
1Scientific RepoRtS |         (2019) 9:16519  | https://doi.org/10.1038/s41598-019-52830-1

www.nature.com/scientificreports

ERICH3 in Primary Cilia Regulates 
Cilium Formation and the 
Localisations of Ciliary Transport 
and Sonic Hedgehog Signaling 
Proteins
Mona Alsolami, Stefanie Kuhns, Manal Alsulami & Oliver E. Blacque*

Intraflagellar transport (IFT) is essential for the formation and function of the microtubule-based 
primary cilium, which acts as a sensory and signalling device at the cell surface. Consisting of IFT-
A/B and BBSome cargo adaptors that associate with molecular motors, IFT transports protein 
into (anterograde IFT) and out of (retrograde IFT) the cilium. In this study, we identify the mostly 
uncharacterised ERICH3 protein as a component of the mammalian primary cilium. Loss of ERICH3 
causes abnormally short cilia and results in the accumulation of IFT-A/B proteins at the ciliary tip, 
together with reduced ciliary levels of retrograde transport regulators, ARL13B, INPP5E and BBS5. We 
also show that ERICH3 ciliary localisations require ARL13B and BBSome components. Finally, ERICH3 
loss causes positive (Smoothened) and negative (GPR161) regulators of sonic hedgehog signaling 
(Shh) to accumulate at abnormally high levels in the cilia of pathway-stimulated cells. Together, these 
findings identify ERICH3 as a novel component of the primary cilium that regulates cilium length and 
the ciliary levels of Shh signaling molecules. We propose that ERICH3 functions within retrograde IFT-
associated pathways to remove signaling proteins from cilia.

Primary cilia are microtubule-based organelles extending from the surfaces of most mammalian cell types. 
The canonical ciliary axoneme is comprised of a cylinder of 9 doublet microtubules extending from a mother 
centriole-derived basal body, enveloped by a contiguous and specialised extension of the plasma membrane1. 
Primary cilia act as critical sensory devices that receive and transduce a wide range of physical and chemical 
stimuli such as light, temperature and mechanical cues. Cilia also coordinate several important extrinsic signal-
ling pathways (eg. Sonic hedgehog (Shh), TGF-beta, Wnt) that regulate many important aspects of cell genesis, 
differentiation and behaviour, both in the embryo and adult2. Defects in ciliary structure and function lead to 
pleiotropic, overlapping and broad spectrum diseases termed the ‘ciliopathies’ that affect the development and 
function of many tissues and organs3. Examples include Bardet-Biedl syndrome (BBS), characterised amongst 
others by blindness, obesity, kidney dysfunction, bone abnormalities and intellectual disability, as well as Joubert 
Syndrome (JBTS), which presents with many of the aforementioned abnormalities along with cardinal features of 
mid-hindbrain malformation4,5.

The formation and maintenance of primary cilia is critically dependent on the cycling intraflagellar transport 
(IFT) system, which operates bidirectionally along the ciliary microtubules to deliver proteins to, and remove 
proteins from, the organelle. Driven by kinesin-2 anterograde (towards ciliary tip) and IFT-dynein retrograde 
(towards ciliary base) motors, IFT trains possess multisubunit IFT-A and IFT-B particle complexes that serve as 
import and export adaptors for ciliary protein cargo6,7. The IFT-A complex (6 proteins) is biochemically organ-
ised into core (IFT122/140/144) and non-core (IFT43/121/139) submodules, and regulates the ciliary tip for-
mation of cargo-laden retrograde IFT trains, as well as the ciliary import of at least some membrane proteins 
(eg. GPCRs)8–22. The larger IFT-B complex (16 proteins) consists of core B1 (IFT22/25/2746/52/56/70/81/88) 
and peripheral B2 (IFT20/38/54/57/80/172) subcomplexes, with roles in anterograde IFT train assembly and 
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the ciliary import of proteins such as tubulin subunits and motility-associated proteins (eg. inner/outer dynein 
arms)22–31. A third IFT cargo adaptor is the eight membered BBSome (BBS1/2/4/5/7/8/9 and BBIP10), which is 
associated with membrane protein removal from cilia via retrograde IFT32–40. Also, at least in sensory neuronal 
cilia, the BBSome coordinates IFT-A/B complex trafficking41–43. Various regulators for IFT are known including 
the ciliary membrane-associated G protein ARL13B, which biochemically interacts with IFT-B and stabilises 
anterograde IFT in C. elegans and retrograde IFT in mammalian cells, and is required for the targeting and distri-
bution of ciliary membrane proteins such as the PI(4,5)P2 phosphatase INPP5E44–50.

Primary cilia are critically important for Shh signaling, where all of the key pathway components associ-
ate with the organelle, including the Patched1 (PTCH1) receptor, positive (Smoothened; SMO) and negative 
(GPR161; SUFU) pathway regulators, and downstream Gli transcription factors that get processed to activator 
(GliA) or repressor (GliR) forms51–56. During pathway activation, ligand binding causes PTCH1 to exit the cil-
ium and SMO to accumulate in the cilium, resulting in GliA formation52,53. GliA build-up is also promoted by 
ligand-induced ciliary removal of the negative pathway regulator, GPR16157,58. The dynamic movement of Shh 
signaling components into and out of cilia, and therefore pathway output, is heavily reliant on IFT11,59–65. For 
example, TULP3-mediated targeting of GPR161 to cilia occurs via direct interaction with the IFT-A core com-
plex10,13. In contrast, the ciliary removal of GPR161, as well as SMO and PTCH1, depends on the IFT-A non-core 
complex, IFT25/27 (distinct submodule of IFT-B1) and the BBSome13,35–38,40,63,66. ARL13B and one of its proposed 
effectors, INPP5E, also promote the ciliary removal of GPR161, and regulate ciliary targeting of SMO46,50,67–70.

In this study we identify the mostly uncharacterised protein ERICH3 (Glutamate rich protein 3) as a new com-
ponent of the primary cilium. By employing the human hTERT-RPE1 cell line and siRNA-mediated depletion, 
we show that ERICH3 positively controls cilium formation and length, and limits the ciliary levels of SMO and 
GPR161 in pathway-stimulated cells. ERICH3 also promotes BBSome, ARL13B and INPP5E enrichment in cilia 
and prevents the ciliary tip accumulation of IFT particle proteins. Together, our findings implicate ERICH3 as a 
novel component of retrograde IFT-associated pathways that remove Shh signaling regulators from cilia.

Results
ERICH3 localises to primary cilia. Recently, we employed a co-expression approach to identify candi-
date ciliary genes in humans and mice71. One of the top hits within these datasets is C1orf173, also known as 
ERICH3 (Glutamate rich protein 3), which encodes a large protein (1530 amino acids) containing a 113 amino 
acid domain of unknown function (DUF4590) (Fig. 1A). Although ERICH3 is linked to osteoporosis and colorec-
tal cancer72, as well as the regulation of plasma serotonin concentration73, the cellular roles of this protein remain 
almost completely unknown. Interestingly, ERICH3 was identified as an abundant ciliary protein in a recent 
proteomics study of isolated human airway motile cilia74.

To investigate ERICH3 in non-motile human primary cilia, we employed the immortalised human retinal 
epithelial cell line (hTERT-RPE1), where cilium formation is induced by serum withdrawal. First we assessed 
if ERICH3 localises to primary cilia. Using a GFP-ERICH3 construct that is functional (described below in 
Fig. 2), we observed ERICH3 ciliary localisation in ~70% of transiently transfected cells (3 experiments; n = 100 
cells per experiment), although the ciliary signals were faint (Supplementary Fig. S1A). To further examine 
GFP-ERICH3 ciliary localisation, we established stable hTERT-RPE1 cell lines expressing the construct. In these 
cells, GFP-ERICH3 shows an enriched localisation along the entire ciliary axoneme in 100% of analysed cells (3 
experiments; n = 100 cells per experiment), as marked by acetylated alpha-tubulin (AcTub) staining (Fig. 1B). 
Co-staining for the centrosomal and basal body marker, gamma tubulin, revealed that some hTERT-RPE1 cells 
display a relatively weak GFP-ERICH3 signal at the ciliary base region (Supplementary Fig. S1B). Together, our 
data from transient and stably expressing cells show that GFP-ERICH3 localises to the primary cilium.
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Figure 1. ERICH3 localises to the primary cilium. (A) Schematic of the ERICH3 protein showing the location 
of the DUF4590 domain. Numbers refer to amino acid positions. (B) Representative images of stably expressed 
GFP-ERICH3 in hTERT-RPE1 cells after 48 h serum starvation, stained for cilia (acetylated tubulin; red) and the 
nucleus (DAPI; blue). Scale bars; 10 µm. Small panels are higher magnification images of the boxed regions.
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ERICH3 regulates cilium formation and length. To investigate if ERICH3 is required for cilium forma-
tion or structure, a ciliogenesis assay was performed on human hTERT-RPE1 cells treated with two independent 
siRNAs, each reducing ERICH3 expression by ~75% (Fig. S2A). An siRNA targeting CEP164 (CEP164-siRNA) 
was used as a positive control and a scrambled siRNA (Scr-siRNA) as a negative control. Following serum with-
drawal, ~90% of cells treated with Scr-siRNA were ciliated (as measured by ARL13B staining), compared with 
only 26–30% ciliation for cells treated with the positive control (CEP164-siRNA) (Fig. 2A,B; Supplementary 
Fig. S2B). Compared to the negative control, cells treated with ERICH3-siRNA-1 or ERICH3-siRNA-2 showed 
a 35% and 26% reduction in ciliation, respectively (Fig. 2A,B). Next, by staining for the ciliary axonemal marker 
acetylated-alpha tubulin, we examined the ciliary length of ERICH3-depleted cells. Whereas Scr-siRNA-treated 
cells display a median cilium length of ~4.3 μm, the cilia of ERICH3-siRNA-treated cells are shorter, with median 
lengths of ~2.0 μm (Fig. 2A,C). To confirm the ERICH3 depletion phenotypes, we examined the effect of siRNA 
treatment on hTERT-RPE1 cells stably expressing the aforementioned GFP-ERICH3 construct, which was 
designed to be siRNA resistant (see methods). Cilia were stained with an acetylated tubulin antibody. Whereas 
ERICH3-siRNA treatment reduces ciliogenesis and cilium length in stable cell lines expressing GFP alone, these 
siRNA-induced phenotypes are almost fully rescued in stable cells expressing siRNA resistant GFP-ERICH3 
(Fig. 2D; images in Supplementary Fig. S2C).

Together, these findings establish roles for ERICH3 in the regulation of cilium formation and length.

ERICH3 depletion causes ciliary tip accumulation of IFT proteins. The ciliogenesis and cilium 
length defects associated with ERICH3 loss prompted us to examine possible roles for ERICH3 in IFT regula-
tion. Specifically, we examined the endogenous ciliary localisations and distributions of IFT88 (IFT-B protein) 
and IFT140 (IFT-A protein) in ERICH3-depleted hTERT-RPE1 cells. For IFT88, control cells (Scr-siRNA) show 
prominent accumulations at the ciliary base, with weaker punctate signals along the ciliary axoneme, along with 
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Figure 2. ERICH3 regulates ciliogenesis and ciliary length. (A) Representative images of hTERT-RPE1 cells 
treated with Scrambled (Scr) control or ERICH3 siRNAs. Cells were serum-starved for 24 h and stained 
for ciliary membrane (ARL13B; red) and centrosome (γ-tubulin; green) markers, and the nucleus (DAPI; 
blue). Small panels are higher magnification images of the boxed regions. Ciliary tip and basal body (bb) 
are indicated. Scale bars; 10 µm. (B–D) Quantification of cilium incidence and length in hTERT-RPE1 cells 
treated with Scrambled (Scr) control or ERICH3 siRNAs, serum starved for 24 h, and stained for cilia using 
ARL13B (B) or acetylated tubulin (C,D) antibodies. Panel D shows data for hTERT-RPE1 stably expressing 
GFP or GFP-ERICH3 (siRNA resistant) (related images to panel D shown in Supplementary Fig. S2C). Bar 
charts show mean ± SD (3 independent experiments; ~100 cells analysed per experimental condition). Box 
and whisker plots show data combined from 3 independent experiments (~50 cilia analysed per experimental 
condition); horizontal lines are 25, 50 and 75th percentiles; whiskers extend to maximum and minimum values. 
*p < 0.0001; Kruskal-Wallis test.
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occasional low-level accumulations at the ciliary tip (Fig. 3A). In contrast, whilst IFT88 signals are retained at 
the base of ERICH3-depleted cells, prominent and elevated IFT88 accumulations are also observed at the ciliary 
tips of most cells (Fig. 3A–C; replicate datasets shown in Supplementary Fig. S3A). For IFT140 in control cells 
(Scr-siRNA), a prominent localisation is observed at the ciliary base, with little or mostly no detectable signal in 
the axoneme (Fig. 3A). In ERICH3-siRNA-treated cells a prominent accumulation of IFT140 occurs at the ciliary 
tip, as well as the ciliary base (Fig. 3A,B). Thus, both IFT88 and IFT140 abnormally accumulate at the ciliary tips 
of ERICH3-depleted cells, which is suggestive of a defect in IFT machinery turnaround at the ciliary tip.
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Figure 3. IFT proteins accumulate at the tips of ERICH3-depleted cilia. (A) Representative images and 
quantification of endogenous IFT88 (red) and IFT140 (red) ciliary localisations in hTERT-RPE1 cells treated 
with Scrambled (Scr) control or ERICH3 siRNAs. Ciliary axonemes stained with an acetylated tubulin (AcTub; 
green) antibody, centrosomes stained with a γ-tubulin (γ-Tub; green) antibody and nuclei stained with DAPI 
(blue). Small panels are higher magnification images of the boxed regions. Asterisk; ciliary base. Arrows; ciliary 
tip. Scale bars; 10 µm. (B) % cilia with the indicated IFT88 and IFT140 localisation phenotypes; data shows 
mean ± SD values (3 independent experiments; ~50 cilia analysed per experimental condition. *p < 0.05 (vs 
Scramble control); Kruskal-Wallis test. (C) Representative box and whisker plot (see Supplementary Fig. S3A 
for all 3 experiments; ~30 cilia analysed per experiment) of the ciliary tip levels of IFT88; horizontal lines are 25, 
50 and 75th percentiles; whiskers extend to maximum and minimum values. *p < 0.0001 (vs Scramble control); 
Kruskal-Wallis test.
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ERICH3 controls the ciliary levels of retrograde IFT regulators ARL13B and BBS5. To fur-
ther examine a potential retrograde IFT-associated role for ERICH3, we assessed if ERICH3 is required 
for the ciliary localisations of proteins involved in retrograde IFT regulation. First, we examined the ciliary 
membrane-associated G-protein ARL13B, which regulates the retrograde trafficking of IFT machinery from the 
ciliary tip of hTERT-RPE1 cells46. We found that compared to controls (Scr-siRNA), the mean signal intensity of 
endogenous ARL13B at the ciliary membrane is significantly reduced in ERICH3-depleted cells (Fig. 4A; rep-
licate datasets shown in Supplementary Fig. S3B). Since ARL13B regulates the ciliary targeting of INPP5E in 
RPE1 cells46,49, we also investigated INPP5E localisations. Similar to our ARL13B observations, the mean ciliary 
signal intensity of endogenous INPP5E is reduced in cells lacking ERICH3 (Fig. 4B; replicate datasets shown in 
Supplementary Fig. S3C). Therefore, ERICH3 regulates the ciliary localisation of ARL13B and a proposed effector 
of this G-protein, INPP5E.

Next, we wondered if ERICH3 regulates the ciliary levels of BBSome components, which facilitate the removal 
of multiple proteins from cilia and flagella via its association with retrograde IFT33–35,37,39,40,63,75. Specifically, we 
examined BBS5, which associates with a stable core of the BBSome38. In control cells (Scr-siRNA), ~75% of cilia 
are positive for BBS5, which is found along the entire cilium length and as punctate signals at the basal body 
region (Fig. 4C). In contrast, only ~20% of ERICH3-depleted cells display detectable BBS5 signals in cilia; also, 
when detectable in the cilium, the ciliary BBS5 levels are reduced compared to control cells. (Fig. 4C). The defec-
tive BBS5 localisation phenotypes are rescued in cells expressing the siRNA resistant GFP-ERICH3 construct, but 
not GFP alone (Supplementary Fig. S4).

Thus, ERICH3 positively regulates the ciliary levels of multiple proteins associated with retrograde IFT.

ERICH3, ARL13B and the BBSome display interdependency for their targeting to cilia. The 
requirement of ERICH3 for ensuring normal ciliary localisation of ARL13B and BBS5 prompted us to investigate 
if ARL13B and the BBSome are reciprocally required for targeting ERICH3 to cilia. For these experiments, we 
employed hTERT-RPE1 cells stably expressing GFP-ERICH3 and siRNAs against ARL13B and the BBSome subu-
nit, BBS1. The siRNAs deplete ARL13B and BBS1 RNA levels by >80% (Supplementary Fig. S5). In BBS1-depleted 
cells, we observed strong disruption of ciliary ERICH3. Specifically, the frequency of GFP-ERICH3-positive 
cilia was reduced by ~50% in BBS1-disrupted cells compared with control cells (Scr-siRNA); in addition, for 
those cilia that were GFP-ERICH3-positive, the signal intensity was reduced by ~40% in cells depleted of BBS1 
(Fig. 5A; replicate datasets in Supplementary Fig. S5C). Whilst ARL13B depletion did not affect the frequency of 
GFP-ERICH3-positive cilia, we did observe a modest reduction (~18%) in ERICH3 ciliary levels (Fig. 5A; rep-
licate datasets in Supplementary Fig. S3D). Thus, BBS1, and to a lesser extent ARL13B, are required for normal 
ERICH3 ciliary levels.

Since BBS1 and ARL13B are reciprocally required for targeting ERICH3 to cilia, we wondered if the BBSome 
and ARL13B are themselves interdependent for their ciliary localisations. We found that BBS1 depletion 
causes a very significant reduction (~45%) in endogenous ARL13B ciliary levels (Fig. 5B; replicate datasets in 
Supplementary Fig. S3E). In the reverse experiment we assessed the localisation of the BBSome using a BBS5 
antibody and observed a large reduction in the percentage of detectable BBS5-positive cilia in ARL13B-depleted 
cells; also, in those cilia positive for BBS5, the levels of BBS5 are reduced (Fig. 5B; replicate datasets for BBS5 cil-
ium levels are shown in Supplementary Fig. S3F). Therefore, the ciliary localisations of ARL13B and the BBSome 
are interdependent.

Together with the data presented above in Fig. 4, our findings show that ERICH3, ARL13B and the BBSome 
are interdependent in regulating their respective ciliary levels, although the requirement of ARL13B for ERICH3 
localisation is somewhat modest.

The removal of Sonic hedgehog signaling proteins from cilia depends on ERICH3. Retrograde 
IFT controls cilium-based Sonic hedgehog (Shh) signaling by preventing ciliary accumulation of positive signal 
regulators (eg. Smoothened) when the pathway is off and promoting ciliary removal of negative signal regulators 
(eg. GPR161) when the pathway is activated13,35,37,40,46,63. Given the evidence above that ERICH3 serves a role in 
retrograde IFT-associated pathways, we wondered if ERICH3 regulates SMO and GPR161 ciliary levels. To stimu-
late Shh signaling we employed the Smoothened agonist SAG, which has been used by multiple studies to turn on 
the pathway in RPE1 cells13,40,46. In control cells (Scr-siRNA), most cilia are SMO-negative and GPR161-positive 
under basal conditions (DMSO vehicle control); upon SAG treatment, these phenotypes reverse due to the cil-
iary accumulation of SMO and ciliary removal of GPR161 (Fig. 6; replicate datasets shown in Supplementary 
Fig. S3G,H). In ERICH3-depleted cells, the ciliary levels of SMO and GPR161 under basal conditions are unaf-
fected (Fig. 6; replicate datasets shown in Supplementary Fig. S3G,H). However, treatment of these cells with 
SAG results in abnormally high ciliary levels of SMO; in addition, most cilia abnormally retain GPR161 signals 
at levels comparable to those observed under basal conditions (Fig. 6; replicate datasets shown in Supplementary 
Fig. S3G,H). Thus, ERICH3 is required for removing GPR161 from cilia and limits the ciliary levels of SMO under 
conditions of Shh pathway activation.

Discussion
IFT and associated cargo adaptors are thought to be critical for regulating the ciliary levels of various signaling 
molecules that function within the organelle. This is best understood for the Shh pathway where various IFT-A, 
IFT-B and BBSome-associated proteins are linked to the ciliary targeting and removal of positive (eg. SMO) and 
negative (eg. PTCH1, GPR161) pathway regulators. In the present study, we identify ERICH3 as a component 
of the primary cilium and describe roles for ERICH3 in regulating the ciliary levels of Shh signaling proteins. 
Specifically, in Shh pathway-stimulated cells depleted of ERICH3, SMO and GPR161 ciliary levels are abnor-
mally high. Consistent with a role for ERICH3 in removing signaling proteins from cilia, ERICH3-disrupted 
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Figure 4. ARL13B, INPP5E and BBS5 levels are reduced in ERICH3-depleted cilia. Representative images 
and quantification of endogenous ARL13B, INPP5E and BBS5 ciliary levels in hTERT-RPE1 cells, treated with 
Scrambled (Scr) control or ERICH3 siRNAs. Ciliary axonemes stained with an acetylated tubulin (AcTub; 
green) antibody and nuclei stained with DAPI (blue). Small panels are higher magnification images of the 
boxed regions. Scale bars; 10 µm. Data in box and whisker plots are from representative experiments (see 
Supplementary Fig. S3B,C for all 3 experiments; ~30 cilia analysed per experiment); horizontal lines are 25, 50 
and 75th percentiles; whiskers extend to maximum and minimum values. Note that the individual data points 
in the box and whisker plots are mean ciliary intensity values. Data in bar chart are means ± SD (3 independent 
experiments; ~100 cells analysed per experimental condition). *p < 0.005 (vs Scramble control); Kruskal-Wallis test.
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Figure 5. ERICH3 ciliary levels are regulated by interdependent ARL13B and BBS1. Representative images and 
quantification of ciliary GFP-ERICH3 (A), ARL13B or BBS5 (B) in hTERT-RPE1 cells treated with Scrambled 
(Scr) control, BBS1 or ARL13B siRNAs. Ciliary axonemes stained using an acetylated tubulin antibody (AcTub; 
red in (A) and green in (B)) and nuclei stained with DAPI (blue). Small panels are higher magnification images 
of boxed regions. Scale bars; 10 µm. Box and whisker plot data is from one representative experiment (see 
Supplementary Fig. S3D–F for all 3 experiments; ~30 cilia analysed per experiment); horizontal lines are 25, 50 
and 75th percentiles; whiskers extend to maximum and minimum values. Data in bar charts show mean ± SD (3 
independent experiments; ~100 cells analysed per experimental condition). *p < 0.0001 (vs Scramble siRNA); 
Kruskal-Wallis test.
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cells display ciliary tip accumulation of IFT proteins, along with reduced ciliary levels of retrograde IFT regu-
lators ARL13B, INPP5E and the BBSome. We also describe an interdependent relationship between ERICH3, 
ARL13B and the BBSome in the regulation of their ciliary levels. Thus, our work places the mostly uncharacter-
ised ERICH3 protein in the primary cilium, where it interacts with pathways involved in retrograde IFT-cargo 
regulation.
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Figure 6. ERICH3 regulates the ciliary levels of Smoothened and GPR161. Representative images and 
quantification of endogenous ciliary Smoothened (SMO; green) and GPR161 (red) levels in hTERT-RPE1 
cells treated with Scrambled (Scr) or ERICH3 siRNAs, under basal conditions (+DMSO) and conditions that 
stimulate the Shh pathway (+SAG). Cilia stained either with acetylated tubulin (AcTub; green) or ARL13B 
(red) antibodies, and nuclei stained with DAPI (blue). Small panels are higher magnification images of the 
boxed regions. Scale bars; 10 µm. Data in bar charts are mean ± SD (3 independent experiments; ~100 cells 
analysed per experimental condition). Data in box and whisker plots are from a representative experiment (see 
Supplementary Fig. S3G,H for all 3 experiments; ~100 cilia analysed per experimental condition); horizontal 
lines are 25, 50 and 75th percentiles; whiskers extend to maximum and minimum values. *p < 0.0001; Kruskal-
Wallis test.
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We observed a high level of GFP-ERICH3 signal in the primary cilia of hTERT-RPE1 cells stably express-
ing this construct. This finding is in agreement with a recent paper that used proteomics and immunohisto-
chemistry to show that ERICH3 is an abundant protein in motile cilia of human airway epithelial (HAE) 
cells74. Furthermore, the HAE cell study showed that the ERICH3 protein is not detectable in undifferentiated 
non-ciliated cells74. Together with a previous finding from our group that ERICH3 is co-expressed with cili-
ary genes71, we conclude that ERICH3 is strongly associated with both motile and primary cilia. Interestingly, 
ERICH3 ciliary distributions differ between these ciliary subtypes; whereas ERICH3 localises mostly to the prox-
imal half of HAE motile cilia74, ERICH3 decorates the entire length of hTERT-RPE1 primary cilia. Whilst the 
reasons for differential ciliary localisation of ERICH3 is unknown, one possibility relates to underlying differences 
between motile vs non-motile ciliary structures. Interestingly, ARL13B, which we identify in this study as a func-
tional interactor of ERICH3 (discussed below), also displays full length vs proximal ciliary distributions in motile 
and non-motile cilia, respectively45,47. Whether ERICH3 associates with the ciliary membrane, microtubules or 
cytosol remains to be determined.

Our data implicates a role for ERICH3 in regulating the ciliary levels of Shh signaling proteins. In wild type 
cells, Shh pathway stimulation increases the ciliary levels of SMO (positive pathway regulator) and decreases 
the ciliary levels of GPR161 (negative pathway regulator), ostensibly on account of enhanced trafficking of these 
proteins into and out of the organelle. However, in ERICH3-depleted cells treated with the SMO agonist, SMO cil-
iary levels are abnormally high and GPR161 fails to be removed from the organelle. These findings are strikingly 
similar to what has been reported for cells with disrupted retrograde IFT-cargo regulation. For example, in cells 
lacking the IFT-A non-core subunit IFT139, abnormally high numbers of SMO- and GPR161- positive cilia occur 
in Shh pathway stimulated and unstimulated conditions13. Similarly, SMO ectopically localises to cilia in unstim-
ulated BBS1, BBS3 and BBS7 knockout cells; ciliary levels increase even further when the Shh pathway is stimu-
lated and a reduced pathway activation is observed at least for BBS7-disrupted cells37,40,63,66. Ectopic ciliary SMO 
is also reported in cells lacking negative regulators of ciliary BBSome levels, namely the IFT25/27 dimer and the 
BBSome-binding protein LZTFL1; additionally, IFT27 loss reduces Shh pathway activation62,63,76,77. Furthermore, 
elevated GPR161 ciliary levels occur in stimulated and unstimulated cells lacking BBS337. Finally, in ARL13B 
disrupted cells, where IFT-A/B proteins accumulate in the cilium, Shh pathway activation causes elevated SMO 
in cilia and a failure to remove GPR161 from the cilium; ARL13B-disrupted fibroblasts also show ectopic SMO 
in unstimulated cells and exhibit reduced Shh pathway activity46,50,78. Thus, the ERICH3 depletion phenotype 
for ciliary SMO/GPR161 phenocopy those of retrograde IFT disrupted cells. There is one important distinction, 
however, which is that SMO remains excluded from ERICH3-depleted cilia in unstimulated conditions, whereas 
this is not the case for most cells lacking the aforementioned genes. Therefore, ERICH3 controls ciliary SMO and 
GPR161 levels in RPE1 cells only in the context of Shh pathway activation. Notably, ARL13B appears to function 
in a similar manner in RPE1 cells46.

Our finding of mislocalised IFT-A/B, BBSome and ARL13B proteins in ERICH3-depleted cells supports 
the notion that ERICH3 functions within retrograde IFT pathways to facilitate the ciliary removal of SMO and 
GPR161. Specifically, ERICH3 loss causes a characteristic retrograde IFT defect, namely the accumulation of 
IFT-A and IFT-B proteins at the ciliary tip. In addition, ERICH3-depleted cells display reduced ciliary levels of a 
BBSome retrograde IFT cargo adaptor component (BBS5) and lower ciliary intensity of ARL13B, which regulates 
IFT turnaround at the ciliary tip. A role for ERICH3 in retrograde IFT regulation is also supported by the cil-
ium length and modest ciliogenesis defects we observe in ERICH3-depleted cells, and by the ciliary localisation 
interdependencies we identified for ERICH3, ARL13B and the BBSome. Indeed, the hTERT-RPE1 ciliogenesis 
phenotype may relate directly to ERICH3’s role in regulating the localisation of IFT140, given reports that IFT-A 
core complex proteins (IFT122/140) are reported to control cilium incidence and number in this cell type19,79.

One mechanistic possibility to explain the various phenotypes we observed is that ERICH3’s primary role is 
to regulate the ciliary targeting of the BBSome. However, this function is countered by recent findings of normal 
IFT-A/B protein localisations in BBS1 knockout RPE1 cells (versus disrupted IFT-A/B protein localisations in 
ERICH3-disrupted cells), although findings in C. elegans implicate BBS genes in retrograde IFT train organisation 
at the ciliary tip40,80. Alternatively, ERICH3 may regulate the IFT-A retrograde machinery directly or indirectly 
via the reported role of ARL13B in preventing IFT protein accumulation at the ciliary tip46. Indeed, as mentioned 
above, both ERICH3 and ARL13B localise to proximal regions of motile cilia47,74, and ARL13B (like ERICH3) 
controls ciliary SMO and GPR161 levels only during Shh pathway activation, at least in RPE1 cells46. A role for 
ERICH3 in directing ciliary tip turnaround of the retrograde IFT machinery does, however, raise the question as 
to why BBSome protein levels are reduced in ERICH3-depleted cells, rather than increased as the model might 
predict. Thus, although our data strongly links ERICH3 function to retrograde IFT associated pathways, the 
precise mechanism involved remains to be determined. Future work to identify the biochemical interactors of 
ERICH3 should shed light on its mechanism of action and the nature by which the protein interacts with retro-
grade IFT machinery and/or its regulators. It is notable that ERICH3’s even (non-punctate) distribution along 
the length of the hTERT-RPE1 cilium is not consistent with that expected of a protein undergoing IFT; thus, 
ERICH3’s role in regulating retrograde IFT may not involve the protein’s association with moving IFT trains.

In conclusion, we have identified ERICH3 as a new component of the primary cilium and shown that it inter-
acts with retrograde IFT-associated pathways to control the ciliary levels of Shh signaling molecules. Given that 
the functional interactors of ERICH3 are all associated with ciliary diseases such as Joubert syndrome (ARL13B, 
INPP5E) and Bardet Biedl syndrome, ERICH3 represents an attractive candidate for mutations in unresolved 
ciliopathies. Furthermore, our finding of a ciliary role for ERICH3 raises the possibility that ciliary dysfunction 
may at least partially underlie reported associations of ERICH3 with major depression disorder, osteoporosis and 
colorectal cancer72,73.
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Materials and Methods
Cell culture and transfection. hTERT-RPE1 cells were grown at 37 °C under 5% CO2 in DMEM/F12 media 
(Sigma Aldrich) containing 10% fetal bovine serum (FBS; Biosciences), 2 mM L-Glutamine, and 0.348% sodium 
bicarbonate. Cilium formation was induced by serum starvation for 48 h. For transient transfection, cells were 
grown to 90% confluency and transfected with plasmid DNA using using TransIT-X2® as per the manufac-
turer’s instructions. Stable hTERT-RPE1 cell lines were generated by transfecting plasmids using TransIT-X2® 
transfection Reagent and selecting clones with 500 µg/ml G418 (Sigma Aldrich). For depletion experiments, 
hTERT-RPE1 cells were transfected with Silencer Select siRNAs (Ambion) using Lipofectamine 2000 (Thermo-
Fisher). After 16 h, cells of 90% confluence were serum-starved for 48 h to induce ciliogenesis. siRNAs are listed 
in Supplementary Table S1.

Quantitative PCR (qPCR). ERICH3, ARL13B, and BBS1 mRNA levels following siRNA-mediated depletion 
were measured by qPCR. Total RNA was purified with an InviTrap®Spin Cell RNA Mini kit (Stratec Molecular) 
and concentration measured using a Nano-Drop 2000 spectrophotometer. cDNA was synthesised with a High 
Capacity cDNA Reverse Transcription Kit (Applied Biosystems) using 200–500 ng of RNA per reaction. qPCR 
reactions were performed using SYBR green detection in a LightCycler 480 II Real-Time PCR instrument (Roche 
Life Sciences). The annealing temperature was 60 °C for all triplicate reactions. ERICH3, BBS1, and ARL13B 
mRNA levels were normalised against GAPDH mRNA levels, employing the ΔΔCt method81. Primers are listed 
in Supplementary Table S1.

Immunofluorescence staining. hTERT-RPE1 cells grown on glass coverslips were washed three times 
with phosphate-buffered saline (PBS). For ARL13B, acetylated tubulin, γ-tubulin, SMO and GPR161 antibody 
staining, cells were fixed with 3% paraformaldehyde (PFA) at 37 °C for 10 min., and permeabilised in 0.2% Triton 
X-100/PBS (1% for SMO and GPR161 staining) at 37 °C for 5 min. For IFT88 and IFT140 antibody staining, 
cells were fixed and permeabilised by incubating in methanol at −20 °C for 5 min, followed by dipping into cold 
acetone and subsequent 10 min. drying on filter paper. All samples were blocked for 30 min at 37 °C with 3% 
BSA (bovine serum albumin) in 0.2% Triton X-100/PBS. Blocking and subsequent steps were performed in a 
moist chamber to avoid sample drying. Cells were incubated with primary antibodies (diluted in PBX block-
ing solution; see Supplementary Table S1 for the specific dilution factors employed) for 1–2 h at room temper-
ature. After 3 × 5 min washes with PBS, cells were incubated in the dark for 1–2 h at room temperature with 
secondary antibodies conjugated to fluorescent dyes (diluted in PBX). All antibodies used in this study are listed 
in Supplementary Table S1. For DNA staining, DAPI (4′,6-Diamidino-2-phenylindole, Sigma-Aldrich) was 
included with the secondary antibodies. Samples were washed three times with PBS, and coverslips mounted on 
glass slides in Mowiol (Sigma-Aldrich).

Microscopy and image analysis. Widefield images were taken as z-stacks at 0.4 µm intervals using a 
Zeiss AxioImager M1 microscope equipped with a Zeiss Plan Neofluar 40x/NA1.3 oil immersion objective and a 
QImaging Retiga R6 CCD camera. Cilia length and fluorescence intensity measurements were performed using 
Fiji/ImageJ (NIH)82 on widefield images from cells stained with a cilia marker (acetylated tubulin or ARL13B). 
For ciliary length measurements, the region of interest was manually defined using the line segment tool. For cil-
iary intensity measurements (ARL13B, INPP5E, BBS5, SMO and GPR161), acetylated tubulin or ARL13B signals 
were first used to segment the ciliary axoneme and background subtraction was performed using the same sized 
region of interest as the segmented cilium. Average pixel intensity was determined for the protein of interest using 
the Measure Object Intensity module. For the ciliogenesis assay, cells stained for the ciliary marker ARL13B were 
randomly selected and analysed from multiple field areas of 2–4 coverslips per condition. All statistical analyses 
were performed using Prism software.

Generation of GFP-ERICH3 recombinant plasmids. ERICH3 cDNA was purchased from Lifesciences 
as GeneCube constructs. cDNA was amplified from the vectors using primers incorporating cloning restriction 
sites to XhoI and BamHI. PCR products and GFP vector (pEGFP-N1) were digested with restriction enzymes 
and then ligated for 1 hr at RT with Quick-Stick Ligase at 1:3 molar (vector:insert) ratios. Ligations contain-
ing pEGFP-N1-ERICH3 were transformed into chemically competent DH5alpha E. coli and transformed cells 
selected via kanamycin. To identify colonies containing plasmids with the insert of interest, individual colonies 
were placed into a PCR tube containing the prepared Touchdown PCR reagents, followed immediately by the PCR 
reaction. Point mutations for the siRNA-resistant pEGFP-N1-ERICH3 construct were inserted by site-directed 
mutagenesis (QuikChange kit; Agilent Technologies) using primers indicated in Supplementary Table S1.

Received: 13 May 2019; Accepted: 23 October 2019;
Published: xx xx xxxx

References
 1. Satir, P., Pedersen, L. B. & Christensen, S. T. The primary cilium at a glance. Journal of Cell Science 123, 499–503 (2010).
 2. Wheway, G., Nazlamova, L. & Hancock, J. T. Signaling through the Primary Cilium. Front Cell Dev Biol 6, 8 (2018).
 3. Waters, A. M. & Beales, P. L. Ciliopathies: an expanding disease spectrum. Pediatr. Nephrol. 26, 1039–1056 (2011).
 4. Romani, M., Micalizzi, A. & Valente, E. M. Joubert syndrome: congenital cerebellar ataxia with the molar tooth. Lancet Neurol. 12, 

894–905 (2013).
 5. Forsythe, E. & Beales, P. L. Bardet-Biedl syndrome. Eur. J. Hum. Genet. 21, 8–13 (2013).
 6. Taschner, M. & Lorentzen, E. The Intraflagellar Transport Machinery. Cold Spring Harb. Perspect. Biol. 8 (2016).
 7. Rosenbaum, J. L. & Witman, G. B. Intraflagellar transport. Nat. Rev. Mol. Cell Biol. 3, 813–825 (2002).
 8. Iomini, C., Babaev-Khaimov, V., Sassaroli, M. & Piperno, G. Protein particles in Chlamydomonas flagella undergo a transport cycle 

consisting of four phases. J. Cell Biol. 153, 13–24 (2001).

https://doi.org/10.1038/s41598-019-52830-1


1 1Scientific RepoRtS |         (2019) 9:16519  | https://doi.org/10.1038/s41598-019-52830-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

 9. Iomini, C., Li, L., Esparza, J. M. & Dutcher, S. K. Retrograde intraflagellar transport mutants identify complex A proteins with 
multiple genetic interactions in Chlamydomonas reinhardtii. Genetics 183, 885–896 (2009).

 10. Mukhopadhyay, S. et al. TULP3 bridges the IFT-A complex and membrane phosphoinositides to promote trafficking of G protein-
coupled receptors into primary cilia. Genes Dev. 24, 2180–2193 (2010).

 11. Tran, P. V. et al. THM1 negatively modulates mouse sonic hedgehog signal transduction and affects retrograde intraflagellar 
transport in cilia. Nat. Genet. 40, 403–410 (2008).

 12. Behal, R. H. et al. Subunit interactions and organization of the Chlamydomonas reinhardtii intraflagellar transport complex A 
proteins. J. Biol. Chem. 287, 11689–11703 (2012).

 13. Hirano, T., Katoh, Y. & Nakayama, K. Intraflagellar transport-A complex mediates ciliary entry and retrograde trafficking of ciliary 
G protein-coupled receptors. Mol. Biol. Cell 28, 429–439 (2017).

 14. Yi, P., Li, W.-J., Dong, M.-Q. & Ou, G. Dynein-Driven Retrograde Intraflagellar Transport Is Triphasic in C. elegans Sensory Cilia. 
Curr. Biol. 27, 1448–1461.e7 (2017).

 15. Schafer, J. C., Haycraft, C. J., Thomas, J. H., Yoder, B. K. & Swoboda, P. XBX-1 encodes a dynein light intermediate chain required for 
retrograde intraflagellar transport and cilia assembly in Caenorhabditis elegans. Mol. Biol. Cell 14, 2057–2070 (2003).

 16. Blacque, O. E. et al. The WD repeat-containing protein IFTA-1 is required for retrograde intraflagellar transport. Mol. Biol. Cell 17, 
5053–5062 (2006).

 17. Zhu, B. et al. Functional exploration of the IFT-A complex in intraflagellar transport and ciliogenesis. PLoS Genet. 13, e1006627 
(2017).

 18. Boubakri, M. et al. Loss of ift122, a Retrograde Intraflagellar Transport (IFT) Complex Component, Leads to Slow, Progressive 
Photoreceptor Degeneration Due to Inefficient Opsin Transport. J. Biol. Chem. 291, 24465–24474 (2016).

 19. Takahara, M. et al. Ciliopathy-associated mutations of IFT122 impair ciliary protein trafficking but not ciliogenesis. Hum. Mol. 
Genet. 27, 516–528 (2018).

 20. Picariello, T. et al. A global analysis of IFT-A function reveals specialization for transport of membrane-associated proteins into cilia. 
J. Cell Sci. 132 (2019).

 21. Fu, W., Wang, L., Kim, S., Li, J. & Dynlacht, B. D. Role for the IFT-A Complex in Selective Transport to the Primary Cilium. Cell Rep. 
17, 1505–1517 (2016).

 22. Cole, D. G. et al. Chlamydomonas kinesin-II-dependent intraflagellar transport (IFT): IFT particles contain proteins required for 
ciliary assembly in Caenorhabditis elegans sensory neurons. J. Cell Biol. 141, 993–1008 (1998).

 23. Taschner, M., Kotsis, F., Braeuer, P., Kuehn, E. W. & Lorentzen, E. Crystal structures of IFT70/52 and IFT52/46 provide insight into 
intraflagellar transport B core complex assembly. J. Cell Biol. 207, 269–282 (2014).

 24. Follit, J. A., Xu, F., Keady, B. T. & Pazour, G. J. Characterization of mouse IFT complex B. Cell Motil. Cytoskeleton 66, 457–468 (2009).
 25. Lucker, B. F. et al. Characterization of the intraflagellar transport complex B core: direct interaction of the IFT81 and IFT74/72 

subunits. J. Biol. Chem. 280, 27688–27696 (2005).
 26. Bhogaraju, S., Taschner, M., Morawetz, M., Basquin, C. & Lorentzen, E. Crystal structure of the intraflagellar transport complex 

25/27. EMBO J. 30, 1907–1918 (2011).
 27. Taschner, M. et al. Intraflagellar transport proteins 172, 80, 57, 54, 38, and 20 form a stable tubulin‐binding IFT‐B2 complex. The 

EMBO Journal 35, 773–790 (2016).
 28. Katoh, Y. et al. Overall Architecture of the Intraflagellar Transport (IFT)-B Complex Containing Cluap1/IFT38 as an Essential 

Component of the IFT-B Peripheral Subcomplex. J. Biol. Chem. 291, 10962–10975 (2016).
 29. Boldt, K. et al. An organelle-specific protein landscape identifies novel diseases and molecular mechanisms. Nat. Commun. 7, 11491 

(2016).
 30. Bhogaraju, S. et al. Molecular basis of tubulin transport within the cilium by IFT74 and IFT81. Science 341, 1009–1012 (2013).
 31. Lechtreck, K. F. IFT-Cargo Interactions and Protein Transport in Cilia. Trends Biochem. Sci. 40, 765–778 (2015).
 32. Nachury, M. V. et al. A core complex of BBS proteins cooperates with the GTPase Rab8 to promote ciliary membrane biogenesis. Cell 

129, 1201–1213 (2007).
 33. Lechtreck, K.-F. et al. The Chlamydomonas reinhardtii BBSome is an IFT cargo required for export of specific signaling proteins 

from flagella. J. Cell Biol. 187, 1117–1132 (2009).
 34. Lechtreck, K. F. et al. Cycling of the signaling protein phospholipase D through cilia requires the BBSome only for the export phase. 

J. Cell Biol. 201, 249–261 (2013).
 35. Ye, F., Nager, A. R. & Nachury, M. V. BBSome trains remove activated GPCRs from cilia by enabling passage through the transition 

zone. J. Cell Biol. 217, 1847–1868 (2018).
 36. Nager, A. R. et al. An Actin Network Dispatches Ciliary GPCRs into Extracellular Vesicles to Modulate Signaling. Cell 168, 252–263.

e14 (2017).
 37. Liew, G. M. et al. The intraflagellar transport protein IFT27 promotes BBSome exit from cilia through the GTPase ARL6/BBS3. Dev. 

Cell 31, 265–278 (2014).
 38. Klink, B. U. et al. A recombinant BBSome core complex and how it interacts with ciliary cargo. Elife 6 (2017).
 39. Xu, Q. et al. BBS4 and BBS5 show functional redundancy in the BBSome to regulate the degradative sorting of ciliary sensory 

receptors. Sci. Rep. 5, 11855 (2015).
 40. Nozaki, S., Katoh, Y., Kobayashi, T. & Nakayama, K. BBS1 is involved in retrograde trafficking of ciliary GPCRs in the context of the 

BBSome complex. PLoS One 13, e0195005 (2018).
 41. Blacque, O. E. et al. Loss of C. elegans BBS-7 and BBS-8 protein function results in cilia defects and compromised intraflagellar 

transport. Genes Dev. 18, 1630–1642 (2004).
 42. Uytingco, C. R. et al. BBS4 is required for intraflagellar transport coordination and basal body number in mammalian olfactory cilia. 

J. Cell Sci. 132 (2019).
 43. Ou, G., Blacque, O. E., Snow, J. J., Leroux, M. R. & Scholey, J. M. Functional coordination of intraflagellar transport motors. Nature 

436, 583–587 (2005).
 44. Li, Y., Wei, Q., Zhang, Y., Ling, K. & Hu, J. The small GTPases ARL-13 and ARL-3 coordinate intraflagellar transport and ciliogenesis. 

J. Cell Biol. 189, 1039–1051 (2010).
 45. Cevik, S. et al. Joubert syndrome Arl13b functions at ciliary membranes and stabilizes protein transport in Caenorhabditis elegans. 

J. Cell Biol. 188, 953–969 (2010).
 46. Nozaki, S. et al. Regulation of ciliary retrograde protein trafficking by the Joubert syndrome proteins ARL13B and INPP5E. J. Cell 

Sci. 130, 563–576 (2017).
 47. Cevik, S. et al. Active Transport and Diffusion Barriers Restrict Joubert Syndrome-Associated ARL13B/ARL-13 to an Inv-like 

Ciliary Membrane Subdomain. PLoS Genetics 9, e1003977 (2013).
 48. Revenkova, E., Liu, Q., Gusella, G. L. & Iomini, C. The Joubert syndrome protein ARL13B binds tubulin to maintain uniform 

distribution of proteins along the ciliary membrane. J. Cell Sci. 131 (2018).
 49. Humbert, M. C. et al. ARL13B, PDE6D, and CEP164 form a functional network for INPP5E ciliary targeting. Proceedings of the 

National Academy of Sciences 109, 19691–19696 (2012).
 50. Larkins, C. E., Aviles, G. D. G., East, M. P., Kahn, R. A. & Caspary, T. Arl13b regulates ciliogenesis and the dynamic localization of 

Shh signaling proteins. Mol. Biol. Cell 22, 4694–4703 (2011).

https://doi.org/10.1038/s41598-019-52830-1


1 2Scientific RepoRtS |         (2019) 9:16519  | https://doi.org/10.1038/s41598-019-52830-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

 51. Bangs, F. & Anderson, K. V. Primary Cilia and Mammalian Hedgehog Signaling. Cold Spring Harbor Perspectives in Biology 9, 
a028175 (2017).

 52. Corbit, K. C. et al. Vertebrate Smoothened functions at the primary cilium. Nature 437, 1018–1021 (2005).
 53. Rohatgi, R., Milenkovic, L. & Scott, M. P. Patched1 regulates hedgehog signaling at the primary cilium. Science 317, 372–376 (2007).
 54. Haycraft, C. J. et al. Gli2 and Gli3 localize to cilia and require the intraflagellar transport protein polaris for processing and function. 

PLoS Genet. 1, e53 (2005).
 55. Tukachinsky, H., Lopez, L. V. & Salic, A. A mechanism for vertebrate Hedgehog signaling: recruitment to cilia and dissociation of 

SuFu-Gli protein complexes. J. Cell Biol. 191, 415–428 (2010).
 56. Zeng, H., Jia, J. & Liu, A. Coordinated translocation of mammalian Gli proteins and suppressor of fused to the primary cilium. PLoS 

One 5, e15900 (2010).
 57. Mukhopadhyay, S. et al. The ciliary G-protein-coupled receptor Gpr161 negatively regulates the Sonic hedgehog pathway via cAMP 

signaling. Cell 152, 210–223 (2013).
 58. Pal, K. et al. Smoothened determines β-arrestin–mediated removal of the G protein–coupled receptor Gpr161 from the primary 

cilium. The Journal of Cell Biology 212, 861–875 (2016).
 59. Huangfu, D. et al. Hedgehog signalling in the mouse requires intraflagellar transport proteins. Nature 426, 83–87 (2003).
 60. Huangfu, D. & Anderson, K. V. Cilia and Hedgehog responsiveness in the mouse. Proc. Natl. Acad. Sci. USA 102, 11325–11330 

(2005).
 61. Liem, K. F. Jr et al. The IFT-A complex regulates Shh signaling through cilia structure and membrane protein trafficking. J. Cell Biol. 

197, 789–800 (2012).
 62. Keady, B. T. et al. IFT25 links the signal-dependent movement of Hedgehog components to intraflagellar transport. Dev. Cell 22, 

940–951 (2012).
 63. Eguether, T. et al. IFT27 links the BBSome to IFT for maintenance of the ciliary signaling compartment. Dev. Cell 31, 279–290 

(2014).
 64. Qin, J., Lin, Y., Norman, R. X., Ko, H. W. & Eggenschwiler, J. T. Intraflagellar transport protein 122 antagonizes Sonic Hedgehog 

signaling and controls ciliary localization of pathway components. Proc. Natl. Acad. Sci. USA 108, 1456–1461 (2011).
 65. Ocbina, P. J. R., Eggenschwiler, J. T., Moskowitz, I. & Anderson, K. V. Complex interactions between genes controlling trafficking in 

primary cilia. Nat. Genet. 43, 547–553 (2011).
 66. Zhang, Q., Seo, S., Bugge, K., Stone, E. M. & Sheffield, V. C. BBS proteins interact genetically with the IFT pathway to influence SHH-

related phenotypes. Human Molecular Genetics 21, 1945–1953 (2012).
 67. Shao, J. et al. Arl13b Promotes Gastric Tumorigenesis by Regulating Smo Trafficking and Activation of the Hedgehog Signaling 

Pathway. Cancer Res. 77, 4000–4013 (2017).
 68. Dyson, J. M. et al. INPP5E regulates phosphoinositide-dependent cilia transition zone function. J. Cell Biol. 216, 247–263 (2017).
 69. Chávez, M. et al. Modulation of Ciliary Phosphoinositide Content Regulates Trafficking and Sonic Hedgehog Signaling Output. Dev. 

Cell 34, 338–350 (2015).
 70. Garcia-Gonzalo, F. R. et al. Phosphoinositides Regulate Ciliary Protein Trafficking to Modulate Hedgehog Signaling. Dev. Cell 34, 

400–409 (2015).
 71. Lambacher, N. J. et al. TMEM107 recruits ciliopathy proteins to subdomains of the ciliary transition zone and causes Joubert 

syndrome. Nat. Cell Biol. 18, 122–131 (2016).
 72. Liu, F. et al. Clinic-genomic association mining for colorectal cancer using publicly available datasets. Biomed Res. Int. 2014, 170289 

(2014).
 73. Gupta, M. et al. TSPAN5, ERICH3 and selective serotonin reuptake inhibitors in major depressive disorder: pharmacometabolomics-

informed pharmacogenomics. Mol. Psychiatry 21, 1717–1725 (2016).
 74. Blackburn, K., Bustamante-Marin, X., Yin, W., Goshe, M. B. & Ostrowski, L. E. Quantitative Proteomic Analysis of Human Airway 

Cilia Identifies Previously Uncharacterized Proteins of High Abundance. J. Proteome Res. 16, 1579–1592 (2017).
 75. Liu, P. & Lechtreck, K. F. The Bardet-Biedl syndrome protein complex is an adapter expanding the cargo range of intraflagellar 

transport trains for ciliary export. Proc. Natl. Acad. Sci. USA 115, E934–E943 (2018).
 76. Yang, N. et al. Intraflagellar transport 27 is essential for hedgehog signaling but dispensable for ciliogenesis during hair follicle 

morphogenesis. Development 142, 2194–2202 (2015).
 77. Seo, S. et al. A novel protein LZTFL1 regulates ciliary trafficking of the BBSome and Smoothened. PLoS Genet. 7, e1002358 (2011).
 78. Su, C.-Y., Bay, S. N., Mariani, L. E., Hillman, M. J. & Caspary, T. Temporal deletion of Arl13b reveals that a mispatterned neural tube 

corrects cell fate over time. Development 139, 4062–4071 (2012).
 79. Han, S. et al. TULP3 is required for localization of membrane-associated proteins ARL13B and INPP5E to primary cilia. Biochem. 

Biophys. Res. Commun. 509, 227–234 (2019).
 80. Wei, Q. et al. The BBSome controls IFT assembly and turnaround in cilia. Nat. Cell Biol. 14, 950–957 (2012).
 81. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta 

C(T)) Method. Methods 25, 402–408 (2001).
 82. Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat. Methods 9, 676–682 (2012).

Acknowledgements
This work was funded by Government of Saudi Arabia awards to Mona Alsolami and Manal Alsulami and a 
Science Foundation Ireland principal investigator award (11/PI/1037) to O.E.B.

Author contributions
Mona Alsolami (M.A.), S.K. and O.E.B. conceived the project and designed the experiments. M.A. conducted 
and gathered the data for all experiments, with contributions from S.K. and Manal Alsolami (M.A.L.). M.A. and 
O.E.B. prepared the figures and wrote the manuscript, with important contributions from S.K. O.E.B. supervised 
the work, with S.K. providing further experimental training and advice.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-52830-1.
Correspondence and requests for materials should be addressed to O.E.B.
Reprints and permissions information is available at www.nature.com/reprints.

https://doi.org/10.1038/s41598-019-52830-1
https://doi.org/10.1038/s41598-019-52830-1
http://www.nature.com/reprints


13Scientific RepoRtS |         (2019) 9:16519  | https://doi.org/10.1038/s41598-019-52830-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-52830-1
http://creativecommons.org/licenses/by/4.0/

	ERICH3 in Primary Cilia Regulates Cilium Formation and the Localisations of Ciliary Transport and Sonic Hedgehog Signaling  ...
	Results
	ERICH3 localises to primary cilia. 
	ERICH3 regulates cilium formation and length. 
	ERICH3 depletion causes ciliary tip accumulation of IFT proteins. 
	ERICH3 controls the ciliary levels of retrograde IFT regulators ARL13B and BBS5. 
	ERICH3, ARL13B and the BBSome display interdependency for their targeting to cilia. 
	The removal of Sonic hedgehog signaling proteins from cilia depends on ERICH3. 

	Discussion
	Materials and Methods
	Cell culture and transfection. 
	Quantitative PCR (qPCR). 
	Immunofluorescence staining. 
	Microscopy and image analysis. 
	Generation of GFP-ERICH3 recombinant plasmids. 

	Acknowledgements
	Figure 1 ERICH3 localises to the primary cilium.
	Figure 2 ERICH3 regulates ciliogenesis and ciliary length.
	Figure 3 IFT proteins accumulate at the tips of ERICH3-depleted cilia.
	Figure 4 ARL13B, INPP5E and BBS5 levels are reduced in ERICH3-depleted cilia.
	Figure 5 ERICH3 ciliary levels are regulated by interdependent ARL13B and BBS1.
	Figure 6 ERICH3 regulates the ciliary levels of Smoothened and GPR161.




