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Introduction

Primary cilia act as antenna-like structures, transducing signals 
from the environment to control essential cellular processes 
such as proliferation, apoptosis, migration, and differentiation. 
Cilia consist of three different compartments—the basal body 
(BB), the transition zone (TZ), and the axoneme. The BB is 
a modified centriole from which the ciliary microtubule-based 
framework, the axoneme, grows out. The intermediate region 
between the BB and the axoneme is called the TZ. Mutations in 
the gene RPGRIP1L lead to a broad spectrum of severe human 
diseases, which are based on cilia dysfunction commonly sum-
marized as ciliopathies (Arts et al., 2007; Delous et al., 2007; 
Wolf et al., 2007; Zaghloul and Katsanis, 2010). Rpgrip1l is an 
evolutionary conserved gene encoding a protein that is located 
at the base of cilia (Arts et al., 2007; Delous et al., 2007; Vi-
erkotten et al., 2007; Garcia-Gonzalo et al., 2011; Williams et 
al., 2011; Mahuzier et al., 2012). Rpgrip1l−/− mouse embryos 
display a ciliopathy phenotype with defects in numerous organs 
and die, at the latest, around birth (Vierkotten et al., 2007; Besse 
et al., 2011; Gerhardt et al., 2013).

Protein degradation is an essential process to ensure 
proper cellular signaling and hence a normal development of an 
organism (Liu et al., 2012). In eukaryotes, ∼80–90% of all pro-

teins are degraded by the 26S proteasome (Lilienbaum, 2013), 
which functions as catalytic component of the ubiquitin–prote-
asome system that consists of 19S and 20S subunits. Proteins 
become phosphorylated as well as ubiquitinated and bind to the 
19S regulatory complex. Subsequently, they are degraded by 
the multiple peptidase activities containing 20S subunit (Coux 
et al., 1996). In addition to controlling protein degradation, the 
proteasome is able to cleave one or more peptide bonds of a tar-
get protein to modify its activity, an event known as proteolytic 
processing. As a result of its importance for the degradation or 
processing of proteins, the ubiquitin–proteasome system is in-
volved in the regulation and proper functioning of numerous 
signaling pathways. For example, the proteasome is responsible 
for the degradation of β-Catenin, the mediator of canonical Wnt 
signaling, as well as for the processing of Gli3, an important 
component of the Sonic hedgehog (Shh) pathway. In case of 
Shh signaling, the presence of the ligand Shh induces the ac-
tivation of Gli3-190 which then switches on the transcription 
of Shh target genes. In the absence of Shh, Gli3-190 is pro-
teolytically processed to Gli3-83, the predominant repressor of 
Shh target gene transcription (Wang et al., 2000). Previously, 
different studies described an association between proteasomal 
degradation and ciliary proteins. For example, the loss of Bbs4, 
Bbs7, and Ofd1 results in a decreased proteasomal activity, re-
spectively (Gerdes et al., 2007; Gascue et al., 2012; Liu et al., 
2014). Furthermore, proteasomal degradation is involved in cil-
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iogenesis and the intraflagellar transport (Guo et al., 2011; Zalli 
et al., 2012; Kasahara et al., 2014).

Interestingly, a link between primary cilia and the autoph-
agy–lysosome system, another protein degradation mechanism, 
has been found (Pampliega et al., 2013; Tang et al., 2013). Au-
tophagy is characterized by the formation of autophagosomes, 
double-membrane vesicles. These autophagosomes enclose 
their targets and then fuse their external membrane with lyso-
somes to degrade their cargo. Targets of autophagy can be long-
lived or aggregated proteins as well as intracellular pathogens 
and cellular organelles (Farré et al., 2008; Kraft et al., 2008; Or-
vedahl et al., 2011; Rott et al., 2011; Wang and Klionsky, 2011; 
Thurston et al., 2012; Lilienbaum, 2013). It was shown that cili-
ary signaling induces autophagy (Pampliega et al., 2013).

Analyzing the molecular background of ciliopathies 
based on Rpgrip1l deficiency in this study, we uncovered that 
Rpgrip1l regulates proteasomal activity. However, it does not 
control total cellular proteasomal activity per se but exclusively 
at primary cilia. Our data reveal the localization of proteasomal 
components at the ciliary base and a decreased activity of the 
ciliary proteasome in the absence of Rpgrip1l. We show that 
Rpgrip1l interacts with Psmd2, a proteasomal 19S subunit com-
ponent, at the ciliary TZ. These observations are consistent with 
the hypothesis that Rpgrip1l realizes the regulation of proteaso-
mal activity at the ciliary base via Psmd2.

Results

Rpgrip1l is located at the ciliary TZ in G0 
phase and at centrosomes during mitosis
Originally, Rpgrip1l has been shown to be a BB protein (Arts 
et al., 2007; Delous et al., 2007; Vierkotten et al., 2007). More 
recent reports describe a more detailed localization at the ciliary 
TZ (Garcia-Gonzalo et al., 2011; Williams et al., 2011; Mahuzier 
et al., 2012). We choose mouse embryonic fibroblasts (MEFs) 
as in vitro system for analyzing Rpgrip1l function. In these pri-
mary cells, Rpgrip1l is located at the TZ during G0 phase (Fig. 
1, A and B) and at both centrosomes during mitosis (Fig. 1 C). In 
embryonic day 12.5 (E12.5) limb cilia, Rpgrip1l is also present 
at the TZ and at centrosomes (Fig. 1 D). This means that in vivo 
studies of limbs, a well-known system for studying functional 
mechanisms, can be used to complement the data of MEFs.

Rpgrip1l controls ciliary length
The absence of particular TZ proteins results in differences in 
ciliary length (Tammachote et al., 2009; Cui et al., 2011; Dow-
dle et al., 2011; Garcia-Gonzalo et al., 2011). Such alterations 
are indicative for ciliary signaling defects (Cui et al., 2011; 
Dowdle et al., 2011; Garcia-Gonzalo et al., 2011; Ishikawa and 
Marshall, 2011; Larkins et al., 2011). We measured the length of 
cilia in Rpgrip1l−/− MEFs and in different organs of Rpgrip1l−/− 
mouse embryos by using immunofluorescence. Although the 
cilia in Rpgrip1l−/− MEFs, limbs, livers, and lungs are signifi-
cantly longer, the length of cardiac cilia is significantly reduced 
(Fig. 2 A). We evaluated the quality of our fluorescence-based 
ciliary length measurements by comparing these results with 
previously published scanning EM (SEM) data. The absolute 
value we measured for wild-type (WT) limb cilia is 1.25 ± 0.05 
µm (standard error of the mean; Fig. 2 C), which correlates 
with SEM quantifications (Haycraft et al., 2005; Moon et al., 
2014). Moreover, we performed SEM analyses to quantify the 

length of Rpgrip1l−/− limb cilia. The elongation of limb cilia, 
in the absence of Rpgrip1l, was verified by these SEM ex-
periments (Fig. 2, B and C).

Rpgrip1l regulates proteasomal activity at 
the ciliary base
The observations of significant elongation of cilia in our in vitro 
and in vivo model systems led us to the question if ciliary sig-
naling is affected in these systems. Previously, we found an el-
evated Gli3-190/Gli3-83 ratio in Rpgrip1l−/− mouse embryos as 
a result of a reduced proteolytic processing of Gli3 (Vierkotten 
et al., 2007). Consistent with this suspicion, the Gli3-190/Gli3-
83 ratios are also elevated in Rpgrip1l−/− MEFs and isolated 
limbs (Fig. 3, A and B). Because previous studies showed that 
the deficiency of other TZ proteins affects events upstream of 
Gli3 in the Shh signal cascade (Garcia-Gonzalo et al., 2011) and 
since Smo regulates Gli3 modification via the Evc–Evc2 com-
plex (Dorn et al., 2012), we analyzed the amount of Smo and 
Evc in cilia of SAG (Shh agonist)-treated Rpgrip1l−/− MEFs. 
We could not detect any alteration in the amount of either pro-
tein in cilia of Rpgrip1l−/− MEFs (Fig. S1, A and B) making it 
likely that Rpgrip1l affects Shh signaling at the level of Gli3. In 
search of the cause for the increased Gli3-190/Gli3-83 ratio, we 
investigated proteasomal activity. However, changes in overall 
cellular proteasomal activity were not detected in Rpgrip1l−/− 
MEFs (Fig. 3 C). Because Gli3-processing is dependent on 
cilia (Haycraft et al., 2005; Besse et al., 2011), we could not 
exclude that proteasomal activity is reduced exclusively at cilia. 
Potentially, an alteration of proteasomal degradation specific at 
cilia is undetectable in measurements of general proteasomal 
substrates. To test this hypothesis, we measured the amount of 
phospho-(S33/37/T41)-β-Catenin, a well-known proteasomal 
substrate (Aberle et al., 1997; Hart et al., 1999; Kitagawa et al., 
1999; Latres et al., 1999; Liu et al., 1999; Winston et al., 1999). 
A previous study showed a localization of phospho-(S33/37/
T41)-β-Catenin at the ciliary base (Corbit et al., 2008), suggest-
ing that this is the location of its degradation. In total lysates 
of serum-starved Rpgrip1l−/− MEFs (on average, 82% of all 
cells had cilia), the amount of phospho-(S33/37/T41)-β-Cat-
enin is significantly increased in comparison to serum-starved 
WT MEFs (on average, 88.6% of all cells produced cilia; Fig. 4 
A), whereas non–phospho-(S33/37/T41)-β-Catenin is unaltered 
(Fig. 4 B). In total lysates of non–serum-starved Rpgrip1l−/− 
MEFs (on average, 4% of all cells possessed cilia), the amount of 
phospho-(S33/37/T41)-β-Catenin is not changed in comparison 
to non–serum-starved WT MEFs (on average, 6.67% of all cells 
had cilia; Fig. 4 C), demonstrating that the degradation of phos-
pho-(S33/37/T41)-β-Catenin is cilia dependent. The amount 
of phospho-(S33/37/T41)-β-Catenin is significantly increased 
at the ciliary base of Rpgrip1l−/− MEFs (Fig. 4 D). To confirm 
these data, which were collected by using standard resolution 
microscopy, we also measured the amount of phospho-(S33/37/
T41)-β-Catenin using super-resolution microscopy. 3D struc-
tured illumination microscopy (SIM; Gustafsson et al., 2008; 
Schermelleh et al., 2008) analyses confirmed the finding of sig-
nificantly elevated levels of phospho-(S33/37/T41)-β-Catenin 
at the ciliary TZ in Rpgrip1l−/− MEFs (Fig. 4 E).

If proteasomal degradation occurs at the ciliary base, 
ubiquitinated proteins should accumulate there. We used an 
antibody specifically recognizing an epitope of ubiquitin pro-
teins and detected an accumulation at cilia of WT MEFs. In 
Rpgrip1l−/− MEFs, there are significantly more ubiquitinated 
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Figure 1.  Rpgrip1l localizes at the ciliary TZ in G0 
phase and at centrosomes during mitosis. (A–C) Immu-
nofluorescence on MEFs (isolated from E12.5 embryos). 
(A and B) Plots indicate fluorescent intensities of each 
channel along the cilium from base (left) to tip (right).  
(A) The ciliary axoneme is marked by acetylated α-tubu-
lin (α-Tub) and the BB by γ-tubulin. (B) The ciliary axon-
eme is marked by acetylated α-tubulin (α-Tub), and the 
TZ is marked by Cep290. (C) Centrosomes are marked 
by γ-tubulin, and cell nuclei are marked by DAPI. In-
sets illustrate higher magnifications of boxed regions.  
(D) Immunofluorescence on E12.5 murine limbs. The 
ciliary axoneme is marked by acetylated α-tubulin and 
centrosomes by Pcnt2. Bars: (A and B) 1 µm; (C) 10 µm; 
(D, overview) 5 µm; (D, magnification) 1 µm.
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proteins at the ciliary base (Fig. 4 F) consistent with a decrease 
of proteasomal activity in the absence of Rpgrip1l. In line 
with these findings in our in vitro model, the amount of phos-
pho-(S33/37/T41)-β-Catenin and Ubiquitin is also significantly 
elevated at the ciliary base of Rpgrip1l−/− limbs (Fig. 4, G and 
H). Additionally, the ciliary amount of Gli3-190 is significantly 
elevated in Rpgrip1l−/− MEFs (Fig. 4 I). To test whether the 
elevation of the different proteins at cilia of Rpgrip1l−/− MEFs 
could be caused by a dysfunction of the proteasome, we treated 
WT MEFs with the proteasome inhibitor MG132 (Rock et 
al., 1994) and expected to provoke a situation comparable to 
the Rpgrip1l−/− state. After MG132 treatment, the amount of 
phospho-(S33/37/T41)-β-Catenin is significantly increased at 
the ciliary base of WT MEFs (Fig. 4 J). Furthermore, MG132 
treatment results in a significant elongation of MEF cilia (Fig. 
4 K), mimicking the increased ciliary length of Rpgrip1l−/− 
MEFs (Fig. 2 A). In a parallel approach, we tested whether a 
fluorescence reporter system could be used to evaluate whether 
the activity of the proteasome is decreased in the absence of  
Rpgrip1l. In general, these reporters are rapidly diffusing and 
do not accumulate at specific subcellular localizations. There-
fore, they may not be ideal for measuring proteasomal activity 
at the ciliary base. However, differential proteasomal activity 
in the nuclear and cytoplasmic compartments of MBECs and 
HepG2 cells using the Proteasome Sensor Vector has been pre-
viously reported (Zheng et al., 2006). This vector encodes the 
ZsProSensor-1 protein, a fusion of a GFP with a degradation 
domain, which targets the protein for rapid degradation by the 
proteasome. We transfected the Proteasome Sensor Vector into 
WT as well as Rpgrip1l−/− MEFs and detected the green fluo-
rescence signal at 88.9% of all analyzed Rpgrip1l−/− MEF cilia 
(n = 16 out of 18 cilia) but never at WT cilia (n = 0 out of 

37 cilia; Fig. 4 L), demonstrating a diminished activity of the 
proteasome. Consequently, the amount of ZsProSensor-1 is sig-
nificantly elevated at the ciliary base of Rpgrip1l−/− MEFs (Fig. 
4 L). Interestingly, the accumulation of the green fluorescence 
signal in Rpgrip1l−/− MEFs was observed exclusively at cilia 
and not at centrosomes or other subcellular locations (Fig. 4 L).

Based on these observations, it appears that Rpgrip1l 
regulates proteasomal activity in a cilia-dependent manner. Be-
cause Rpgrip1l localizes to the ciliary TZ, it is possible that it 
controls proteasomal activity directly at primary cilia. To our 
knowledge, the existence of a ciliary proteasome (a proteasome 
that localizes and functions at cilia) has been assumed (Wen et 
al., 2010) but not proven until now.

A prerequisite for a proteasome to function at the base of 
cilia is the presence of components of the 19S and 20S prote-
asomal subunits. Psmd2, Psmd3, and Psmd4, which are com-
ponents of the 19S proteasomal subunit, are found at the BB 
of WT MEF cilia by using 3D-SIM (Fig. 5, A–C), supporting 
the assumed existence of a ciliary proteasome. Psma5, which 
is a component of the 20S proteasomal subunit is detected at 
the ciliary base (BB as well as TZ) and along the axoneme of 
WT MEFs (Fig. 5, D and E), indicating a transport of Psma5 
through the cilium. Assuming a transport of Psma5 along the 
cilium, we propose the BB as the location were the ciliary pro-
teasome localizes and functions. This is the most likely scenario 
because we never detected components of the 19S proteasomal 
subunit along the axoneme of MEF cilia.

It has been reported that inhibition of the proteasome 
leads to an accumulation of proteasomal subunits at the cen-
trosome (Fabunmi et al., 2000). So the question arises whether 
proteasomal components accumulate in a significantly higher 
amount at the ciliary base of Rpgrip1l−/− MEFs. All analyzed 

Figure 2.  Rpgrip1l deficiency affects ciliary 
length. (A and B) MEFs were isolated from 
E12.5 WT and Rpgrip1l−/− embryos. (A) 
Comparison of WT and Rpgrip1l−/− ciliary 
length. Embryonic organs were separated 
from E12.5 embryos. At least 20 cilia per 
embryo were analyzed. n values (n refers to 
the number of embryos) are as follows: MEFs: 
WT, n = 4; Rpgrip1l−/−, n = 5; limbs: WT, n 
= 4; Rpgrip1l−/−, n = 5; hearts: WT, n = 4;  
Rpgrip1l−/−, n = 5; lungs: WT, n = 4;  
Rpgrip1l−/−, n = 4; livers: WT, n = 4; Rpgrip1l−/−,  
n = 4. Error bars show standard error of the 
mean. (B) Elongation of E12.5 Rpgrip1l−/− 
limb cilia are confirmed in comparison to 
fluorescence based cilia length measurement 
(10 cilia; SEM: 2.88 ± 0.14 µm; immuno
fluorescence: 2.44 ± 0.265 µm). Magnifica-
tions (termed as 1 and 2) show two examples 
of Rpgrip1l−/− limb cilia. Bars: (overview) 10 
µm; (magnification) 1 µm. (C) Absolute values 
of the quantified ciliary length of WT (n = 4 
embryos) and Rpgrip1l−/− (n = 5 embryos) 
limbs at E12.5 based on immunofluorescence. 
Rpgrip1l-negative cilia (2.44 ± 0.265 µm 
[standard error of the mean]) are significantly 
longer than WT cilia (1.25 µm ± 0.05 µm 
[standard error of the mean]). *, P < 0.05; 
**, P < 0.01; ***, P < 0.001.



Rpgrip1l regulates proteasomal activity at cilia • Gerhardt et al. 119

proteasomal components, Psmd2, Psmd3, Psmd4 and Psma5, 
were significantly increased at the ciliary base in Rpgrip1l−/− 
MEFs (Fig. 6, A–D), underscoring the likelihood that Rpgrip1l 
deficiency affects proteasomal activity at primary cilia.

Rpgrip1l interacts with Psmd2, 
a component of the proteasomal 
19S subunit
To unravel how Rpgrip1l regulates the activity of the protea-
some, we searched for novel interaction partners of Rpgrip1l by 
performing a yeast two-hybrid screen. Among a total of six pro-
teins, we found Psmd2 as a potential interaction partner (Fig. 
S1 C). We used the tagged RPGR-interacting domain (RID) of  

Rpgrip1l (the full-length Rpgrip1l could not be stably expressed) 
and a tagged full-length Psmd2 for transient overexpression in 
NIH3T3 and HEK293T cells. Using coimmunoprecipitation 
and tandem affinity purification assays, we confirmed the inter-
action of Rpgrip1l with Psmd2 (Fig. 7, A and B).

Proteasomes have been detected in the nucleus, in the mi-
crosomes, in the cytosol, at the centrosomes and at the base of 
cilia (Wigley et al., 1999; Brooks et al., 2000; Gerdes et al., 
2007). Interestingly, both Rpgrip1l and Psmd2, are located at 
centrosomes during mitosis (Fig. 1 C and Fig. 7 C). Because 
the mother centriole functions as ciliary BB, this finding indi-
cates that their interaction might occur at the ciliary base. Im-
munofluorescence on ciliated MEFs reveals a partial overlap of  
Rpgrip1l and Psmd2 staining at the TZ (Fig. 7 D), indicating 
that Psmd2 localizes mainly at the BB but also partially at the 
TZ. This identifies the TZ as a potential Rpgrip1l–Psmd2 inter-
action site. To further investigate this question, we used a tech-
nique called in situ proximity ligation assay (PLA) in which 
an interaction is detected via a fluorescence signal (Söderberg 
et al., 2006). We tested its applicability for this approach by 
investigating the already known interaction of Rpgrip1l with 
Nphp4 in the TZ. In this assay, a PLA signal can be observed at 
the TZ of WT MEF cilia in 100% of the cases, whereas we did 
not detect a PLA signal at Rpgrip1l−/− MEF cilia (Fig. S1 D). 
Analyzing the interaction of Rpgrip1l with Psmd2, the PLA sig-
nal is always present at the TZ of WT MEF cilia, but we never 
detected a PLA signal at Rpgrip1l−/− cilia (Fig. 7 E), indicating 
that Rpgrip1l and Psmd2 interact at the ciliary TZ of MEFs. 
Although Rpgrip1l and Psmd2 are observed at the centrosomes 
in the course of mitosis (Fig. 1 C and Fig. 7 C), we detected the 
Rpgrip1l/Psmd2 PLA signal exclusively in the presence of cilia 
(Fig. 7 E) but not at centrosomes (Fig. S1 F). These findings 
suggest that Rpgrip1l regulates the activity of a cilia-specific 
proteasome directly at the TZ of primary cilia and that this reg-
ulation may be realized via Psmd2.

Because in MEFs, the interaction of Rpgrip1l and Psmd2 
seems to take place only at the ciliary TZ, but Rpgrip1l is also 
located at centrosomes during mitosis, the question arises 
whether Rpgrip1l also regulates the activity of the centrosomal 
proteasome. Proteasomal degradation at the centrosome has pre-
viously been reported for ubiquitinated proteins (Fabunmi et al., 
2000; Puram et al., 2013). Using MG132, an inhibitor of protea-
somal activity, we were able to show that the centrosomal (peri-
centriolar) proteasome is also responsible for the degradation of 
phospho-(S33/37/T41)-β-Catenin (Fig. 8 A). In contrast to the 
situation at the ciliary base, the amount of phospho-(S33/37/
T41)-β-Catenin and ubiquitinated proteins is unaltered at the 
centrosomes of Rpgrip1l−/− MEFs (Fig. 8, B and C). These re-
sults correspond to the finding that the green fluorescence signal 
of the Proteasome Sensor Vector exclusively accumulates at the 
ciliary base in the absence of Rpgrip1l (Fig. 4 L), indicating 
that Rpgrip1l only affects the activity of the ciliary proteasome 
in MEFs. Consequently, our data reveal a regulation of prote-
asomal activity by Rpgrip1l exclusively at primary cilia and 
most likely via the interaction with Psmd2. To evaluate whether 
Rpgrip1l deficiency affects the activity of the 26S proteasome 
by affecting the function of the 19S proteasomal subunit, the 
amount of ubiquitinated proteins was determined at the ciliary 
base of MEFs in which several components of the 19S proteaso-
mal subunit (Psmd2, Psmd3, or Psmd4) were knocked down. In 
MEFs, Psmd2, Psmd3, and Psmd4 knockdowns result in a sig-
nificantly higher amount of ubiquitinated proteins at the ciliary 

Figure 3.  Rpgrip1l deficiency leads to elongation of limb cilia and an 
increase of the Gli3-190/Gli3-83 ratio but does not alter overall cellular 
proteasomal activity. (A and B) Western blot analysis of MEFs and E12.5 
limbs (WT: n = 3 embryos; Rpgrip1l−/−: n = 3 embryos, respectively). 
Gapdh (A) and Actin (B) serve as loading controls. Evaluation of the 
Gli3-190/Gli3-83 ratio depicts a significant increase in the Rpgrip1l−/− 
situation of 3.6-fold (MEFs, A) and 8.1-fold (limbs, B). (C) Proteasomal 
activity was measured in total cell lysates of MEFs isolated from E12.5 
WT (n = 8) and Rpgrip1l−/− embryos (n = 4). No alteration is detect-
able in Rpgrip1l−/− MEFs in comparison to WT MEFs either without ATP 
(activity of the 20S proteasomal subunit) or after ATP addition (activity 
of the 20S proteasomal subunit and 26S proteasome together). There is 
also no alteration in the activity of the 26S proteasome alone (ATP-w/o 
ATP), demonstrating that the activity of the 19S proteasomal subunit is 
unchanged in the absence of Rpgrip1l. Error bars show standard error of 
the mean. *, P < 0.05; **, P < 0.01.
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base (Fig. 9, A, B, D, and F; and Fig. S2, A and B), mimicking 
the Rpgrip1l−/− status. This result suggests that Rpgrip1l regu-
lates the activity of the ciliary proteasome by affecting the 19S 
proteasomal subunit. Remarkably, knockdowns of all these 19S 

proteasomal subunit components lead to significant ciliary elon-
gation in MEFs (Fig. 9, C, E, and G). Considering that Rpgrip1l 
interacts with Psmd2 by means of its RID domain, we tested 
whether Rpgrip1l overexpression increases the activity of the 

Figure 4.  Rpgrip1l deficiency causes impaired proteasomal activity at primary cilia. (A–F and I–L) MEFs were isolated from E12.5 WT and Rpgrip1l−/− 
embryos. (A and B) Western blot analysis of WT and Rpgrip1l−/− MEF lysates (n = 4 embryos, respectively). (C) Western blot analysis of WT and  
Rpgrip1l−/− MEF lysates (n = 3 embryos, respectively). (A–C) Actin serves as a loading control. (A) Phospho-(S33/37/T41)-β-Catenin is significantly 
increased in serum-starved Rpgrip1l−/− MEF lysates (82% of all cells had cilia; in serum-starved Rpgrip1l+/+ MEF lysates, 88.67% of all cells possessed 
cilia) but not in non–serum-starved Rpgrip1l−/− MEF lysates (4% of all cells displayed cilia; in non–serum-starved Rpgrip1l+/+ MEF lysates, 6.67% of all 
cells carried cilia; C). (B) Non–phospho-(S33/37/T41)-β-Catenin is unaltered in serum-starved Rpgrip1l−/− MEF lysates. Black lines indicate that interven-
ing lanes have been spliced out. (D–F, I, and L) Immunofluorescence on MEFs of E12.5 WT and Rpgrip1l−/− embryos (both genotypes: p-β-Catenin: n = 
5; p-β-Catenin (3D-SIM, n = 3; Ubiquitin, n = 4; Gli3-190, n = 6; ZsProSensor-1, n = 3; n refers to the number of embryos, respectively). Per embryo, 
15 cilia were quantified for p-β-Catenin, 10 cilia were quantified for p-β-Catenin (3D-SIM) and for Ubiquitin, and 20 cilia were quantified for Gli3-190. 
(G and H) Immunofluorescence on limbs of E12.5 WT and Rpgrip1l−/− embryos (n = 3 embryos, respectively). Per embryo, 20 cilia were quantified for 
p-β-Catenin and Ubiquitin. All quantified proteins are shown in red (D–J), the ciliary axoneme is marked by acetylated α-tubulin (green; D–J), and the BB is 
marked by γ-tubulin (blue; D–F, H, and I) or by Pcnt2 (blue; G). (J and K) Immunofluorescence on MEFs of WT embryos (n = 4). 25 cilia per embryo were 
used for phospho-(S33/37/T41)-β-Catenin and cilia length quantification. (L) Proteasome activity assay on WT and Rpgrip1l−/− MEFs. Cilia are marked 
by acetylated α-tubulin (α-Tub), and centrosomes/basal bodies are marked by γ-tubulin. Colored squares mark cilia with basal bodies (yellow squares) as 
well as centrosomes (red squares), which are presented magnified. The green ZsProSensor-1 protein signal is exclusively detected at the ciliary base in 
Rpgrip1l−/− MEFs. Error bars show standard error of the mean. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Bars, 1 µm.

http://www.jcb.org/cgi/content/full/jcb.201408060/DC1
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ciliary proteasome by transfecting the RID domain of Rpgrip1l 
into NIH3T3 cells as well as into WT MEFs. We quantified the 
amount of Ubiquitin at the ciliary base as well as ciliary length. 
The amount of Ubiquitin was significantly decreased at the cil-
iary base of RID-transfected NIH3T3 cells and WT MEFs (Fig. 
10, A and C), indicating that the ciliary proteasome is regulated 
by Rpgrip1l via its interaction with Psmd2 at the ciliary TZ. In-

terestingly, cilia were significantly longer after RID transfection 
(Fig. 10, B and D). To exclude that these effects are caused by 
an overexpression of any type of protein, we also transfected 
a control protein (Wnk2) into NIH3T3 cells and detected no 
alteration in Ubiquitin amount or cilia length (Fig. S2, C and 
D). Because the transfection of the RID domain leads to an in-
creased activity of the ciliary proteasome, we also transfected 

Figure 5.  Components of the S19 and S20 
proteasomal subunits localize at primary 
cilia. (A–E) Immunofluorescence on MEFs of 
E12.5 WT and Rpgrip1l−/− embryos. Higher 
resolution was achieved by using SIM. The 
ciliary axoneme is marked by acetylated α-tu-
bulin (blue). The TZ is marked by Tctn2 (A) 
or Rpgrip1l (B and C). (D and E) The ciliary 
axoneme is marked by acetylated α-tubulin 
(green) and the BB by γ-tubulin (blue). Psma5 
is shown in red. (D) Z-stack of the single opti-
cal sections from E with the appropriate plot 
of the depicted representative image. Bars: 
(A–C) 0.5 µm; (D and E) 1 µm.
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the RID domain into Rpgrip1l−/− MEFs to elevate the activity of 
the ciliary proteasome. Indeed, the ciliary amount of Ubiquitin 
was restored in these MEFs (Fig. 10 C). However, ciliary length 
of Rpgrip1l−/− MEFs was unaltered after transfection (Fig. 10 
D), implying that the RID domain of Rpgrip1l is essential for 
the regulation of the ciliary proteasome but is dispensable for 
the regulation of cilia length. Consequently, another part of the 
Rpgrip1l protein is needed to control the length of cilia.

Because Psmd2 is a 19S proteasomal subunit, and hence, 
Rpgrip1l may have only a direct regulatory impact on the 19S 
subunit, it could be possible that a drug-induced activation of 
the 20S proteasomal subunit leads to an increase of proteasomal 
activity in Rpgrip1l−/− MEFs. We treated WT and Rpgrip1l−/− 
MEFs with sulforaphane (SFN), which activates the catalytic 
proteasomal 20S subunit (Kwak et al., 2007) and detected a re-
duction of proteasomal substrates at the ciliary base to a WT 
level (Fig. 10, E and F), indicating that SFN treatment rescues 
the activity of the ciliary proteasome in Rpgrip1l−/− MEFs.

However, ciliary length is not recovered in Rpgrip1l−/− 
MEFs after SFN treatment (Fig. 10 G). Interestingly, like 

MG132 treatment, SFN treatment leads to a significant elon-
gation of WT cilia (Fig. 10 G). To exclude that the findings of 
the SFN treatment experiments are only phenomenona in cell 
culture, we performed the treatment in ex vivo–cultured mouse 
embryos. In this experiment, the activity of the ciliary protea-
some is also rescued by SFN treatment, because the Ubiquitin 
amount at the ciliary base in Rpgrip1l−/− embryos decreased to 
WT level after SFN treatment (Fig. 10 H). Like in the in vitro 
SFN experiment, ciliary length is significantly elevated in WT 
embryos and remains significantly increased in Rpgrip1l−/−, 
SFN-treated embryos (Fig. 10 I).

Discussion

Mutations in the gene RPGRIP1L result in various ciliopathies 
in humans (Zaghloul and Katsanis, 2010), accentuating it as 
a proper candidate gene to examine the underlying molecular 
dysfunction. Using the mouse as a model, we show that the 
absence of Rpgrip1l leads to an impairment of the ciliary pro-

Figure 6.  Rpgrip1l deficiency results in an ac-
cumulation of proteasomal subunit components 
at the base of cilia. (A–D) Immunofluorescence 
on MEFs of E12.5 WT and Rpgrip1l−/− em-
bryos (both genotypes: Psmd2, n = 7 em-
bryos; Psmd3, n = 3 embryos; Psmd4, n = 3 
embryos; Psma5, n = 5 embryos). At least 10 
cilia per embryo were used for Psmd2, Psmd3, 
and Psmd4 quantification, respectively, and 
20 cilia per embryo were used for Psma5 
quantification. The ciliary axoneme is marked 
by acetylated α-tubulin (green). The BB is 
marked by Pcnt (green; white arrowheads; A) 
or γ-tubulin (blue; B–D). Error bars show stan-
dard error of the mean. *, P < 0.05; ***, P < 
0.001. Bars: (A, B, and D) 1 µm; (C) 0.5 µm.
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Figure 7.  Rpgrip1l interacts with the 19S proteasomal subunit component Psmd2. (A) Coimmunoprecipitation experiments in NIH3T3 cells. Myc-tagged 
Psmd2 full-length protein and FLAG-tagged RID were transiently overexpressed and tested for interaction by coimmunoprecipitation from total cell lysates. 
Immunoprecipitation assays were performed by using an anti-FLAG antibody. Myc-Psmd2 coimmunoprecipitated with FLAG-RID (lane 3). Ctrl., control; IP, 
immunoprecipitation; WB, Western blot. (B) Myc-tagged Psmd2 full-length protein and FLAG/Strep/HA-tagged RID domain of Rpgrip1l were transiently 
overexpressed in HEK293T cells and tested for interaction by tandem affinity purification (TAP) tag experiments from total cell lysates. FLAG/Strep/HA-
tagged RID was immunopurified using anti-FLAG beads, eluted with FLAG-protein, and recaptured on anti-Strep beads. The final eluation was performed 
by using biotin. After this sequential purification, we identified Myc-Psmd2 (lane 2) but not the unrelated protein Gatad1 (lane 6) in addition to purified 
FLAG/Strep/HA-RID. (C–E) Immunofluorescence on MEFs isolated from WT or Rpgrip1l−/− E12.5 embryos (n = 3 embryos, respectively). (C) Centrosomes 
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teasome, which is located at the BB of cilia. Because proteaso-
mal function is essential for proper development and function 
of multiple organs (Rubinsztein, 2006; Breusing et al., 2009; 
Wang and Robbins, 2014), our findings broach the issue of dis-
turbed protein degradation as a cause of ciliopathies.

In the Rpgrip1l−/− state, we detected a decrease of prote-
asomal activity at the ciliary base in vitro and in vivo (Fig. 4) 
but not at the centrosome (Fig. 8, B and C), indicating that the 
regulation of the proteasome via Rpgrip1l is cilia dependent. It 
might be that the ciliary and the centrosomal proteasome are 

are marked by γ-tubulin as well as acetylated α-tubulin (α-Tub), and cell nuclei were marked by DAPI. Insets illustrate higher magnifications. (D) The ciliary 
axoneme and the BB are marked by acetylated α-tubulin and by γ-tubulin, respectively. The plot shows fluorescence intensities of the depicted representa-
tive image. (E) In situ proximity ligation assay (in situ PLA) on MEFs. Cell nuclei are marked by DAPI, and the ciliary axoneme are marked by transiently 
transfected Ift88-EYFP. Additional accumulation of Ift88-EYFP at the ciliary base is highlighted by yellow brackets. White arrowheads point to cilia. Bars: 
(C, all images; and D, overview) 10 µm; (D and E, magnifications) 1 µm.

Figure 8.  Proteasomal activity is unaltered at Rpgrip1l−/− centrosomes. (A–C) Immunofluorescence on MEFs isolated from E12.5 WT and Rpgrip1l−/− 
embryos (WT: p-β-Catenin (treated with DMSO or MG132): n = 3 embryos; both genotypes: p-β-Catenin and Ubiquitin: n = 3 embryos, respectively). The 
ciliary axoneme is marked by acetylated α-tubulin (green) and the centrosomes (basal bodies in case of ciliary presence) by γ-tubulin (blue). All quantified 
proteins are shown in red. An axonemal-like green staining is not visible, demonstrating that the blue staining marks centrosomes. (A) After treatment of WT 
MEFs with the proteasome inhibitor MG132, the amount of phospho-(S33/37/T41)-β-Catenin is significantly increased at the centrosome. (B and C) The 
amounts of phospho-(S33/37/T41)-β-Catenin and Ubiquitin are unaltered at the centrosome of Rpgrip1l−/− MEFs. (A–C) Per embryo, 20 cilia were used 
in the quantifications. Error bars show standard error of the mean. *, P < 0.05. Bars, 0.5 µm.
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one and the same. But, we are able to demonstrate that Rpgrip1l 
regulates exclusively the activity of the ciliary proteasome.

Recently, it was shown that the ciliopathy-associated pro-
teins Bbs4 and Ofd1 are essential for the proteasomal degrada-
tion or processing of proteins involved in paracrine signaling 
(Liu et al., 2014). Our study confirms the discovery of ciliary 
base proteins as regulators of proteasomal activity and hence 
cilia-mediated signaling. Additionally, our data complete these 

findings by revealing that the ciliopathy-associated protein  
Rpgrip1l does not control proteasomal activity in general but 
specifically the activity of the ciliary proteasome. Alternatively, 
it was reported that the TZ protein Nphp4 affects the ubiquitin 
conjugation system via its interaction with Jade-1, a novel ubiq-
uitin ligase (Borgal et al., 2012). This may indicate that the el-
evated amounts of proteins, which we detect at the ciliary base, 
could also result from defective ubiquitination. But, in contrast 

Figure 9.  Knockdown of the 19S proteasomal subunit components Psmd2, Psmd3, and Psmd4 reduce the activity of the ciliary proteasome. (A–G) Immu-
nofluorescence on MEFs of E12.5 WT embryos (both genotypes: n = 3 embryos). (A) The ciliary axoneme is marked by acetylated α-tubulin (acet. α-Tub). 
Transfection of MEFs with siRNA against Psmd2 and quantification of the ciliary Psmd2 amount (A) and the ciliary Ubiquitin amount (B). (C) Measurement 
of cilia length after treatment with siRNA against Psmd2. (D and E) Transfection of MEFs with siRNA against Psmd3. (D) Quantification of Ubiquitin amount 
at cilia. The ciliary axoneme is marked by acetylated α-tubulin (acet. α-Tub)and the BB by γ-tubulin. (E) Measurement of cilia length. (F and G) Transfection 
of MEFs with siRNA against Psmd4. (F) Quantification of Ubiquitin amount at cilia. The ciliary axoneme is marked by acetylated α-tubulin (acet. α-Tub) and 
the BB by γ-tubulin. (G) Measurement of cilia length. Error bars show SEM. *, P < 0.05; **, P < 0.01. Bars: (A) 0.5 µm; (D and F) 1 µm.
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to this possibility, we detected an accumulation of ubiquitin at 
the ciliary base (Fig. 4, F and H), arguing for a proteasomal 
defect rather than for a ubiquitination defect. Additionally, this 
result also speaks against a phosphorylation defect and indi-
cates that the elevated amount of phospho-(S33/37/T41)-β-Cat-
enin results from impaired proteasomal activity. Thus, although 
Rpgrip1l and Nphp4 interact with each other (Arts et al., 2007; 
Delous et al., 2007) and function in the same TZ module 
(Czarnecki and Shah, 2012), the impact of these two proteins on 
protein degradation is different. Although Nphp4 has an effect 
on the labeling of proteins destined to become degraded by the 
proteasome, Rpgrip1l affects the activity of the ciliary protea-
some most likely by interacting with the proteasomal 19S sub-
unit component Psmd2 at the ciliary TZ (Fig. 7). It was shown 
before that Psmd2 is able to regulate proteasomal activity (Mat-
suyama et al., 2011). We confirmed this finding in WT MEFs by 
using RNAi because knockdown of Psmd2 results in a signifi-
cantly decreased proteasomal activity at the ciliary base (Fig. 9, 
A and B). Remarkably, the presence of Psmd2 at the ciliary base 
does not depend on Rpgrip1l (Fig. 6 A), indicating that Rpgrip1l 
controls the activity of the ciliary proteasome not by anchoring 
Psmd2 to cilia. This is a major difference to the regulation of 
proteasomal activity by Bbs4 and Ofd1. Though Bbs4 and Ofd1 
also interact with proteasomal components, Bbs4 and Ofd1 de-
ficiency leads to a decreased amount of these proteasomal com-
ponents (Liu et al., 2014). Thus, Bbs4 and Ofd1 are essential for 
the composition of the proteasome. Moreover, Bbs4 and Ofd1 
are thought to control proteasomal activity within the whole cell 
(Liu et al., 2014), whereas Rpgrip1l is the first protein for which 
it is demonstrated that it specifically and exclusively regulates 
the activity of the proteasome at the ciliary base.

Interestingly, Bbs4 recruitment is disturbed in autopha-
gy-deficient cells (Tang et al., 2013). Consequently, if the cil-
iary localization of Bbs4 is essential for proper proteasomal 
activity, it is possible that impaired autophagy leads to a re-
duced proteasomal activity. In contrast, Ofd1 is degraded by 
autophagy (Tang et al., 2013). Because it is unknown whether 
an elevated amount of Ofd1 results in an increased proteasomal 
activity, it is difficult to evaluate if disturbed autophagy really 
provokes a reduced proteasomal activity. Until now, an associ-
ation between autophagy and Rpgrip1l has not been described, 
but studying this potential connection would help to unravel the 
relationship between cilia, proteasome, and autophagy.

A potential association of Rpgrip1l with proteasomal ac-
tivity has been found before. Mahuzier et al. (2012) showed 
that Rpgrip1l knockdown results in a reduction of Dsh at the 
ciliary base in MDCK cells. Because Dsh is degraded by the 
proteasome, these data imply a negative regulation of the ciliary 
proteasome by Rpgrip1l in MDCK cells and hence the opposite 
of our results. Previous data and our cilia length measurements 

implicate that Rpgrip1l deficiency affects cilium biogenesis and 
stability depending on the cell type. For example, cilia are ab-
sent in the node and the neural tube (Vierkotten et al., 2007; 
Besse et al., 2011), shorter in the heart and the cochlea (Fig. 2 
A; Mahuzier et al., 2012; Gerhardt et al., 2013) and longer in the 
limbs, the lung, the liver, and in MEFs (Fig. 2 A). Thus, it is pos-
sible that the differences in the study by Mahuzier et al. (2012) 
and the work presented here reflect differences in the molecu-
lar mechanisms between cilia of MEFs and MDCK cells. The 
phenomenon that the absence of Rpgrip1l leads to longer cilia 
in some organs and to shorter cilia in other organs is difficult to 
explain, because it is not known whether the composition of the 
ciliary proteome is different across organs. It was shown before 
that loss of one single protein (Mks1 and Tctn1, respectively) 
leads to ciliary shape defects in some organs, but not in all 
(Weatherbee et al., 2009; Garcia-Gonzalo et al., 2011), indicat-
ing the existence of organ-specific cilia formation mechanisms.

According to our data, a decreased activity of the ciliary 
proteasome is a potential cause of ciliopathies. Thus, it will be 
indispensable to uncover the detailed molecular mechanisms 
underlying the regulation of the ciliary proteasome by Rpgrip1l. 
The outcome of these future studies could be the prerequisite 
for new therapies to treat ciliopathies. In this context, treatment 
of Rpgrip1l−/− MEFs and limbs (ex vivo embryo culture) with 
SFN seems to result in a nearly restored activity of the ciliary 
proteasome (Fig. 10, E, F, and H), suggesting that enhancement 
of the proteasomal 20S subunit activity rescues proteasomal 
function even in the absence of Rpgrip1l. It was shown pre-
viously that SFN treatment of different cells increases the ex-
pression of 20S proteasomal subunit components (Kwak et al., 
2007; Ramirez and Singletary, 2009) and that SFN realizes this 
effect by activating Nrf2 (nuclear factor erythroid 2–related fac-
tor 2) signaling (Kwak et al., 2003), a signaling pathway known 
to promote transcriptional antioxidant response (Rushmore et 
al., 1991; Zhang et al., 1992; Itoh et al., 1997; Li et al., 2012). 
Because we found a higher amount of Psma5, a component of 
the 20S proteasomal subunit, in cilia of Rpgrip1l−/− MEFs, why 
up-regulating the expression of 20S proteasomal subunits via 
application of SFN is able to compensate the reduced proteaso-
mal activity in Rpgrip1l−/− cells remains an open and difficult 
question. Possibly, SFN is able to affect the activity of the cil-
iary proteasome via another, yet unknown way. Consequently, 
future studies will be necessary to understand the effect of SFN 
on proteasomal activity in the absence of Rpgrip1l.

Formerly, an association between proteasomal degra-
dation and the intraflagellar transport was suggested (Guo et 
al., 2011), making it likely that proteasomal function regulates 
ciliary length. Interestingly, cilia of WT MEFs are signifi-
cantly longer after MG132 and SFN treatment (Fig. 4 K and 
Fig. 10 G) and also ciliary length of WT limbs is significantly 

Figure 10.  Transfection of the RID domain and SFN treatment increase proteasomal activity and rescue the decreased activity of the ciliary proteasome 
caused by Rpgrip1l deficiency. (A and B) Immunofluorescence on NIH3T3 cells. Per control and per transfected cells, 20 cilia were used for quantification. 
The ciliary axoneme is marked by acetylated α-tubulin (acet. α-Tub). (A) Yellow lines encircle the shape of cilia. (C–I) The most important significance 
comparisons are written in bold with larger asterisks as are larger not significant comparisons. (C and D) Immunofluorescence on MEFs of E12.5 WT and 
Rpgrip1l−/− embryos (both genotypes, n = 3 embryos). At least 10 cilia per embryo were used for quantification. The ciliary axoneme is marked by acetyl-
ated α-tubulin (acet. α-Tub) and the BB by γ-tubulin. (E–G) Immunofluorescence on MEFs isolated from E12.5 WT and Rpgrip1l−/− embryos (both genotypes: 
p-β-Catenin and Ubiquitin [treated with DMSO or SFN], n = 3 embryos, respectively). Per embryo, 20 cilia were used in the quantifications. The ciliary 
axoneme is marked by acetylated α-tubulin (green), and the BB is marked by γ-tubulin (blue). All quantified proteins are shown in red. (H and I) Whole 
embryo culture treatment of embryos isolated on E12.5 and incubated for 5 h in 20 µmol SFN (both genotypes: Ubiquitin [treated with DMSO or SFN], n 
= 3 embryos, respectively]). Per embryo, 20 cilia were used in the quantifications. The ciliary axoneme is marked by acetylated α-tubulin (green), and the 
BB is given by γ-tubulin (blue). Bars, 1 µm. Error bars show standard error of the mean. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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elevated after SFN treatment (Fig. 10 I), meaning that prote-
asomal activation and inhibition increases ciliary length. But 
although the activity of the ciliary proteasome is almost nor-
malized in SFN-treated Rpgrip1l−/− MEFs and limbs, their cilia 
are not shorter after SFN treatment (Fig. 10, G and I), indicat-
ing that another factor is responsible for the ciliary elongation 
in the absence of Rpgrip1l.

It was reported in a previous study that proteasomal dys-
function is only one contributor to the pathology of ciliopathies 
(Liu et al., 2014). Our data confirm this perception, because 
increased ciliary length is not (only) caused by reduced prote-
asomal activity in the absence of Rpgrip1l. But nevertheless in 
the case of some organs (e.g., the forebrain), the severe defects 
caused by Rpgrip1l deficiency are based on the impairment of 
proteasomal activity (Besse et al., 2011). The consequences 
of proteasomal dysfunction for different paracrine signaling 
pathways have been shown recently (Liu et al., 2014). Because 
mutations in RPGRIP1L result in many different severe human 
ciliopathies (Zaghloul and Katsanis, 2010), our analyses make 
an important contribution to how ciliary proteins control prote-
asomal activity. To our knowledge, it was never shown before 
that a ciliary protein regulates specifically and exclusively the 
ciliary proteasome and that this regulation is realized by an in-
teraction with a proteasomal component in a qualitative rather 
than in a quantitative level. The interaction of Rpgrip1l with 
the 19S proteasomal subunit component Psmd2 indicates that  
Rpgrip1l controls the activity of the ciliary proteasome by 
regulating the activity of the 19S proteasomal subunit. Con-
sequently, knockdowns of different components of the 19S 
proteasomal subunit result in a decreased activity of the cili-
ary proteasome (Fig. 9, A, B, D, and F; and Fig. S2, A and B), 
resembling the Rpgrip1l−/− status (Fig. 4 D). Rpgrip1l does not 
ensure the accurate localization of Psmd2 to the ciliary base 
but regulates the activity of the ciliary proteasome most likely 
via its interaction with Psmd2. How Rpgrip1l affects Psmd2 
function in detail, e.g., via triggering a conformational alter-
ation, has to be elucidated in the future and will give novel 
mechanistical insights into the molecular background underly-
ing severe human ciliopathies.

Materials and methods

Ethics statement and animal husbandry
All mice (Mus musculus) used in this study were on the C3H background 
and kept under standard housing conditions with a 12/12-h dark–light 
cycle and with food and water ad libitum. All animal procedures were 
performed in accordance with National Institutes of Health guidelines 
and with local and state regulations for research with animals.

Mouse strains
We used Rpgrip1l+/− mice for breeding and mated Rpgrip1l+/− male and 
female mice to obtain WT and Rpgrip1l−/− mouse embryos. Rpgrip1l+/− 
mice were generated as follows: A Rpgrip1l-null allele was produced 
by using homologous recombination. The targeting construct was de-
signed to introduce a PGKneo cassette replacing exon 4 and 5 of the 
Rpgrip1l coding sequence. The linearized vector was electroporated 
into R1 embryonic stem cells, and after G418 selection, all clones were 
screened by Southern blot analysis. Targeted embryonic stem cells were 
used to create chimeras that passed the Rpgrip1l mutation on to their 
progeny. F1 animals were intercrossed to derive homozygous mutant F2 
newborns and embryos by timed mating. For genotyping, the following 

primers were used: KORpgrip1l_forward, 5′-GGCCTCCCCTTTGT-
CAT-3′; KOneo_forward, 5′-ACGAGTTCTTTCTGAGGGGATC-3′; 
and KORpgrip1l_reverse, 5′-CAGCTTTCCTTGTGTCTCTACTT-3′.

Antibodies
We used the following primary antibodies: rabbit anti-actin (A2066; 
Sigma-Aldrich), mouse anti-FLAG (200472; Agilent Technologies), 
mouse anti-Gapdh (G8795; Sigma-Aldrich), goat anti-Gli3 (AF3690; 
R&D systems), mouse anti-HA (MMS-101P; Covance), rabbit an-
ti-Hprt (ab10479; Abcam), rabbit anti-Myc (sc-789; Santa Cruz 
Biotechnology, Inc.), rabbit anti-phospho-(S33/37/T41)-β-Catenin 
(9561; Cell Signaling Technology), rabbit anti–nonphospho-(S33/37/
T41)-β-Catenin (4270; Cell Signaling Technology), rabbit anti-Psma5 
(PA1-1962; Thermo Fisher Scientific), mouse anti-Pcnt (611814; BD), 
goat anti-Pcnt2 (sc-28145; Santa Cruz Biotechnology, Inc.), goat an-
ti-Psmd2 (IMG-3751; Imgenex), rabbit anti-Psmd3 (S2824; Sigma-Al-
drich), rabbit anti-Psmd4 (14899-1-AP; Proteintech), rabbit anti-Smo 
(ab72130; Abcam), mouse anti–acetylated α-tubulin (T6793; Sig-
ma-Aldrich), mouse anti–γ-tubulin (T6557; Sigma-Aldrich), and rabbit 
anti-Ubiquitin (U5379; Sigma-Aldrich). The antibodies to Cep290 as 
well as Nphp4 are gifts provided by S. Saunier (Institut National de la 
Santé et de la Recherche Médicale, Université Paris Descartes, Paris, 
France). The rabbit polyclonal antibody against Cep290 was generated 
against the murine sequence (amino acids 330–360 and amino acids 
700–735). The anti-Nphp4 antibody was raised in rabbits by injection 
of a recombinant His-tagged human Nphp4 fragment (amino acids 
673–1,032). The antibody against Evc is a gift provided by R. Rohatgi 
(Stanford University School of Medicine, Stanford, CA). The rabbit 
anti-Evc antibody was generated against the mouse sequence (amino 
acids 461–1,005). The polyclonal antibody against Rpgrip1l was gen-
erated by immunizing rabbits with a GST-Rpgrip1l fusion protein 
encompassing the murine Rpgrip1l-RID domain (amino acids 1,060–
1,264) by Pineda antibody services. The polyclonal antibody against 
Gli3-190 was generated by immunizing rabbits with a His-Gli3 fusion 
protein encompassing the mouse Gli3-C terminal region (3,473–4,806 
bp) by Pineda antibody services. Antibodies were affinity purified with 
the antigen coupled to Ni-NTA agarose (QIAGEN). Antibody specific-
ity is confirmed by Western blotting and immunofluorescence analyses 
(Fig. S3, Fig. S4, and Fig. S5).

Cell culture, transfection, and drug treatment
MEFs were isolated from single E12.5 embryos after performing 
standard procedures. Nphp4-negative MEFs are a gift provided by 
C. Vesque and S. Schneider-Maunoury (both Institut de Biologie 
Paris Seine-Biologie du Développement, Sorbonne Universités, 
Paris, France). MEFs, NIH3T3 (MEF cell line), and HEK293T 
(human embryonic kidney) cells were grown in DMEM supple-
mented with 10% FCS, 1:100 (vol/vol) l-glutamine (Gibco), 1:100 
(vol/vol) sodium pyruvate (Gibco), 1:100 (vol/vol) nonessential 
amino acids (Gibco), and 1:100 (vol/vol) penicillin/streptomy-
cin (Gibco) at 37°C and 5% CO2. For induction of ciliogenesis, 
MEFs were grown to confluency and serum starved with medium 
containing 0.5% FCS for ≥24 h.

The transfection of MEFs, NIH3T3 and HEK293T cells with the 
particular constructs used in different experiments was performed by 
using Lipofectamine 2000 (Invitrogen). The RID domain of murine 
Rpgrip1l (aa 1,076–1,264) was cloned into the Flag-tagged pcDNA3 
vector (Invitrogen) and expressed under the control of the cytomeg-
alovirus (CMV) promotor. Murine full-length Wnk2 was cloned into 
the Myc-tagged pCMV vector (Takara Bio Inc.). Both plasmids were 
separately transfected into NIH3T3 cells. Each transfection experi-
ment has been repeated once.

http://www.jcb.org/cgi/content/full/jcb.201408060/DC1
http://www.jcb.org/cgi/content/full/jcb.201408060/DC1
http://www.jcb.org/cgi/content/full/jcb.201408060/DC1
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Cells were treated for 6 h with 20 µM MG132 (ALX-260-092; 
Enzo Life Sciences) or for 20 h with 5 µM SFN (ALX-350-230-M010; 
Enzo Life Sciences). As a solvent control, cells were treated for the 
same time with 0.1% DMSO, respectively. To stimulate Shh signaling, 
cells were treated for 24 h with 200 nM SAG (EMD Millipore). To 
ensure ciliary absence in the in situ PLA experiment (Fig. S1 E), MEFs 
were treated with 10 µg/ml nocodazole (M1404; Sigma-Aldrich) and 
incubated for 3 h in 4°C. All treatment experiments were repeated once.

Coimmunoprecipitation
Tagged Psmd2 full-length protein and the RID domain of Rpgrip1l were 
transiently overexpressed in NIH3T3 cells. After 24 h of expression, 
cells were lysed on ice in lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM 
NaCl, 1% NP-40, and 0.25% Na-deoxycholate) supplemented with com-
plete protease inhibitor cocktail (Roche) and PMSF (Sigma-Aldrich). 
Lysates were precleared with protein G–agarose (EMD Millipore) over-
night followed by an overnight incubation with anti-FLAG or anti-Myc 
protein G–agarose. Afterward, beads with bound protein complexes were 
washed in lysis buffer, taken up in 4× sample buffer (50 mM Tris-HCl, 
pH 6.8, glycerol, 2% SDS, 20% β-mercaptoethanol, and bromophenol 
blue), and heated for 10 min at 95°C. Beads were precipitated by cen-
trifugation. Supernatant was run on a SDS-PAGE gel and then immuno-
blotted. Coimmunoprecipitation experiments were repeated three times.

Cryosections
Embryos were fixed in 4% PFA and incubated in 30% sucrose (in 
PBS) overnight at 4°C. On the following day, they were embed-
ded in Tissue-Tek O.C.T. Compound (Miles Laboratories, Inc.) 
and then stored at −80°C. Transverse cryostat sections (7 µm 
in thickness) were prepared.

Ex vivo embryo culture
All solutions were preheated to 37°C, and isolation was performed at 
this temperature. Embryos at the embryonic stage E12.5 were isolated 
at 37°C retaining the connection between embryo and placenta, respec-
tively (Zeeb et al., 2012), and then transferred in pairs into whole-em-
bryo culture bottles containing preincubated DMEM (Gibco) and FBS 
(Mycoplex PAA). Bottles were incubated with 20-µm SFN or 0.1% 
DMSO as a vector control for 5 h at 95% O2 and 5% CO2 atmosphere 
and 37°C. Viability of the embryos was checked, extraembryonic tissue 
was removed, and the limbs were fixed for 90 min with 4% PFA at 
room temperature. The PFA was replaced by 30% PBS-Sucrose solu-
tion and the limbs incubated at 4°C overnight. On the next day, the 
limbs were embedded in Tissue-Tek O.C.T. Compound. The ex vivo 
embryo culture experiment was repeated once.

Image processing
Image acquisition and data analysis were performed at room tempera-
ture using a microscope (Imager.A2; Carl Zeiss), 100×, NA 1.46 oil 
immersion objective lens (Carl Zeiss), a monochrome charge-coupled 
device camera (AxioCam MRm; Carl Zeiss), and the AxioVision Rel. 
4.8 software package (Carl Zeiss).

3D-SIM was performed on a ELYRA PS.1 system (Carl Zeiss) 
equipped with an electron-multiplying charge-coupled device (iXON 
DU-885; Andor Technology) with 1,004 × 1,002 pixels at room tem-
perature. Z stacks were taken using a 100× α-Plan Apochromat oil 
immersion objective with an NA of 1.46. To generate structured il-
lumination, a grid pattern is projected onto the image plane in five 
different positions and at five different modulation angles to obtain 
high frequency information within the low frequency information 
captured by the optical system. For the Dylight405-, Dylight488-, 
Cy3-channel back computation of the lower frequencies, Fourier 

transformation was performed using the ZEN Structured Illumi-
nation Processing tool (Carl Zeiss) to increase the resolution in the 
final image. Fluorochromes used were Dylight405, Dylight488, 
Cy3, DAPI, EGFP, and ZsGreen.

Immunofluorescence
For immunofluorescence on MEFs, cells were plated on coverslips, and 
after reaching confluency, they were serum starved for ≥24 h. Cells 
were fixed with 4% PFA (for stainings with the antibodies to Rpgrip1l, 
Nphp4, Cep290, phospho-(S33/37/T41)-β-Catenin, Evc, Smo, and 
Gli3-190), methanol (for stainings with the antibody against Psmd2 
and Psmd4), methanol/acetone (for stainings with the antibodies to 
Ubiquitin and Psmd3), or 4% PFA/methanol (for stainings with the an-
tibody against Psma5), respectively. Fixed cells were rinsed three times 
with PBS after permeabilization with PBS/0.5% Triton X-100 for 10 
min. After three washes with PBS, they were blocked for ≥10 min at 
room temperature in PBST (PBS/0.1% Triton X-100) containing 10% 
donkey serum. Diluted primary antibodies in block were incubated 
overnight at 4°C. After three washing steps with PBST, incubation with 
fluorescent secondary antibody diluted in block was performed at room 
temperature for 1 h followed by several washings and subsequent em-
bedding with Mowiol optionally containing DAPI (Merck).

For immunofluorescence on cryosections, cryosections were 
washed with PBS and permeabilized with PBS/0.5% Triton X-100. 
Blocking was performed with 10% FCS in PBS/0.1% Triton X-100. 
The sections then were incubated with the primary antibodies diluted 
in blocking solution overnight at 4°C. After three washing steps, they 
underwent an incubation in the secondary antibody (diluted in blocking 
solution) for 2 h and then were washed again. Finally, they were em-
bedded in Mowiol containing DAPI (Merck). All immunofluorescence 
experiments were repeated at least one time.

In situ PLA
The in situ PLA (PLA or DUOLINK) was performed according to the 
manufacturer’s manual (OLink Bioscience) and was used to detect the 
subcellular localization of the interaction between Rpgrip1l and Psmd2. 
First, Rpgrip1l and Psmd2 are recognized by specific primary antibod-
ies. Subsequently, PLA probes consisting of species-specific secondary 
antibodies, each with a unique short DNA strand attached to it, bind to 
the primary antibodies. The addition of two other circle-forming DNA 
oligonucleotides leads to an interaction of the DNA strands if Rpgrip1l 
and Psmd2 are in close proximity (<40 nm). After joining of the two 
added oligonucleotides by enzymatic ligation, a rolling circle amplifi-
cation using a polymerase starts. The amplified DNA is visualized by 
fluorescent-labeled complementary oligonucleotide probes. The cilium 
in the in situ PLA experiments was marked by the product of a transiently 
transfected IFT88-EYFP construct (Fig. 7 E and Fig. S1 D), which was a 
gift provided by D.R. Beier (Center for Developmental Biology and Re-
generative Medicine, University of Washington School of Medicine, Se-
attle, WA). The IFT88-EYFP fusion protein was present in the pJAG368 
vector and expressed under the control of the SV40 promoter. The cen-
trosome in the in situ PLA experiment was marked by the product of a 
transiently transfected Ofd1-EYFP construct (Fig. S1, E and F), which 
was a gift provided by B. Franco (Telethon Institute of Genetics and 
Medicine, Naples, Campania, Italy). The Ofd1 full-length sequence was 
inserted into the pcDNA3x(+)MyEGFP vector and expressed under the 
control of the CMV promoter. The PLA experiments were repeated once.

Measurement of proteasomal activity in whole-cell lysates
Measurement of proteasomal activity was performed according to 
Reinheckel et al. (1998) with a few modifications. Cells were washed 
twice with PBS. After addition of lysis buffer (250 mM sucrose, 25 
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mM Hepes, 10 mM magnesium chloride, 1 mM EDTA, and 1.7 mM 
DTT), cells were lysed as a result of repeated freeze–thaw cycles. To 
differentiate between 20S proteasome activity (ATP independent) and 
26S proteasome activity (ATP dependent), an assay in the presence of 
ATP and one with depleted ATP were performed simultaneously. ATP 
was depleted using 0.1 mg/ml hexokinase (Sigma-Aldrich) and 15 mM 
2-deoxyglucose (Sigma-Aldrich). In the parallel incubation, ATP (Sig-
ma-Aldrich) was added with a 2 mM final concentration. Afterward, 
cell lysates were incubated for 30 min at 37°C with 225 mM Tris buffer, 
pH 7.8, containing 45 mM potassium chloride, 7.5 mM magnesium ac-
etate, 7.5 mM magnesium chloride, and 1 mM DTT and the fluorogenic 
peptide suc-LLVY-MCA (7-amino-4-methylcoumarin; Sigma-Al-
drich). The fluorogenic peptide is degraded by the chymotrypsin-like 
protease of the proteasome into the degradation product MCA (Sig-
ma-Aldrich). The MCA liberation measurement was performed with 
360-nm excitation and 460-nm emission. As a standard for quantifica-
tion, free MCA in different concentrations was used. Quantification of 
proteasomal activity in whole cell lysates was repeated one time.

Quantitations of immunofluorescence intensities
Intensity of ciliary protein staining was quantified using ImageJ (Na-
tional Institutes of Health). For quantifications of the axoneme-associ-
ated protein Gli3-190, we used the area marked by acetylated α-tubulin 
and quantified the average pixel intensity to take the cilia length into 
account thereby making the data of WT and Rpgrip1l−/− cilia compara-
ble. For ciliary base protein intensities, we selected the region labeled 
by γ-tubulin and the area in-between the γ-tubulin staining and the 
proximal part of the acetylated α-tubulin staining (for TZ proteins) and 
measured the total pixel intensity. In the case of the Psmd2 knockdown 
experiment, γ-tubulin was not used, but a triple staining with antibodies 
to acetylated α-tubulin, Psmd2, and Ubiquitin was performed (Fig. 9 
A). To measure the amounts of Psmd2 and Ubiquitin, we determined 
the greatest distance of γ-tubulin to the proximal part of acetylated 
α-tubulin in all quantifications we performed by using γ-tubulin and 
acetylated α-tubulin. This was 1.5 µm. Afterward, we used a square of 
1.5 × 1.5 µm to quantify the amount of Ubiquitin and Psmd2 at the cili-
ary base. To get rid of the ratio of unspecific (background) staining, we 
subtracted the mean value of the average pixel intensity (in the case of 
axoneme-associated proteins) or of the total pixel intensity (for all BB 
or TZ proteins) of three neighboring regions free from specific staining.

SEM
Freshly dissected limbs from E12.5 embryos were fixed in 2.5% glu-
taraldehyde. After three washes with 0.1 M cacodylate buffer, the limbs 
were broken in liquid nitrogen, dehydrated through a graded series of 
acetone, and dried chemically using hexamethylsilazane. Samples were 
then mounted on stubs followed by gold sputter coating. Cilia were im-
aged using a scanning electron microscope (Leo 1430 VP; Carl Zeiss). 
The SEM experiment has been repeated once.

Figure preparation
Figure preparation was performed by using Photoshop 7 or CS4 
(Adobe), and collages of the all images for figure preparation were ar-
ranged using Illustrator CS4 (Adobe).

Proteasome activity assay at the ciliary base
The activity of the ciliary proteasome was evaluated using WT and 
Rpgrip1l−/− MEFs transiently transfected with the Proteasome Sen-
sor Vector (Takara Bio Inc.). This vector encodes the so-called  
ZsProSensor-1 protein, a fusion of a bright GFP with a degradation 
domain that targets the protein for rapid degradation by the protea-
some. If the green fluorescence accumulates, proteasomal activity is 

decreased. If there is no accumulation of green fluorescence, the prote-
asome is functioning normally.

An accumulation of the ZsProSensor-1 protein was observed ex-
clusively at the ciliary base of Rpgrip1l−/− MEFs (Fig. 4 L), although 
fluorescence proteasome reporter proteins are usually rapidly diffus-
ing. Potentially, it accumulates in this way because the ZsProSen-
sor-1 is a specific degradation motif of ornithine decarboxylase that 
has been fused to the fluorescent ZsGreen protein. This fusion protein 
is degraded by the proteasome without requiring prior ubiquitination. 
Hence, a trapping of polyubiquitinated proteins by, for example, re-
ceptors localized at the ciliary base cannot be an explanation for the 
accumulation of the ZsProSensor-1 at the base of Rpgrip1l−/− cilia. Or-
nithine decarboxylase has been shown to be proteasomally degraded 
with the help of its interaction with AZ1 (Zhang et al., 2003). In turn, 
AZ1 interacts with Aurora A and is essential for Aurora A degradation 
by the proteasome (Lim and Gopalan, 2007). Interestingly, Aurora A 
localizes to the ciliary BB (Pugacheva et al., 2007) and potentially is 
degraded by the ciliary proteasome. Maybe at least partially, ornithine 
decarboxylase is also degraded by the ciliary proteasome and caused 
by the reduced activity of the ciliary proteasome in the absence of  
Rpgrip1l, the ZsProSensor-1 protein accumulates at the cilium. The 
proteasome activity assay at the ciliary base was repeated once.

RNAi experiments
A pool of ON-TARGET plus siRNA against Psmd2 (J-042377-05, 
J-042377-06, J-042377-07, and J-042377-08; GE Healthcare), a pool 
of 27mer siRNA duplexes against Psmd3 (SR416821; OriGene), and 
a pool of FlexiTube Gene Solution siRNAs against Psmd4 (GS19185; 
QIAGEN) were transfected into WT MEFs. 200 pmol of each siRNA 
were used. Each RNAi study was repeated once.

Statistical data
Data are presented as means ± SEM. Two-tailed Student’s t test was per-
formed for all compared data by using Excel (Microsoft). A P < 0.05 was 
considered to be statistically significant (one asterisk), a P < 0.01 was 
regarded as statistically very significant (two asterisks), and a P < 0.001 
was considered to be highly significant statistically (three asterisks).

Tandem affinity purification
HEK293T cells were transfected with constructs that encoded the 
RID domain of Rpgrip1l fused to FLAG/Strep/HA-tags and that en-
coded full-length Psmd2 fused to a Myc-tag. After 24 h, transfected 
cells were lysed in lysis buffer containing 50 mM Tris-HCl, pH 7.4, 
150 mM NaCl, 1% NP-40, protease inhibitor cocktail (Roche), and 
PMSF (Sigma-Aldrich) for 5 min at 4°C and sedimentated at 10,000 
g. Afterward, the supernatant was incubated for 2 h at 4°C with M2 
agarose FLAG-beads (Sigma-Aldrich), affinity purified by using Micro 
Bio-Spin Chromatography Columns (Bio-Rad Laboratories, Inc.), 
and eluted with 300 µg/ml FLAG peptide (produced at the Biological 
Medical Research Center of the Heinrich Heine University Düsseldorf) 
in TBS (150 mM NaCl, 3 mM KCl, and 25 mM Tris-HCl, pH 7.4). 
The second purification was realized by incubation of the eluates with 
Strep-Tactin Superflow (IBA) on Micro Bio-Spin Chromatography 
Columns (Bio-Rad Laboratories, Inc.). Protein complexes were eluated 
with 2.5 mM/ml biotin (Sigma-Aldrich) in Strep buffer (100 mM Tris-
HCl, pH 8.0, 150 mM NaCl, and 1 mM EDTA). To concentrate the 
proteins, the eluate was incubated in StrataClean resin (Agilent Tech-
nologies) beads overnight at 4°C. After centrifugation for 5 min at 4°C 
and subsequent resuspending of the beads, the supernatant as well as 
the beads were heated at 95°C for 10 min. Then, the samples were sep-
arated by SDS-PAGE and immunoblotted. Tandem affinity purification 
experiments were repeated three times.
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Western blotting
Whole-cell lysates were obtained by lysis with radioimmunoprecipita-
tion buffer (150 mM sodium chloride, 50 mM Tris-HCl, pH 7.4, 0.1% 
sodium deoxycholate, and 1 mM EDTA). Protein content was mea-
sured by the Bradford method, and samples were normalized. 20 mg 
of total protein was separated by SDS-PAGE on polyacrylamide gels 
(10%) and transferred to a polyvinylidene fluoride membrane (Bio-
Rad Laboratories, Inc.). The membrane was probed with antibodies 
against Psmd2, Psmd3, Psma5, Myc, phospho-(S33/37/T41)-β-Cat-
enin, nonphospho-(S33/37/T41)-β-Catenin, HA, or FLAG. Anti-actin, 
anti-Gapdh, and anti-Hprt antibodies were used as loading controls. 
Proteins were detected with secondary antibodies conjugated to horse-
radish peroxidase (RPN4201 and RPN4301) and the ECL detection kit 
(both GE Healthcare). Visualization of protein bands was realized by 
LAS-4000 mini (Fujifilm). Band intensities were measured by using 
ImageJ (National Institutes of Health).

Yeast two-hybrid screen
The screen was performed by using a Gal4-based yeast two-hybrid sys-
tem (BD) and a mouse E11.5 cDNA library (BD). As host, the yeast 
strain AH109 was used, which carried the HIS3 (histidine), ADE2 (ad-
enine), MEL1 (α-galactosidase), and LacZ (β-galactosidase) reporter 
genes. Interactions were investigated by evaluation of reporter gene ac-
tivation via growth on selective media (HIS3 and ADE2 reporter genes), 
α-galactosidase colorimetric plate assays (MEL1 reporter gene), and 
β-galactosidase colorimetric filter lift assays (LacZ reporter gene). The 
assessment of the putative protein interactions was realized on the basis 
of growth and selective media and staining in α- and β-galactosidase 
activity assays. The yeast two-hybrid screen was repeated twice.

Online supplemental material
Fig. S1 shows that the ciliary amount of Smo and Evc is unaltered 
in Rpgrip1l−/− MEFs, a list of potential Rpgrip1l interaction partners 
identified by yeast two-hybrid screening, an in situ PLA displaying that 
the known interaction partners Rpgrip1l and Nphp4 are in close prox-
imity (<40 nm) in the ciliary TZ, and an in situ PLA demonstrating 
that Rpgrip1l and Psmd2 are not in close proximity at the centrosome. 
The immunofluorescence experiments with the corresponding quanti-
fications in Fig. S2 prove that treatment of WT and Rpgrip1l−/− MEFs 
with siRNA against Psmd3 as well as Psmd4 results in a significant re-
duction of Psmd3 and Psmd4 at the BB, respectively, and that the over-
expression of proteins (presented by the example of Wnk2) does not 
always lead to an alteration of proteasomal activity at the ciliary base 
or of ciliary length. Fig. S3 shows antibody specificity of the anti-Gli3, 
anti-Gli3-190, anti-Psma5, anti-Psmd3, and anti-Psmd2 antibodies 
based on Western blot analyses. Fig. S4 illustrates antibody specificity 
in wide-field views (anti-Cep290, anti-Rpgrip1l, anti–p-β-Catenin, an-
ti-Ubiquitin, and anti–Gli3-190 antibodies), by using Nphp4−/− MEFs 
and by using antigens against Smo and Evc. Fig. S5 depicts antibody 
specificity in wide-field views (anti-Psmd2, anti-Psmd3, anti-Psma5, 
and anti-Psmd4 antibodies) and by using antigens against Psmd2, 
Psmd3, Psma5, and Psmd4. Online supplemental material is available 
at http://www.jcb.org/cgi/content/full/jcb.201408060/DC1.
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