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Basal body proteins regulate Notch signaling through
endosomal trafficking
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ABSTRACT

Proteins associated with primary cilia and basal bodies mediate

numerous signaling pathways, but little is known about their role in

Notch signaling. Here, we report that loss of the Bardet-Biedl

syndrome proteins BBS1 or BBS4 produces increased Notch-

directed transcription in a zebrafish reporter line and in human

cell lines. Pathway overactivation is accompanied by reduced

localization of Notch receptor at both the plasma membrane and the

cilium. In Drosophila mutants, overactivation of Notch can result

from receptor accumulation in endosomes, and recent studies

implicate ciliary proteins in endosomal trafficking, suggesting a

possible mechanism by which overactivation occurs in BBS

mutants. Consistent with this, we observe genetic interaction of

BBS1 and BBS4 with the endosomal sorting complexes required for

transport (ESCRT) gene TSG101 and accumulation of receptor in

late endosomes, reduced endosomal recycling and reduced

receptor degradation in lysosomes. We observe similar defects

with disruption of BBS3. Loss of another basal body protein,

ALMS1, also enhances Notch activation and the accumulation of

receptor in late endosomes, but does not disrupt recycling. These

findings suggest a role for these proteins in the regulation of Notch

through endosomal trafficking of the receptor.

KEY WORDS: Alstrom Syndrome, Bardet-Biedl Syndrome, Notch,

Basal body, Cilia, Endosomal sorting

INTRODUCTION
Proteins associated with primary cilia and their anchoring basal
bodies play a variety of intracellular roles, including trafficking

of ciliary cargo, maintenance of microtubule dynamics and
control of cell cycle (Cardenas-Rodriguez and Badano, 2009).
Additionally, an increasing body of evidence implicates these

proteins in the intracellular regulation of developmental signaling
pathways, such as the Shh and Wnt pathways (Berbari et al.,
2009; Cardenas-Rodriguez and Badano, 2009; Gerdes et al.,

2009; Goetz and Anderson, 2010). Experimental insights into
these pathways have revealed varying mechanisms of regulation,
including the localization of signaling components to the cilium,

as is the case with Shh (Rohatgi et al., 2007), and regulation of
downstream effectors, such as the proteasomal degradation of b-
catenin in Wnt signaling (Gerdes et al., 2007). Recently, Notch
signaling was identified as another major developmental pathway

that is potentially associated with cilia (Ezratty et al., 2011). Little
is known, however, about the mechanistic link underlying this
regulation.

Notch signaling is mediated by transmembrane receptors at the
cell surface, which are activated by Delta and Serrate/Jagged
(DSL) ligands on the surface of neighboring cells. Upon

activation, the Notch receptor is cleaved to produce the Notch
intracellular domain (NICD), which translocates to the nucleus to
direct the transcription of downstream targets, such as members

of the HES gene family (Guruharsha et al., 2012). Prior to ligand
binding, the Notch receptor undergoes several processing events,
including endosomal sorting, which results either in trafficking

through late endosomes or multi-vesicular bodies (MVBs) to
lysosomes for degradation or recycling back to the plasma
membrane for ligand binding and activation (Le Borgne, 2006).

Altering this processing, either by disruption of recycling or
disruption of MVB sorting, deregulates receptor signaling. For
example, disruption of sorting in Drosophila mutants for the
endosomal sorting complex required for transport (ESCRT)

proteins results in overactivation of the Notch pathway as a result
of the accumulation of receptor in late endosomes from where it
can actively signal in a ligand-independent manner (Moberg

et al., 2005; Thompson et al., 2005; Vaccari and Bilder, 2005;
Vaccari et al., 2008). Similarly, the Notch antagonist Numb
impedes pathway activation by inhibiting recycling of the

receptor to the plasma membrane (Nilsson et al., 2008; Nilsson
et al., 2011; Smith et al., 2004) and sorting of the receptor through
late endosomes for lysosomal degradation (McGill et al., 2009).

Recent evidence links basal body and ciliary proteins to
endosomal recycling. The ciliary pocket is a site of clathrin-
dependent endocytosis, indicating a possible spatial relationship

(Clement et al., 2013). The core complex of Bardet-Biedl
syndrome (BBS) proteins, known as the BBSome, is also
functionally associated with the recycling endosome factor,

Rab11 (Westlake et al., 2011). Further, the basal body protein
ALMS1 interacts directly with endosome components (Collin
et al., 2012). Similarly, ARL13B is required for endocytic

recycling (Barral et al., 2012), pointing towards the importance of
ciliary proteins in mediating the recycling and trafficking of
endosomal cargo. Given that endosomal sorting and recycling is

integral to proper Notch transduction, we hypothesized that
disruption of this process by the ablation of basal body proteins
would directly perturb signaling. Here, we report that the loss of
BBS proteins results in upregulation of Notch signaling both in a

transgenic zebrafish Notch reporter line and in cultured human
cells. We provide evidence to suggest that loss of BBS proteins
results in aberrant trafficking of the receptor through late

endosomes to lysosomes and impaired recycling of the Notch
receptor. We also present evidence that loss of another basal body
protein, ALMS1, results in similar defects in Notch receptor

trafficking through late endosomes and subsequent overactivation

1Department of Medicine, Division of Endocrinology, Diabetes, and Nutrition,
University of Maryland School of Medicine, Baltimore, MD 21201, USA. 2Institut
Pasteur de Montevideo, CP11400 Montevideo, Uruguay.

*Author for correspondence (zaghloul@umaryland.edu)

Received 4 March 2013; Accepted 17 March 2014

� 2014. Published by The Company of Biologists Ltd | Journal of Cell Science (2014) 127, 2407–2419 doi:10.1242/jcs.130344

2407

mailto:zaghloul@umaryland.edu


Jo
ur

na
l o

f C
el

l S
ci

en
ce

of the pathway, though it does not inhibit ciliary localization of
the receptor. These findings support a model whereby basal body

proteins mediate the endosomal recycling and sorting of Notch
receptor, thereby mediating proper signal transduction.

RESULTS
Loss of BBS proteins results in upregulation of Notch
signaling
To investigate the role of BBS proteins in Notch signaling, we

took advantage of a transgenic zebrafish Notch reporter line
(Tp1bglob:eGFP) expressing eGFP under the control of an
element containing NICD-responsive RBP-Jk-binding regions

(Parsons et al., 2009). We injected two-cell stage transgenic
embryos with morpholinos that suppress translation of either of
two BBS proteins, Bbs1 or Bbs4, as verified by western blotting

(Zaghloul et al., 2010; supplementary material Table S1; Fig.

S1A). We assessed the expression of the GFP reporter by
fluorescence microscopy and by quantitative (q)RT-PCR. By

48 hours post-fertilization (hpf), a visible enhancement of
fluorescence in morphant embryos could be observed in
comparison with those injected with a standard control
morpholino (Fig. 1A). This correlated with a 1.2-fold (bbs1) or

1.6-fold (bbs4) increase in relative GFP mRNA expression in
24 hpf embryos (Fig. 1B), the latter being comparable to the
increase observed with injection of mRNA encoding the NICD

fragment of zebrafish notch3 (nicd; supplementary material Table
S1; Fig. 1A,B). To validate the specificity of this effect, we co-
injected the corresponding mRNA for each gene. For each of the

bbs morpholinos tested, GFP expression was either fully or
partially rescued by addition of the corresponding mRNA
(supplementary material Fig. S1B). To better characterize the

observed Notch upregulation, we asked whether it is dependent

Fig. 1. Loss of BBS proteins and genetic interaction with endosomal components enhances Notch pathway activation. (A) GFP fluorescence in
representative Tp1blgob:eGFP transgenic embryos at 48 hours post fertilization (hpf) in bbs1 morphant (MO) embryos and nicd-mRNA-injected embryos. Scale
bar: 0.5 mm (B) qRT-PCR quantification of GFP mRNA levels relative to b-actin in 24 hpf Tp1blgob:eGFP embryos. *P#0.01 compared with standard
control morpholino; **P#0.005 compared with deltaA morpholino (Student’s t-test). (C) qRT-PCR analysis of relative HES5 expression in HEK293 cells
expressed as the fold change relative to control cells. Data represent the mean6s.d. (seven separate experiments). *P#0.01 compared with control; **P#0.01
compared with either short hairpin alone (Student’s t-test). (D) Double immunofluorescent labeling of either early endosomes (EEA1) or recycling
endosomes (RAB11) and primary cilia (ARL13B or acetylated tubulin) in hTERT-RPE1 cells. Histograms represent the intensity of red fluorescence across the
image. Scale bars: 5 mm. (E) qRT-PCR analysis showing relative GFP expression in Tp1bglob:eGFP zebrafish embryos at 24 hpf. Data show the mean6s.d.
*P#0.005 compared with standard control morpholino; **P#0.005 compared with morpholinos alone (Student’s t-test).
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on ligand binding. Upon injection of a morpholino against deltaA

(Latimer et al., 2002; supplementary material Table S1), we

observed a 43% decrease in GFP expression compared with
controls (Fig. 1B). Co-injection of bbs4 morpholino, however,
overcame this effect to increase GFP expression more than
twofold (Fig. 1B), indicating ligand-independent activation of the

pathway.
To explore the possibility of perturbed Notch signaling in

ciliated human cells, we investigated the transcription of Notch

targets in the ciliated human cell line HEK293, which
endogenously expresses Notch pathway components (Gerdes
et al., 2007; Hansson et al., 2010). We obtained shRNA

constructs that, after 48 hours of transient transfection,
specifically decrease mRNA and protein expression of BBS1 or
BBS4 (supplementary material Fig. S1C–E). Upon loss of BBS1

or BBS4 we observed a 1.6- and 2.3-fold increase in the
expression of HES5, respectively (Fig. 1C), compared with cells
transfected with no DNA, a control that was not significantly
different in Notch target expression compared with cells

transfected with empty vector (supplementary material Fig.
S2A). The observed increase in HES5 expression was
comparable to that observed with transfection of a plasmid

construct expressing the NOTCH1 NICD fragment (Fig. 1C) and
is consistent with our observations in zebrafish embryos. This
corresponded to an increase in activation of the Notch receptor,

detected by increased nuclear localization of the C-terminal
portion of the Notch receptor – from which the activated NICD is
produced – and by western blot analysis of cleaved NICD

(supplementary material Fig. S2B). To further confirm the
observed Notch misregulation, we assayed for expression of
another transcriptional target, HES1. Similar to HES5, HES1

expression was significantly increased in shBBS4-treated cells

(supplementary material Fig. S2C). Additionally, to preclude the
possibility of a cell-type-specific defect, we replicated these
observations in another ciliated cell line, hTERT-RPE1 cells

(supplementary material Fig. S2D).

BBS genes interact genetically with the ESCRT gene TSG101
to mediate Notch signaling
The ligand-independent upregulation of Notch signaling with
suppression of Bbs4 is consistent with the possibility that the loss
of BBS proteins results in endosomal trafficking defects of Notch

receptor and signaling from endosomes. To test this hypothesis, we
first asked whether there might be a spatial relationship between
BBS proteins and endosomal trafficking, by investigating

the intracellular localization of endosomal activity using double
immunofluorescent staining of either early endosomes (anti-
EEA1) or recycling endosomes (anti-RAB11), along with

markers of primary cilia (anti-ARL13B or anti-acetylated-
tubulin) in hTERT-RPE1 cells (Fig. 1D; supplementary material
Table S1). Consistent with previous reports, we observed an

enrichment of both early and recycling endosomes near the base of
the primary cilium, as indicated by analysis of fluorescence
intensity (Fig. 1D, histograms; Knödler et al., 2010). To further
examine this relationship, we investigated the possibility of a

genetic interaction between BBS1 or BBS4 and the ESCRT gene
TSG101 (supplementary material Table S1). Mutations in the
Drosophila homolog of TSG101 are characterized by Notch

overactivation due to the accumulation and activation of the Notch
receptor in late endosomes (Moberg et al., 2005; Vaccari et al.,
2008). Concordantly, transfection of HEK293 or hTERT-RPE1

cells with shTSG101 alone resulted in a significant increase in

HES5 expression (Fig. 1C; supplementary material Fig. S2D) as
well as HES1 (supplementary material Fig. S2C,D). Importantly,

however, co-transfection of either shBBS1 or shBBS4 produced
a threefold or sixfold increase, respectively, in HES5 expression
and a threefold increase in HES1 expression, indicating a greater-
than-additive enhancement of Notch target transcription (Fig. 1C;

supplementary material Fig. S2C,D). To determine whether this
interaction is specific to BBS genes, we co-transfected HEK293
cells with shTSG101 and NICD. Although either construct

alone increased the transcription of HES5 1.8-fold and 1.6-fold,
respectively, the transfection of both did not produce a significantly
greater fold change difference in expression by comparison

(Fig. 1C), supporting the idea of a genetic interaction between
TSG101 and BBS1 or BBS4. Likewise, expression of HES1 was not
more significantly enhanced (supplementary material Fig. S2C).

To verify this interaction in vivo, we designed a splice-blocking
morpholino targeting the exon4-intron4 splice junction of the
tsg101 transcript. Morpholino efficacy was validated by RT-PCR
using primers flanking the included intron and by western

blotting (supplementary material Fig. S2E,F). As expected,
injection of the tsg101 morpholino alone into Tp1bglob:eGFP

embryos resulted in increased GFP expression in 24 hpf embryos

(Fig. 1E). Combined injection, however, of tsg101 morpholino
with either bbs1 or bbs4 morpholino increased relative
GFP expression in a greater-than-additive manner (Fig. 1E),

corroborating our observations in cultured cells.

Loss of BBS proteins results in a shift in Notch receptor
localization away from the plasma membrane
A genetic interaction with endosomal sorting components that
leads to enhanced Notch activation compounded with a spatial
relationship between the base of the cilium and endosomes

suggests the possibility that endosomal trafficking of the Notch
receptor might be implicated in the misactivation of the pathway
that is observed with loss of BBS1 or BBS4. If recycling of the

receptor is compromised, we would expect to see loss of receptor
localization at the plasma membrane. Furthermore, if sorting in
MVBs is disrupted, we would expect to see accumulation in

endosomes. To determine whether this was the case, we first
performed a step-wise (50%, 30% and 10%) sucrose gradient
separation of shBBS4-transfected cell homogenates. Using N-
cadherin as a marker of the plasma membrane (supplementary

material Table S1) and EEA1 as a marker of endosomes, we
observed localization of N-cadherin to the more dense fractions
(fractions 1–5), whereas EEA1 localized to the least dense

fractions (fractions 5–8) in cells transfected with and without
shBBS4 (Fig. 2A). To assess the localization of the Notch
receptor, we transfected cells with an N-terminal HA-tagged full-

length NOTCH1 construct (Hansson et al., 2010). Upon
transfection into either HEK293 or hTERT-RPE1 cells, HA
could be detected as two bands: the full-length p300 protein

and the p180 post-site1-cleavage N-terminal portion of the
heterodimeric receptor, which is found at the cell membrane and
recycled through endosomes (supplementary material Fig. S3A;
McGill et al., 2009). As expected, HA antibody detection of the

p180 protein in control cells was more robust in membrane
fractions, with some localization in endosomal fractions in both
cell types (Fig. 2A,B; supplementary material Fig. S3B). Cells

co-transfected with shBBS4, however, exhibited a marked
increase in the amount of HA localization to the EEA1-labeled
fractions (Fig. 2A,B). Quantification of the amount of p180

fragment in each fraction taken as a proportion of the total across
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all fractions confirmed this shift (Fig. 2B), which was also

observed in hTERT-RPE1 cells (supplementary material Fig.
S3B). Likewise, shBBS1 treatment of cells produced a decrease in
the proportion of p180 in the plasma membrane fractions and an
increase in the endosomal fractions relative to that of control cells

(Fig. 2C,D). No shift could be observed for the C-terminal p120
portion of the receptor heterodimer, likely as a result of the
detection of the activated NICD fragment in addition to detection

of the pre-activated receptor (supplementary material Fig. S3C).
The full-length receptor protein (p300) also did not exhibit a
consistent change in localization with loss of BBS4 or BBS1

(supplementary material Fig. S3D,E), suggesting that the shift is
specific to the heterodimeric form of the receptor.

To better characterize the intracellular localization of the

receptor, we visualized endogenous Notch1 receptor in hTERT-
RPE1 cells by using an antibody targeted against it. Consistent

with previous reports and with our sucrose gradient data,

endogenous NOTCH1 localized strongly to the plasma
membrane of control cells (Fig. 2E). Cells with reduced BBS4

or BBS1 expression, however, exhibited a visible reduction in the
intensity of membrane localization of the receptor (Fig. 2F,G).

Co-labeling of cells with antibodies against NOTCH1 and
the plasma membrane marker N-cadherin confirmed these
observations (Fig. 2H,I). To quantify the extent of Notch

receptor localization to the plasma membrane, we analyzed the
intensity of NOTCH1 fluorescence in cross-sections spanning
cells from membrane to membrane (Fig. 2H,I, white lines). The

fluorescence intensity at the membrane was determined by the
values at the edges of the histograms, representing the membrane
edges of each cross-section (Fig. 2H,I, arrowheads). We then

plotted the average of all intensity values under individual
membrane peaks (Fig. 2J). Loss of BBS4 resulted in a 94%

Fig. 2. Notch receptor localization shifts away from plasma membrane in BBS-depleted cells. (A) Sucrose-gradient fractionation of HEK293 cells
transfected with HA-NOTCH1 alone or HA-NOTCH1+shBBS4 probed for HA, N-cadherin (plasma membrane marker), and EEA1 (endosome marker).
(B) Quantification of the p180 band in A displayed as the proportion in each fraction relative to the total across all fractions. (C) Sucrose-gradient fractionation of
HEK293 cells transfected with HA-NOTCH1 alone or HA-NOTCH1+shBBS1 probed for HA, N-cadherin and EEA1. (D) Quantification of p180 from C
displayed as the proportion in each fraction relative to the total across all fractions. (E–G) hTERT-RPE1 cells immunostained with antibody against endogenous
NOTCH1 (green). Scale bars: 10 mm. (H,I) hTERT-RPE1 cells coimmunostained for endogenous NOTCH1 (green) and plasma membrane marker N-cadherin
(red) showing colocalization (arrowheads, inset). Histograms represent the intensity of green fluorescence across the white line. Arrows above histograms
represent regions of plasma membrane fluorescence. Scale bars: 5 mm (J) Quantification of all intensity values within individual membrane peaks. Data
represent the mean6s.d. (§50 cells per treatment, two cross-sections per cell). *P#0.001 compared with control (Student’s t-test).
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decrease in NOTCH1 average fluorescence intensity at the
plasma membrane and loss of BBS1 decreased membrane

expression by 74% (Fig. 2J). This change was not observed
upon NICD overexpression (Fig. 2J), indicating that it is not
secondary to pathway activation.

Notch receptor accumulates in late endosomes in BBS4- or
BBS1-depleted cells
The shift in receptor localization from plasma membrane to

endosomal fractions suggests that the activation of Notch
resulting from the loss of BBS proteins might be caused by
the accumulation of Notch receptor in endosomes, similar to

that observed in Drosophila ESCRT mutants. Given that the
accumulation of Notch receptor in endosomal mutants occurs in
late endosomes and MVBs, we examined receptor localization by

co-labeling cells with markers of both of these organelles

(supplementary material Table S1) and quantified the proportion
of marker-labeled vesicles that also contained NOTCH1.

Compared with control cells, where Notch receptor could be
detected in 38% of RAB7-labeled late endosomes and 51% of
TSG101-labeled MVBs, we observed colocalization in 83% of late
endosomes and 81% of MVBs in shBBS4-treated cells

(Fig. 3A,B,D,E,I,J). Reduction in BBS1 expression also resulted
in the accumulation of Notch receptor in both RAB7- (77%) and
TSG101-labeled (82%) endosomes (Fig. 3C,F,I,J). This is

consistent with the increased Notch receptor localization in
RAB7-labeled late endosomes of shTSG101-treated cells (78%;
Fig. 3G,I). To assess whether perturbation in receptor localization

could be a secondary result of pathway upregulation, we evaluated
NOTCH1 localization in cells transfected with NICD. We did not
observe aberrant accumulation of NOTCH1 in RAB7-labeled

endosomes (32%; Fig. 3H,I).

Fig. 3. NOTCH1 accumulates in late endosomes but is decreased in recycling endosomes. (A–H) hTERT-RPE1 cells immunostained with antibodies
against endogenous NOTCH1 (green) and markers of late endosomes (RAB7, red) or multi-vesicular bodies (TSG101, red). Scale bars: 2 mm.
(I,J) Quantification of the proportion of either RAB7-positive or extra-nuclear TSG101-positive endosomes that are also positive for NOTCH1 staining shown as a
percentage of total RAB7- or TSG101-positive endosomes. Data show the mean6s.d. (K,L) hTERT-RPE1 cells coimmunostained for endogenous NOTCH1
(green) and recycling endosomes (RAB11, red). All immunofluorescence images represent a single plane of focus at the denoted endosomes and are at 1006
magnification, with enlarged regions outlined by white boxes and enlarged individual vesicles outlined by dashed boxes and shown as insets. Scale bars: 2 mm
(M) Quantification of the proportion of RAB11-positive endosomes that are also positive for NOTCH1 shown as a percentage of total RAB11-positive
endosomes. Data show the mean6s.d. *P#0.001 compared with control (Student’s t-test).
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In light of the loss of receptor localization to the plasma
membrane, we hypothesized that the defective trafficking of the

receptor might be related to a defect in recycling. To assess this
possibility, we co-labeled control and short-hairpin-treated
cells with antibodies against NOTCH1 and RAB11 (Fig. 3K,L).
Upon quantification, we observed a significant decrease in the

proportion of RAB11-positive endosomes that also contained
NOTCH1 in shBBS4- or shBBS1-treated cells (28% and 23%
decrease, respectively; Fig. 3M).

Lysosomal degradation of the Notch receptor is impaired
with loss of BBS proteins
If increased Notch signaling is the result of endosomal accumulation,
we would expect a decrease in receptor degradation in lysosomes
(Chastagner et al., 2008). To determine whether this was the case,

we first assessed by western blotting whether endogenous
NOTCH1 in HEK293 cells was degraded properly. Using
antibodies that detect either the N-terminal p180 region of the
heterodimeric receptor or the p120 C-terminal fragment, which are

targeted for degradation in lysosomes (Tien et al., 2009), we
assessed the amount of either portion as well as the full-length

(p300) unprocessed receptor protein (Fig. 4A). Upon transfection
with shBBS4, we observed a threefold increase in the amount of
either the p120 or the p180 protein relative to b-actin, an increase
that was neither due to increased production of the full-length

receptor protein, as demonstrated by a lack of change in the p300
band (Fig. 4A), nor due to increased transcription of the gene
encoding it, as detected by qRT-PCR (supplementary material Fig.

S3F). Similar accumulations of the p180 and p120 fragments were
observed in hTERT-RPE1 cells (supplementary material Fig.
S3G).

To determine whether this reduction in degradation is a result
of impaired trafficking to lysosomes, we co-labeled transfected
hTERT-RPE1 cells with antibodies against the lysosome marker

LAMP2 and endogenous NOTCH1. In control cells, we found
that 54% of LAMP2-positive lysosomes also contained
NOTCH1. This colocalization decreased to 41% and 42% in
cells with suppressed BBS4 or BBS1 expression, respectively,

Fig. 4. Loss of NOTCH1 degradation and lysosomal localization in BBS-depleted cells. (A) Detection of full-length (p300) and post-site1-cleaved N-
terminal (p180) NOTCH1 by HA detection in HA–NOTCH1-transfected cells, and detection of C-terminal domains (p120) of endogenous NOTCH1 in whole-cell
lysates of HEK293 cells transfected with or without shBBS4. Graphs show the quantification of band intensity for each, measured using ImageJ software,
relative to b-actin. (B,C) Double immunostaining of hTERT-RPE1 cells for NOTCH1 (green) and the lysosomal marker, LAMP2 (red) (D,E) Double
immunostaining of hTERT-RPE1 cells for NOTCH1 (green) and the early endosomal marker, EEA1 (red). Immunofluorescence images are at 1006
magnification, with enlarged regions denoted by white boxes and enlarged individual vesicles denoted by dashed boxes and shown as insets. Scale bars: 2 mm.
(F) Quantification of the percentage of LAMP2-positive lysosomes that also contain NOTCH1. *P#0.001 compared with control (Student’s t-test).
(G) Quantification of EEA1-positive early endosomes containing NOTCH1. n.s., non-significant. Data shown the mean6s.d.
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decreases similar to those observed in shTSG101-treated cells
(41%; Fig. 4B,C,F; supplementary material Fig. S3H). This

change was not seen in NICD-transfected cells (Fig. 4F). To
verify that this defect is not due to a general loss of endocytosis,
we labeled early endosomes with an antibody against EEA-1. The
amount of localization of NOTCH1 in EEA1-positive endosomes

was not significantly different in BBS1- or BBS4-depleted cells
compared with control cells (Fig. 4D,E,G; supplementary
material Fig. S3I).

Disruption of BBS3 or ALMS1 perturbs endosomal trafficking
of the Notch receptor
To determine whether our observations extended to other basal
body proteins, we investigated the role of BBS3, a BBS protein
that is not a core member of the BBSome but that associates with

it (Jin et al., 2010), and ALMS1, a basal body ciliopathy protein
that is not related to the BBSome but that is important for
regulation of developmental signaling (Hearn et al., 2005; Jagger
et al., 2011). Suppression of either protein by short hairpin

treatment in HEK293 cells increased HES5 expression, as
detected by qRT-PCR (1.8-fold and 1.2-fold, respectively;
Fig. 5A). Similarly, injection of a morpholino designed to block

the translation of bbs3 (Zaghloul et al., 2010) in Tp1bglob:eGFP

transgenic zebrafish embryos resulted in a significant increase in
GFP expression (Fig. 5B). To investigate possible endosomal

mechanisms for this upregulation, we examined the localization

of the NOTCH1 receptor in BBS3- and ALMS1-depleted cells by
immunofluorescence and quantified the proportion of RAB7-

labeled endosomes that colocalized with NOTCH1. Similar to
BBS1 and BBS4, loss of either BBS3 or ALMS1 resulted in a
significant increase in RAB7 colocalization with NOTCH1
(Fig. 5C). The effect on recycling and plasma membrane

localization, however, was discrepant between the two proteins.
Loss of BBS3 resulted in a modest but significant decrease in the
localization of NOTCH1 to RAB11-positive recycling endosomes

and a 50% decrease in the intensity of plasma membrane
localization (Fig. 5D,E). Depletion of ALMS1, however, did not
significantly alter either (Fig. 5D,E), suggesting that it is neither

necessary for recycling of the Notch receptor nor for subsequent
localization to the plasma membrane.

Loss of BBS1 or BBS4 perturbs ciliary localization of
Notch receptor
In addition to plasma membrane localization, at least one Notch
receptor, NOTCH3, localizes to cilia in mouse skin epithelium

(Ezratty et al., 2011), suggesting that trafficking to and away
from the cilium might be related to proper receptor localization
and function. Given that the BBSome mediates trafficking of

cargo to the cilium (Jin et al., 2010), and that our data suggest the
importance of BBS4 and BBS1 in regulating intracellular
trafficking of the receptor through endosomes, loss of these

proteins might also result in loss of ciliary localization of the

Fig. 5. Enhancement of Notch signaling
and accumulation of receptor in late
endosomes with loss of BBS3 or
ALMS1. (A) qRT-PCR analysis of relative
HES5 expression in HEK293 cells shown
as the fold change relative to control cells.
*P#0.001, **P#0.05 compared with control
(Student’s t-test). (B) qRT-PCR analysis of
expression of GFP mRNA relative to that of
b-actin in Tp1bglob:eGFP zebrafish
embryos at 24 hpf. *P#0.01 compared with
standard control morpholino (MO)
(Student’s t-test). (C) Quantification of
double immunostaining experiments for
RAB7 and NOTCH1 in hTERT-RPE1 cells.
The graph represents the percentage of
RAB7-positive endosomes that also
contain NOTCH1. *P#0.001 compared
with control (Student’s t-test).
(D) Quantification of double
immunostaining experiments for RAB11
and NOTCH1 in hTERT-RPE1 cells. The
graph represents the percentage of RAB11-
positive endosomes that also contain
NOTCH1. *P#0.005 compared with control
(Student’s t-test). (E) Quantification of
plasma membrane staining intensity as
measured by intensity of fluorescence. The
graph represents the average across §5
cells of the average of intensity values for
each membrane peak, measured by
ImageJ analysis. *P#0.001 compared with
control (Student’s t-test). All data show
the mean6s.d.
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Notch receptor. To examine this possibility, we first assessed
whether NOTCH1 localizes to primary cilia by co-labeling

control hTERT-RPE1 cells with antibodies against the NOTCH1
receptor and either an axonemal (anti-ARL13B) or a basal body
marker (anti-c-tubulin; supplementary material Table S1). We
found that, in addition to its plasma membrane and intracellular

localization, the receptor consistently localized to axonemes and
to basal bodies in 100% of control cells (Fig. 6A,B,O). When
BBS4 expression was suppressed, however, axonemal localization

was diminished in 90% of cells, and less than half (42%) of cells
exhibited basal body localization (Fig. 6C,D,O). Loss of BBS1

also produced a significant (32%) decrease in the basal body

localization of Notch receptor, and axonemal expression could
not be detected beyond the most proximal region in 60% of cells

(Fig. 6E,F,O). Depletion of BBS3 had discrepant effects on
Notch receptor localization. Of shBBS3-treated cells, 81%

exhibited basal body localization of the receptor, a significant
reduction, but no change in axonemal localization could be
observed (Fig. 6K,L,O). Interestingly, and in contrast to BBS
proteins, loss of ALMS1 did not alter either basal body or

axonemal localization of Notch receptor (Fig. 6M–O). Neither
NICD expression nor shTSG101 treatment significantly perturbed
the ciliary localization of the receptor (Fig. 6G–J,O), indicating

that pathway upregulation or defective endosomal sorting alone
might not be sufficient for disruption of ciliary localization. Loss
of ciliary localization in BBS1- or BBS4-deficient cells might

indicate that the cilium itself is important for proper localization
of NOTCH1. To determine whether this is the case, we assessed

Fig. 6. Ciliary localization of the
NOTCH1 receptor is disrupted with
loss of BBS proteins. (A) Control
hTERT-RPE1 cells immunostained
for NOTCH1 (green, arrowheads)
and ARL13B (red). (B) Control
hTERT-RPE1 cells immunostained
for NOTCH1 (green) and c-tubulin
(red). Enlarged regions are outlined
by white boxes. Scale bars: 0.5 mm.
(C–N) hTERT-RPE1 cells transfected
with the indicated constructs and
coimmunostained for NOTCH1
(green) and either ARL13B (red;
C,E,G,I,K,M) or c-tubulin
(D,F,H,J,L,N). Arrowheads, regions of
co-localization. Arrows, lack of
axonemal localization. Scale bars:
0.5 mm. (O) Quantification of
NOTCH1 localization at basal bodies
and axonemes. The graph represents
the average proportion of basal
bodies or axonemes for which
NOTCH1 colocalization could be
observed. Axonemal localization
reflects localization throughout the
axoneme. Data show the mean6s.d.
*P#0.001 compared with control
(Chi-squared test).
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NOTCH1 localization in ciliated hTERT-RPE1 cells or
subconfluent cells that are not ciliated (Pitaval et al., 2010).

The plasma membrane localization pattern in both control and
shBBS4 was identical under both conditions (supplementary
material Fig. S4A), indicating that Notch receptor localization is
not dependent on the cilium and that the mislocalization in

shBBS4-treated cells is likely due to loss of the protein.

Markers of Notch-inhibited cell types are suppressed in bbs4
morphant embryos
The increased Notch signaling observed in BBS-deficient
zebrafish embryos suggests that development of tissues and cell

types associated with this pathway might also be perturbed. To
investigate this possibility, we examined markers of two tissues
associated with BBS phenotypes, the expression of which is

inhibited by Notch signaling. We first assayed expression of
neurogenin1, a marker of neurogenesis that is repressed by active
Notch signaling (Cornell and Eisen, 2002; Takke et al., 1999).
Consistent with our observed activation of Notch, we observed a

reduction in the domain of ngn1 expression by whole-mount
in situ hybridization in 24 hpf embryos injected with bbs4

morpholino (supplementary material Fig. S4B). Similarly, tsg101

morpholino suppressed ngn1 expression at this stage, suggesting
that increased Notch signaling through endosomal defects
produces similar effects.

BBS is also often characterized by renal defects similar to those
seen in other ciliopathies (Zaghloul and Katsanis, 2009). Evidence
suggests that ciliopathic renal defects in zebrafish might be

attributable to loss of pronephric multi-ciliated cells (MCCs) due to
increased Notch signaling (Liu et al., 2007). To determine whether
this might be true in bbs4-deficient embryos, we examined the
expression of a marker specific to pronephric MCCs, shippo1 (Liu

et al., 2007). At 24 hpf, we observed a dramatic decrease in
shippo1 expression in the pronephros in both bbs4 morphants and
tsg101 morpholino-injected embryos (supplementary material Fig.

S4C), indicating that these animals are deficient in these Notch-
inhibited cells.

DISCUSSION
In this study, we provide evidence that BBS1, BBS3, BBS4 and
ALMS1 are necessary for the regulation of Notch signaling. Loss of
expression of these genes in zebrafish or cultured cells resulted in

enhanced activation of the pathway. Our assessment of Notch
receptor localization revealed that it accumulated in late endosomes
and is likely not properly degraded when BBSome proteins are

depleted, leading to increased receptor activation and target
transcription. In addition, loss of BBSome proteins reduced the
localization of Notch receptor to the plasma membrane and cilium,

and reduced its localization to recycling endosomes, implicating
the BBSome in proper recycling of Notch. Interestingly, although
loss of ALMS1 also significantly increased receptor accumulation

in late endosomes, it altered neither membrane nor ciliary
localization and did not reduce recycling of the receptor,
suggesting a trafficking defect that is independent of recycling.

BBS protein regulation of endosomal recycling and sorting
Our findings offer a mechanistic link between BBS proteins and
Notch signaling through endosomal recycling and sorting. This

extends previous studies directly linking ciliary and basal body
proteins to proteins involved in endosomal trafficking (Collin
et al., 2012; Knödler et al., 2010; Westlake et al., 2011) and now

implicates the BBSome proteins in proper recycling of endosomal

cargo. In control cells, the Notch receptor is endocytosed away from
the plasma membrane. From early endosomes, the receptor is either

trafficked back to the membrane by recycling endosomes or it is
directed to lysosomal degradation by late endosomes (Fig. 7A). The
loss of plasma membrane localization seen with disruption of BBS1,
BBS3 or BBS4 compounded with the significant decrease in

localization of receptor to recycling endosomes suggests that
BBSome-associated proteins are necessary for endosomal recycling.
When this is lost, Notch receptor is potentially redirected to the late

endosomes (Fig. 7B). The result is a significant increase in the
amount of receptor in the late endosomes, overwhelming the
lysosomal degradation pathway and resulting in activation of

the receptor from endosomes. Loss of lysosomal localization is
modest but, compounded with significantly increased late
endosome localization and the accumulation of the heterodimeric

receptor in whole cells (Fig. 4A; supplementary material Fig. S3G),
this suggests that degradation is at least perturbed. This might be a
result of defective sorting of cargo through late endosomes, a
process regulated by ESCRT proteins, including TSG101. This

latter step is likely disrupted in ALMS1-deficient cells, as these cells
do not exhibit recycling defects but do accumulate Notch receptor in
the late endosomes similar to BBS-deficient cells (Fig. 7C).

Our observations suggest that the loss of Notch receptor
localization at the cilium correlates with the loss of plasma
membrane localization. A possible exception to this is the normal

axonemal localization of Notch receptor in BBS3-depleted cells.
Although this might be consistent with the more modest recycling
defect in shBBS3 cells, it also suggests that receptor localization

to the ciliary membrane might be subject to other mechanisms.
The BBSome and BBS3 are implicated in the transport of
proteins to the cilium (Jin et al., 2010) but their role in trafficking
to other parts of the cell membrane is unclear. It is possible that

defects in endosomal recycling affect trafficking to both ciliary
and plasma membranes through similar mechanisms, but our data
do not definitively establish this link. Our observations do,

however, suggest that proper localization of Notch receptor to
the plasma membrane is not dependent on the presence of a
cilium (supplementary material Fig. S4A). Loss of membrane

localization in the absence of BBS4 occurs irrespective of the
presence of a cilium. Therefore, the trafficking role of BBS and
Alstrom proteins might be independent of cilia. Trafficking
studies that can continuously monitor individual cargo will be

needed to clarify the link between membrane localization, ciliary
localization, endosomal trafficking and the role of these proteins.

It is possible that the observed disruption in Notch localization

is due to an inability of the receptor to be transported initially to
either the cilium or the plasma membrane from the Golgi. Indeed,
Golgi-to-membrane transport can occur through recycling

endosomes (Ang et al., 2004), raising the possibility that the
reduction in recycling endosome localization is due to an inability
of the Notch receptor to properly exit the Golgi. However, this

alone is not sufficient to explain our observations. If the Notch
receptor is trapped in either the Golgi or in post-Golgi transport
vesicles, we would not expect to see an increase in Notch
signaling, nor would an accumulation of receptor in the late

endosomes be likely. Therefore, although we cannot preclude the
possibility of a Golgi-to-membrane or Golgi-to-cilia transport
defect, the evidence suggests that increased Notch receptor

activation is more likely due to a defect in trafficking after it has
been endocytosed.

These findings also raise the question of the molecular

mechanism responsible for basal body protein-dependent
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trafficking of Notch receptor through endosomes. Interestingly,

an important molecular cue that targets Notch receptor in
endosomes for lysosomal degradation is ubiquitylation.
Evidence suggests that proteins, including Shrub and Deltex

(Fig. 7A), that drive Notch receptor towards lysosomal
degradation do so through polyubiquitylation (Chastagner et al.,
2008). Defective sorting, resulting in increased endosomal

activation of the receptor, is associated with a change in
ubiquitylation state, likely to be a shift from polyubiquitylation
to monoubiquitylation (Hori et al., 2011). Importantly, the

aberrant activation is ligand-independent, similar to our
observations with BBS proteins. At least one BBS protein,
BBS11, is an E3 ubiquitin ligase (Chiang et al., 2006). It is
possible that BBS proteins are involved in ubiquitylation of

Notch receptor in early or sorting endosomes, which localize to
the base of the cilium where BBS proteins are found (Fig. 1D;
Ansley et al., 2003). It remains to be seen whether the

ubiquitylation of the Notch receptor is altered in BBS-deficient

cells but, if this is the case, it might provide a mechanistic
explanation for why the sorting of endosomal cargo is disrupted.

An alternative explanation relates to the importance of

microtubule dynamics in endosomal trafficking. It has long
been recognized that the transport of endosomes and trafficking
to lysosomes is dependent on microtubules and microtubule-

based motors (Matteoni and Kreis, 1987; Oda et al., 1995).
Furthermore, disruption of BBS proteins results in defects in
microtubule architecture and nucleation (Kim et al., 2004). In

addition, ALMS1 interacts directly with RILPL1 (Collin et al.,
2012), which is related to RILP, a Rab7-interacting lysosomal
protein that mediates endolysosomal trafficking through
microtubule transport (Jordens et al., 2001; Progida et al.,

2007). These reports suggest that BBS and Alstrom proteins
might be necessary for proper trafficking of endosomal cargo by
regulation of microtubule dynamics.

Fig. 7. Model of Notch receptor trafficking in endosomes of cells deficient in basal body proteins. (A) In control cells, the Notch receptor (green lines)
localizes to the cilium and plasma membrane, from where it is endocytosed into early endosomes (pink). The receptor is either recycled back to the
membrane by recycling endosomes (yellow) or is sorted to the late endosomes and multi-vesicular bodies (MVBs, red) for degradation in the lysosomes (blue), a
process that is mediated in part by proteins such as Shrub, Deltex (Dx), Suppressor of Deltex [Su(Dx)] and HOPS (also known as TMUB1), which are
involved in endosomal trafficking and degradation of the receptor. (B) Loss of BBSome proteins does not disrupt endocytosis, but results in reduced
membrane and ciliary localization as a result of reduced recycling (dashed arrow). The disruption in recycling results in increased trafficking to the late
endosomes (heavy black arrow), from where active NICD can be produced. (C) Loss of ALMS1 does not disrupt recycling or membrane or ciliary localization, but
increases the accumulation of receptor in late endosomes (heavy black arrow) and increases signaling.
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BBS and Alstrom proteins are necessary for regulation of
Notch signaling
This study is the first demonstration of a role for BBS
and Alstrom proteins in the regulation of Notch. In light of the
role of these proteins in disease, our observation of enhanced
Notch signaling might implicate a previously unexplored

mechanism for disease phenotypes associated with BBS or
Alstrom Syndrome. Notch is a crucial regulator of the
differentiation of various cell types, and misregulation might

have ramifications for a number of tissues. Notch has been
studied extensively in neurogenesis, for example (Pierfelice et al.,
2011), and neurological defects have been reported across the

ciliopathies, including BBS (Lee and Gleeson, 2010). Impaired
Notch regulation might therefore suggest a mechanism for these
phenotypes. Consistent with this possibility, we observed

decreased expression of ngn1, a marker of neurogenesis that is
inhibited by Notch (Cornell and Eisen, 2002; Takke et al., 1999).
Likewise, defects in Notch signaling contribute to renal defects,
which are prevalent in the ciliopathies and in BBS (Arts and

Knoers, 2013; Sirin and Susztak, 2012; Zaghloul and Katsanis,
2009). Maintenance of Notch activation suppresses the
production of MCCs in the zebrafish pronephros, producing

renal cysts, and suppression of the pathway can ameliorate this
phenotype (Liu et al., 2007). We observed impaired production of
MCCs in bbs4 morphants, supporting a potential role for

increased Notch signaling in a major ciliopathy phenotype.
Although the extent to which this pathway plays a role in BBS,
Alstrom and other ciliopathies remains to be seen, our findings

indicate its potential importance in pathogenesis.
Our observation of pathway amplification is in contrast to a

recent report of reduced Notch signaling in the developing
epidermis of conditional Ift88-, Ift74- and Kif3a-knockout

mice (Ezratty et al., 2011), suggesting potential mechanistic
discrepancies. First, the observation of muted Notch signaling in
conditional Ift mutants suggests the possibility of protein-specific

mediation of the pathway or a dependence on intraflagellar
transport (Ezratty et al., 2011). Second, the finding that Notch
signaling is muted in the epidermis suggests the possibility of

tissue-specific effects. Although we did not focus our study on
one particular tissue, we observed, for example, that enhancement
of GFP in bbs1-morpholino-injected Tp1bglob:eGFP zebrafish
embryos was more pronounced in some tissues relative to others.

Finally, because Notch signaling is important in differentiation,
timing is crucial. Indeed, at a later stage of development (E18.5)
some cells of Ift88 conditional knockout epidermis exhibited

ectopic Hes1 expression (Ezratty et al., 2011). To investigate this
discrepancy, it will be necessary to assay signaling in ciliary
mutants at various developmental stages.

Our findings underscore the importance of intracellular
trafficking in the context of ciliopathy proteins. This study
represents the first report of a role for these proteins in trafficking

and the regulation of Notch, providing new mechanistic insight
into the mediation of signaling by basal body proteins. This link
raises the possibility of other signaling pathways mediated in this
manner. Endosomal sorting is important in sequestering GSK-3b,

a central molecule in canonical Wnt signaling (Taelman et al.,
2010). Given the role of BBS proteins in mediating Wnt (Gerdes
et al., 2007), these findings suggest an additional mechanism by

which this regulation might occur. Likewise, components of other
pathways, such as Shh, accumulate in endosomes and therefore
might be similarly regulated (Incardona et al., 2002). In light of

these possible links, it will be necessary to investigate the link

between ciliopathy proteins and endosomal regulation of
signaling to clarify the cellular mechanisms of signaling

disruption in ciliopathies.

MATERIALS AND METHODS
Cell culture and transfection
hTERT-RPE1 and HEK293 cells (ATCC) were cultured in DMEM:F-12

with 10% FBS and 0.1% hygromycin or DMEM with 10% FBS and 1%

penicillin-streptomycin, respectively. For transfection, cells in growth

medium without antibiotics were plated onto coverslips or in culture

dishes and transfected at 90–95% confluency using LipofectamineTM

2000 (Life Technologies) according to the manufacturer’s protocol with

the following constructs at 4 mg in 2 ml: shBBS4 in pSUPER (Gerdes

et al., 2007); shBBS1, shBBS3, shALMS or shTSG in pLKO.1-puro

(Sigma-Aldrich MISSIONH collection). Transfection reagent alone (No

DNA) or with empty vector (pSUPER or pLKO.1-puro) was used as a

control. Transfected cells were harvested at 48 hours without change of

culture medium after confirmation of 85–95% transfection efficiency (by

GFP expression vector).

Immunofluorescence
Cells plated onto coverslips were fixed at 48 hours post-transfection in

4% paraformaldehyde (PFA) or ice-cold methanol for 10 minutes,

followed by a 10-minute permeabilization with 0.1% Triton X-100 and

two 16 PBS washes. Double immunostaining was carried out by first

blocking for 1 hour in PBS-Tween plus 10% serum and 1% bovine serum

albumin (BSA), followed by overnight incubation with primary antibody

at 4 C̊, a 1-hour incubation with secondary antibody at room temperature,

a second block, a second overnight incubation with primary antibody and

a second one-hour secondary antibody incubation. Primary antibodies

against the following proteins were used: NOTCH1 (C-20, Santa Cruz

Biotechnology, 1:50), ARL13B (Proteintech, 1:1000), acetylated tubulin

(Sigma, 1:1000), c-tubulin (Sigma, 1:1000), EEA1 (BD Transduction

Laboratories, 1:250), RAB7 (Cell Signaling Technology, 1:100), TSG101

(4A10, Abcam, 1:500), LAMP2 (H4B4, Abcam, 1:100) and RAB11 (Cell

Signaling Technology, 1:100). Species-specific secondary antibodies

(Alexa FluorH, Invitrogen) were used at 1:1000. Following primary and

secondary antibody incubations, coverslips were washed in 16 PBS,

incubated in DAPI (0.2 mg/ml in PBS), mounted with Prolong Gold

Antifade (Invitrogen) and imaged at 1006 magnification using an

Olympus IX50 or an Olympus IX81 with cellSens imaging software

using deconvolution and z-stacking capability.

qRT-PCR
RNA was extracted from cells or zebrafish embryos using TRIzol reagent

(Life Technologies) according to the manufacturer’s protocol and was

purified using the RNeasy Kit (Qiagen). cDNA was transcribed using the

Fermentas First Strand cDNA Transcription Kit (Thermo Scientific)

according to the manufacturer’s protocol, diluted 1:9 (for all zebrafish

genes and all human genes except reference) or 1:90 (reference human

gene only) and added to a reaction including target-specific primers

(sequences available upon request) and LightCycler 480 SybrGreen

(Roche) and run on a LightCycler 480 (Roche) for 5 minutes at 95 C̊,

followed by 40 cycles of 95 C̊ (10 seconds), 58 C̊ (15 seconds), 72 C̊

(10 seconds) then 5 minutes at 72 C̊. A reverse-transcriptase-free sample

was used as a negative control. All samples were run in duplicate with the

CT value normalized to GAPDH (cells) or b-actin (zebrafish) to calculate

relative expression for each gene in each sample. Biological replicates

were repeated a minimum of three times and up to seven times per

treatment. Fold change was calculated relative to control samples.

Western blotting and sucrose gradient
HEK293 or hTERT-RPE1 cells were plated in six-well or 10-cm culture

dishes for western blotting of whole-cell lysates or sucrose-gradient

fractionation, respectively. For the former, cells were washed twice in

ice-cold PBS, incubated for 30 minutes on ice in Tris/NaCl/NP-40 buffer

containing 1% protease inhibitor (Sigma) and centrifuged at 10,000 g for

10 minutes at 4 C̊. Supernatant was collected and assayed by western
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blotting according to standard protocols using Life Technologies reagents

and instrumentation. The absorbance of each protein band was measured

using ImageJ software and quantified as the area under the curve. For

sucrose gradients, cells were washed in cold HEPES/MgCl2, collected in

the same solution plus protease inhibitor and spun at 1000 g for

2 minutes at 4 C̊. The resulting pellet was resuspended in Tris/MgCl2/

protease inhibitor with 8% sucrose and homogenized on ice for 1 minute

using a Dounce homogenizer. The suspension was centrifuged for

2 minutes at 600 g at 4 C̊, the supernatant was added to a sucrose

gradient of 50% (500 ml), 30% (750 ml) and 10% (500 ml) and

centrifuged for 1 hour at 40,000 g using a Beckman Ultracentrifuge.

Gradient fractions were collected by gravity drip in ,250 ml aliquots and

run using a standard western blotting protocol. Total protein for each

fraction was calculated by using the bicinchoninic acid (BCA) assay kit

(Pierce) according to the manufacturer’s protocol and a Perkin Elmer

Wallac Victor plate reader. For each sucrose gradient western blot, 2 mg

of total protein was run for fractions 1–5 and 6 mg of total protein was run

for fractions 6–8, owing to the reduced concentration and reduced

sensitivity of detecting Notch receptor in the endosomal fractions. Total

protein for whole-cell lysates was calculated by using the BCA assay kit

to ensure equal protein amounts (30 mg) were run in each lane. Primary

antibodies against the following proteins were used for whole-cell lysate

and/or sucrose gradient fractions: NOTCH1 (Abcam, 1:1000), HA-tag

(Sigma, 1:10,000), N-cadherin (BD Transduction Laboratories, 1:1000),

EEA1 (BD Transduction Laboratories, 1:5000), b-actin (Cell Signaling

Technology, 1:1000), BBS1 (Santa Cruz Biotechnologies, 1:1000), BBS4

(Sigma, 1:1000), BBS3 (Proteintech, 1:1000) and TSG101 (Abcam,

1:1000). Horseradish peroxidase (HRP)-conjugated anti-mouse-IgG (Cell

Signaling Technology) and anti-rabbit-IgG Poly-HRP (Pierce) secondary

antibodies were used at 1:2000.

Zebrafish lines, morpholino injection and in situ hybridization
Adult Tp1bglob:eGFP transgenic zebrafish were housed and naturally

mated according to standard protocols. Embryos were collected for

morpholino injection at the two- to four-cell stage in embryo medium and

cultured at 28.5 C̊. Translation blocking morpholinos were injected

against bbs1, bbs4, bbs3 (Zaghloul et al., 2010) and deltaA (Latimer

et al., 2002), as well as a splice-blocking morpholino against tsg101

(59-TGGGTGTTGGGAGACATACATGTTT-39). Overexpression was

carried out by injection of mRNA (transcribed from pC3+MT vector

using the mMessage mMachine Kit, Ambion) encoding the active

intracellular domain fragment of notch3 (nicd) at 50 pg. Transgenic

embryos were harvested for RNA at 24 hpf in groups of 20 or observed

for GFP expression at 48 hpf using a SteREO Zeiss Lumar.V12

dissecting microscope and imaged at 306 magnification with an

Axiocam MRc 5 and Axiovision software. In situ hybridization was

carried out as per standard protocols (Thisse and Thisse, 2008) using

previously described riboprobes against either neurogenin1 or shippo1

(Geling et al., 2004; Liu et al., 2007).

Quantification of NOTCH1 localization by immunofluorescence
Immunostained cells were imaged as described above. Exposure and

camera settings were optimized for each experiment using control cells.

For endosomal and lysosomal localization, the number of marker-labeled

vesicles that were also labeled with NOTCH1 was counted as a

proportion of the total number of marker-labeled vesicles for a given

focal plane. The average percentage of co-labeled vesicles containing

NOTCH1 was calculated for a minimum of 30 cells per treatment. Each

cell was distinguished from neighboring cells by nuclear DAPI staining.

The focal plane was adjusted to focus only on the structure being

assessed (i.e. endosomes, basal body, axoneme). For TSG101-labeled

MVBs, we assessed only vesicles that were definitively outside of the

nucleus to preclude the possibility of counting intranuclear NICD

localization. For endosomal accumulation at the cilium, the focal plane at

the base of the cilium was used. For membrane staining intensity,

fluorescence was observed and quantified across multiple focal planes

obtained as z-stacks for each cell. A minimum of two regions spanning

the width of each cell were assessed by fluorescence intensity analyses

using ImageJ software. The average of all intensity values within each

intensity peak was calculated and the average for all peaks measured per

treatment was plotted for a minimum of 50 cells.
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