue.

mistrafficking of the exogenous CRB1), we investigated the a-PS1 o-myc merge
interaction of endogenous presenilin with endogenous CRB1
in human retinal cells. Human CRB1 is expressed at high
levels in both the brain and in retina. Fresh post-mortem pepna3
human retinal tissue was homogenized in 1% CHAPSO
buffer, and coprecipitation was performed using a mono-
clonal PS1-antibody. Expression of the endogenous CRB1,
PS1 and NCT was readily detected in human retinal lysates
(Figure 2F). As expected, the PS1 immunoprecipitation
specifically recovered both the PS1 N-terminal fragment and
the mature form of NCT. However, CRB1 again, could not
be co-immunoprecipitated with these complexes (Figure 2F).
Taken together with the studies in transfected HEK293 cells,
these observations indicate that there is no strong physical
interaction between the presenilins and either exogenous
human Crumbs homologues or the endogenous CRB1
protein. CRB1
CRBL1 is Colocalized with PALS1/MPP5 Protein but Not
with PS1.To support the conclusions made from our co-
immunoprecipitation studies, we performed immunofluores- Fcure 3: CRB1 protein colocalizes with PALS1/MPP5 but not
cence on cells expressing CRB1 and examined overlap withwith PS1. HEK293 cells were transiently transfected with empty
endogenous PS1. As expected no significant colocalizationvector (ocDNA3) or myc-tagged-CRB1 (CRB1) and subjected to
was observed between CRB1 and PS1. In contrast, thelmmunofluqrescence anaIyS|s._ CRB1, PS1 and PALSl/MPPS was
PALS1/MPPS5 positive control display considerable colocal- g‘iﬁgfﬁw\ggg monoclonal anti-myc, polycl_onal anti-PSL or anti
T . - antibodies respectively. Co-localization shown by
ization with CRB1 (Figure 3) merge is observed between CRB1 and PALS1 but not between
Overexpression of Human Crumbs Homologues Has No CRB1 and PS1.
Effect on the//e-Secretase Actity. Although CRB1, CRB2,
or CRB3 do not appear to be a major component of PS1 interaction with presenilin complexes, or by an indirect effect
complexes, it is still possible that Crumbs homologues might on y/e-secretase activity mediated by some other cellular
modulatey/e-secretase activity either by a weak/transient protein. To address this question, we measured the kinetics

CRB1

a-PALS1 o-myc merge
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Ficure 4: CRB1-overexpression has no effect on NICD production. HEK293 cells stably overexpressing myc-tagefddtan were
transiently transfected with empty vector (pcDNA3) or myc-tagged-CRB1 (CRB1) (A). Native HEK293 cells were transiently cotransfected
with myc-tagged MENotch cDNA in addition to empty vector (pcDNA3) or myc-tagged-CRB1 (CRB1) (B,C). Following transfection,

cells were subjected to metabolic labeling and the intensities of autoradiographic bands were measured by densitometry (ratios of NICD to
total Notch protein (NICD plus NotekE). Bars in (C) represent the meanSEM of three independent determinations. CRB1-transfection

was confirmed by western blot of cell lysates using a monoclonal myc-antibody.
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Ficure 5: Crumbs-overexpression has no effect ghdk AICD production. Native HEK293 cells were transiently transfected with empty
vector (pcDNA3), myc-tagged CRB1 (CRB1), flag-tagged CRB2 (CRB2) or myc-tagged CRB3 (CRB3). Expression of each Crumbs isoform
was confirmed by Western blotting of total cell lysates using monoclonal myc-antibody or flag-antibodys#) s&cretion was measured

by ELISA in the conditioned cell medium. Bars represent the me&EM of six independent determinations (ns: not statistically significant).

(B) AICD production was assessed by in vitresecretase cell free assay as described in the experimental procedures.

for the cleavage of a Notch substrate AENotch) and of APP, which generates /0 and AICD fragment. The
generation of the NICD fragments. These kinetic studies werelevel of A340 secreted by cells overexpressing either myc-
performed by metabolic labeling in cells expressinggENotch tagged CRB1, flag-tagged CRB2, or myc-tagged CRB3 were
and either myc-tagged CRB1 or empty vector (control). In not significantly altered (Figure 5Ap > 0.1, n = 6). In
HEK?293 cells stably overexpressinghENotch and tran-  addition, AICD production assessed byianitro y-secretase
siently overexpressing myc-tagged CRB1 (Figure 4A), and cell free assay is not changed in HEK293 cells overexpress-
in HEK293 cells transiently overexpressing botABNotch ing CRB1 or CRB2 (Figure 5B).
and myc-tagged CRBL1 (Figure 4B), we observed that the
time course of NICD production was similar to that in control DISCUSSION
cells. Quantification of the pulse-phase data revealed a small The presenilins (PS1 and PS2), nicastrin, Aph-1, and Pen-2
but non-significant decrease (less than 20%) in NICD are the core components of thesecretasey 9—11). This
production after a 2h chase in cells transiently cotransfectedcomplex plays a key role in the pathogenesis of Alzheimer’s
with mAENotch and CRB1 (Figure 3Gy > 0.05,n = 3 disease as well as in several physiologically important
replications). In addition, levels of AENotch and its product  signaling pathways. Recent work has now begun to focus
NICD are not changed in HEK293 cells stably overexpress- on the identification of additional cofactors for these
ing mMAENotch and transiently overexpressing myc-tagged complexes that regulate their activity. In this regard, we have
CRB1, flag-tagged CRB2, or myc-tagged CRB3 (Figure S1). recently shown that TMP21, a member of p24 cargo protein,
To examine the potential effect of Crumbs on othés- is a component of presenilin complexes and selectively
secretase substrates, we investigated the effect of CRBImodulatesy-secretase cleavage of APP proteRi)( The
overexpression on presenilin-dependeisecretase cleavage genetic evidence that Crumbs modulates Notch signaling in
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the fly imaginal disc 81) raised the possibility that Crumbs
might also be a specific modulator of presenilin complex
activity. However, the biochemical and cell biological data
reported here suggests that, at least in mammalian cells
CRB1, CRB2, and CRB3 are neither components of pres-
enilin complexes nor are they able to directly or indirectly
modulate presenilin-dependert-secretase activity. Indeed,
we have failed to observe a significant change in either NICD
AICD or Af production due to CRB1, CRB2, or CRB3
overexpression in HEK293 cells. This conclusion is further

supported by (1) a lack of evidence for direct binding 2.

between the presenilin complexes and exogenous human

Crumbs homologues or endogenous CRB1, and (2) by the 3.

absence of changes in the expression of presenilin complex
components, NCT maturation, or PS endoproteolysis in
HEK293 cells overexpressing CRB1, CRB2, or CRB3.

The overexpression system used in this study has certain
limitations, but it provides evidence for absence of a

functional or physical interaction between the human Crumbs 4.

homologues and the presenilin complex. It is conceivable
that overexpression of the Crumbs isoforms does not promote
incoporation into the complex which would explain the lack
of an effect. This was observed, for example, with TMP21
where only knockdown of the protein resulted in altereti A
production. However, it is unlikely that depletion of Crumbs

by siRNA approaches would have any significant effect 5.

under the conditions used for the current study. This is due
to the fact that no detectable endogenous CRB1 was observed
in any of the cell lines under investigation. Therefore, these
cells are effectively CRB1 knockout and indicates that loss
of this protein does not alter the activity of the presenilin
complex. 6
This apparent discrepancy about the implicatioDafso-
phila Crumbs protein and the human Crumbs homologues
may arise from different mechanisms to regulgté-
secretase activity in different species. We report here that
overexpression of CRB2 or CRB3 as well as overexpression
of CRB1 have no significant effect either oBAO secretion
or on AICD or NICD production. Although different splice
variants of CRB1 have been describ&¥)(and remain to

be explored, the complex biology of the human Crumbs 8.

homologues (CRB1, CRB2, CRB3) and CRB1 isofoms
contrast with the singl®rosophilaCrumbs protein.
Mutations in human CRB1 gene cause recessive retinal

dystrophies suggesting an important function of CRB1 in 9.

normal human retina organizatiodd). However, to the best
of our knowledge this phenotype is not associated with
mutations in presenilin or nicastrin gen&8); This diver-
gence in phenotypes in addition to the fact that the human
Crumbs homologues and presenilin complex components
have distinct expression patterns provide evidence that the 11
Crumbs homologues and presenilin complexes may have
distinct roles.

In conclusion, although we cannot exclude a presenilin
complex-modulating role for Crumbs iDrosophilg there
are many reasons to believe that in mammals, Crumbs
homologues are not directly implicated in regulatipfg-
secretase activity.
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